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SUMMARY

Exploration wells have been drilled in the Canadian Beaufort Sea. using artificial islands.
Basically, an artificial island consists of a caisson retained structure made of steel or
concrete and filled with a sand core. These structures are often built on top of a sand
berm overlving Sea bed soils. It has been acknowledged that during exploration of oil. it
is possible that oil could spill on top of the sand filled core if a blowout occurs. During a
blowout. oil will tend to migrate downward and thus contaminate the soil mass. The
interface between the soil and the structural material would be contaminated as well. The
oil industry claimed that the oil would be contained in the soil mass during a blowout.

This lead to the motivation of the present study.

The first objective of this research is to investigate experimentally whether the oil would
migrate downward in the soil mass and eventually continue upward and contaminate the
water surrounding the artificial island. The second objective is to determine the response
of the oil contaminated interface between the soil and the structural material to the
applied load. For these reasons. this thesis is composed of two parts. Part [ is dealing with
an experimental investigation of oil migration in an artificial island and Part [l is related
to the mechanical behaviour of an oil contaminated interface between a steel plate and

sand.

In part [, it was anticipated that if oil would migrate in the soil. the migration process
would start from the sand filled core to the sand berm and eventuallv continue upward to
the sea surface. In this process oil migration follows a J-shaped path. For this reason,
laboratory experiments on soil columns were performed using three Plexiglass tubes
assembled in a J-shaped appearance. The contaminant used in this experiment was
Motormaster grade 50 oil because crude oil similar to the one at Beaufort Sea were not
available. Since the soil properties of Ukalerk (Beaufort Sea) and Carp Airport were

similar. Carp Airport sand was used for the purpose of this experiment. The acquisition

xiv



of the data included the date, the time, the location of oil front in the tube and the volume
of oil and water displaced. This experniment showed that there was a possibility that oil
would contaminate the Sea if a massive blowout occurs, since a portion of the
contaminant was recovered at the other end of the J-tube. The time required for oil to
travel in the J-tube was 3 months. But in real life with the dimensions of the full scale
structure. with the same soil and the same contaminant. the time required for oil 1o
contaminate the sea was evaluated to be 3 vears and 10 months if 2 m of oil was lefi on

top of the sand filled core.

Following the results of the oil migration in the artificial island, the mechanical behavior
of the oil contaminated interface between the steel plate and sand was investigated in
Part [I. The newly developed C3DSSI (cyclic three-dimensional simple shear interface)
testing machine, designed by Evgin and Fakharian, was used to perform a series of
monotonic interface tests for both clean and oil contaminated sand. A medium crushed
quarnz sand (silica-24) was used. Four set of tests were carried out with clean dense sand.
oil-contaminated dense sand, loose clean sand. and oil-contaminated loose sand. To
prepare dense sand samples. the multiple sieving pluviation method ( MSP) was used.
Loose sand samples were obtained through the scooping method. Oil-contaminated
samples were prepared by pouring a known volume of oil in the direct shear box. before
placing the sand either in a dense or loose state. After placing the interface sample in the
machine. a normal stress was applied. The normal stress ranged from 30-500 kPa. After
application of the normal stress, the sample was subjected to horizontal shearing at a rate
of 1.0 mm: minute. From the test results obtained. it was found that the peak strength and
the interface friction angle between the structural material and the soil would be reduced
as a resuits of oil contamination. In addition the strain softening behavior of dense clean
samples disappeared due to oil contamination. Oil-contaminated samples experienced a
larger volume compression than clean samples. which were subjected to an important
amount of dilation after a substantial initial compression. Because of these changes. the
response of the caisson retained structure to the applied load would change due to oil

contamination of interfaces between the soil and the structural materials.



CHAPTER 1

INTRODUCTION

1.1 Statement of Problem

For the last two decades. exploration wells have been drilled in the Canadian offshore.
The oil potential in the Labrador sea for instance. has been evaluated to be twenty-six
billion barrels. At $ 15/barrel. the value of this resource would be $390 billion. The
existence of oil in the offshore has been known to the Canadian oil industry for several
decades and the increase in demand have encouraged oil companies and government
officials to develop this source of energy. It is anticipated that economic benefit would be
overwhelming if oil production becomes a reality. To explore for oil, various drilling
platforms have been used in the Canadian offshore. such as drillships and anificial
islands. It has been recognised that during exploration and production of oil. there should
be prudent regard for possible oil spills. Inspite of extreme care. serious blowouts from

both exploration and production wells have occurred (Environment Canada. 1979).

The present investigation is concemed with oil migration in soils and the mechanical

behaviour of oil contaminated interfaces. The possibility of contamination of hvdraulic



fills will also be evaluated. Very little is known about the response of piles in the case of
contaminated interfaces. Since most of offshore oil structures are supported on piles
(Chan and Hanna. 1980), the need to study the behaviour of contaminated interfaces is
therefore important. What would happen in a caisson retained island if a massive oil spill
occurred? Would there be any contamination of the water surrounding the artificial
island? What would be the response of soil-structure systems such as axially loaded piles

in case of oil contamination of interface and the soii mass?

Oil migration through unsaturated soils have been investigated in the past. Recent
experiments were conducted at Utah State University by Ajit et al. (1994) to determine
the mobility of oil through the unsaturated zone of a soil. Their studies have provided
information on the influence of parameters governing the oil migration process in the
subsurface environment. such as viscous gravitational (including buovancy) and capillary
forces, o1l saturation, percolation rates, hydraulic conductivities, moisture content of soil.
and pressure distribution. Various graduate students at the University of Ottawa including
Ben Amor (1990) and Farah (1992) have presented data concerning oil contamination of
sand. Additional studies on the topic was provided by Evgin et al. (1995). These studies
have concluded that some strength parameters of sand were influenced by oil
contamination. Thus. the effect of oil should be considered in the design of soil-structure
systems such as shallow and deep foundations, retaining walls. tunnels and cavities. short

dams-abutment junctions, axially loaded piles. and anchors in sea beds.

In the design of foundations. or other structures that are in direct contact with soil. there
is always an interaction between the soil and solid face where the forces are transmitted
through a layer of soil next to the contact surface. which is called the interface. At the
interface many activities can take place. namely relative motions, stress concentrations and
drastic changes in displacement gradients. In the past. various devices were used in two-
and three-dimensional monotonic tests, to study experimentally the behaviour of contact

surfaces between two dissimilar maternials such as soil and a structural material.



A simple shear apparatus was developed recentlv by Evgin and Fakharian (1996) to
study the behaviour of interfaces. The simple shear apparatus is capable of measuring the
sliding displacement between the soil and the structural material in addition to measuring

the tangential displacements resulting from the deformation of the soil mass.

Fakharian and Evgin (1996) also used a direct shear apparatus. The displacements
measured by the direct shear device do not separate the displacements due to the

deformation of the sand mass and the displacement at the interface.

Yoshimi and Kishida (1981) used a ring torsion tvpe device which has the ability to

eliminate and to avoid non-uniformity of normal and shear stresses in the sample.

All these aforementioned experimental studies have provided the required information
for a better understanding of the load-deformation behaviour of interfaces. Properties
such as relative density. moisture content. roughness of the structural material. roundness
of the sand particles, and rate of shearing are known to influence the response of an

interface to loading.



1.2 Objectives

The main objectives of this dissertation are as follows:

1. To investigate experimentallyv the migration of oil in sand.

2. To determine whether the oil would contaminate the water surrounding the caisson

retained artificial isiands in the event of a massive blowout.

3. To determine the differences in the behavior of clean and oil contaminated interfaces
between sand and a steel plate under constant normal loading conditions in two-

dimensional monotonic tests.

1.3 Scope of Research

To achieve the objectives. the steps listed below are followed.

1. Review the literature for multiphase flow in porous media to understand the

mechanisms of oil migration in soils.

2. Conduct a laboratory experiment with scaled Plexiglas columns to collect data on oil

migration. Use Carp Airport (Ottawa) sand and Motomaster oil grade 50.

3. Conduct a series of monotonic two-dimensional interface tests under constant normal
stress conditions using a crushed silica (ciean and oil contaminated) sand and a structural
material (sand-blasted steel). The need to study two-dimensional monotonic tests stems
from the fact that the working piles supporting the artificial island may be subjected to

constant loading.



1.4 Outline of Thesis

Chapter 2 discusses the tvpes of drlling platforms used in the Canadian offshore
including causes of blowout during exploration of oil and sources of oil contamination in

the subsurface environment.

Chapter 3 presents a review of multiphase flow in porous media.

Chapter 4 presents the description of the laboratory experiment of oil migration in

Plexiglas columns and provides the data base.

Chapter 5 describes the interface tests including the sample preparation and test
apparatus. The results of two-dimensional monotonic interface tests under various

constant normal stresses are discussed in this chapter.

Chapter 6 presents a discussion and concluding remarks

]



CHAPTER 2

DRILLING SYSTEMS AND BLOWOUTS

2.1 Introduction

Exploration of oil in the Canadian Sea is usually done through drilling systems such as
artificial islands and drillships. In general the technology. procedures. and development
methods employed by both drilling systems are basically the same. [rrespective of the
drilling system used. it has been acknowledged that blowouts have occurred and
unfortunately will continue to occur during the production and exploration of oil. In this
chapter. artificial islands and drillships systems will be briefly presented. Also. sources of

oil contamination will be discussed.

2.2 Artificial Islands

In the Canadian Sea. most artificial islands are built using a flat-sided (1:6-1:8) subsea
sand berm on which a steel or concrete caisson is placed. Various methods have been
used to place the hydraulic sand fills. The most common techniques used to place

hydraulic sand fills in the Beaufort Sea were bottom dumping and pipeline placements.



Clark and Jordaan (1987) reported that 25 % of arctic offshore islands have experienced
unexpected geotechnical problems. It has been acknowledged that the placement
technique has a great impact on the in situ density. Over the past vears several cases of
failure of artificial islands have been reported and in the majoritv of these failure.
liquefaction was the cause. In 1988, it was reported that liquefaction occurred in some
parts of the fill matenal in the case of Molikpaq. an offshore platform located in the
Canadian Beaufort Sea. To provide assurance against liquefaction. Sladen and Hewitt
(1989) stated that the sand berm of the artificial must meet rigorous gradation and in situ
density specifications. Figure 2.1 shows the schematic representation of an artificial

island in the Beaufort Sea.

The results obtained by (Sladen and Hewirt, 1989) from many artificial islands
constructed in the Canadian Beaufort sea have concluded that the relative densities of
matenals placed by dumping were 20-30 % higher than pipelines placed materials. Hence
the performance of platforms constructed with material placed by bottom dumping are
more reliable. But in an event of a blowout, the strength and deformation properties of

these materials has to be re-investigated because the soils would be oil contaminated.

2.3 Driliships

Duliship systems consist of a drillship and ice-class towing vessels. During the
exploration of oil. the main problem experienced by drillships is the iceberg threat. To
avoid iceberg threats, ice-class towing vessels accompany drillships. These ice-class
vessels have towing equipment on board to divert iceberg from a safety region around the
drilling operation. Drillships are capable of drilling in water depth up to 350 m. with
wells as deep as 8000 m. Figure 2.2 shows the schematic representation of the dvnamic

positioning of drillingship offshore Labrador.



2.4 Blowouts

Offshore blowout can occur during either exploration or production of oil. A study
conducted by Environment Canada (1979) in the Labrador Sea concluded that blowouts
can occur if the blowout preventor (BOP) valves (see Figure 2.2) fails to operate
properly. due to mechanical problems for instance. A blowout can be controlled bv either
closing the cap of the well head or by simply drilling a relief well. A relief well is usually
used to contain an original well proven to be uncontrollable. Figure 2.3 shows a relief
well dniling. During a blowout fluid may migrate toward the sea water surface, or under
water, either in the reservoir pipe or at the sea floor itself. If the fluid come out of the
ground from the outside of the casing pipe lining the well, this phenomenon is known as
cratered blowout. During a cratered blowout a significant amount of oil can be lost if the
problem is not solved immediately. This was the case in Santa Barbara, California spill
of 1969 (Environment Canada. 1979). where an estimated 13000 tones of oil was lost
into the sea over a period of three months. Apart from blowouts occurring in drilling

systems there are other sources of oil contamination.
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2.5 Sources of Oil Contamination

The source of oil contamination is diverse. The common sources of oil contamination are:
leaking underground storage tanks, pipelines. landfill sites and dumps. periodic spillage at
industrial and refuelling facilities. accidental spills during transportation. and spillage duning
exploration of oil in offshore. Several factors render the situation of this contaminant very
difficult to investigate including: (1) accessibility of the subsurface environment. (2) the
mechanisms and rate of hydrocarbon movements in soils, (3) the fate of degradation of
petroleum products, and (4) the complexity of crude oils and petroleum products. In order to
determine the bulk properties of solubility of oil it is important to examine the oil chemistry.

2.5.1 Oil Chemistry

Petroieum products are a mixture of hydrocarbons. Depending on the tvpe of hvdrocarbons
present in the subsurface environment. there is a variation in properties extending over many
order of magnitude. Mackay et al. (1985) conducted a study on a diesel fuel and found that
hydrocarbon tends to migrate through water if an appreciable fraction of it can partition mnto
water. Table 2.1 gives some illustrative properties of selected hvdrocarbons such as the
coefficient of solubility and vapour pressure of a diesel fuel. In order to obtain the solubility
of a mixture of hydrocarbons say diesel fuel, the solubility of each component in the fuel,
weighted in proportions of their amount in the mixture are added to determine the solubility
of the fuel. If the components of a mixture of hydrocarbons are not known. a gas
chromatograph (CG) is often used.

A gas chromatograph is a device used to separate the components of a sample and determine
the percentage of each component present in the mixture. In this study I did not have access
to a gas chromatograph, therefore I did not know the components of the hvdrocarbons
present in the oil used in this experimental work. In general hvdrocarbons present in

petroleum products are classified in three groups:
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1. Alkanes: Which are any class of hvdrocarbons with each carbon atom bounded to four
other atoms. Alkanes have well-defined properties and degrade rapidly.

General formula: CyHa-2, where N is the number of carbon atoms.

Example: Methane (C-H;,).

2. Alkenes: Any class of hvdrocarbons characterised by the presence of a carbon-carbon
double bond. They are difficult to identifv.

General formula: CyHay, N is the same as defined above.

Example: Ethviene (C,H;)

3. Aromatics: Any class of hydrocarbons characterised by the presence of a benzene ring or
related structure. Aromatics are fairly well identified and more soluble in water than other
hvdrocarbons.

General formula: CyHan. « . N is the same as defined above. Example: Benzene (CH;).

13



Table 2.1 MNlustrative Properties of Selected

Hydrocarbons at 25°C. (After.

Calabrese et al., 1988)
Walter Solubility Vapor Pressure

Hydrocarbon Formula &/m) )
n-Hexane C.H,. 9.5 20,000
n-Octane C.H,, 0.6 1,900
n-Decane CioH,: 0.05 175
Den2enc C.H, 1,780 12.700
Toluene C,H, 525 3,500
p-Xylene C.H,, 185 1.170
Naphthalene Cieli, 31 1
Biphenyl CisH,q 7 13
Anthracene C.H.e 0.04 0.001
Pyrene CieH,o 0.14 0.0009
4 nmm C;. H 1) 0.001 Negligible
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CHAPTER 3

MULTIPHASE FLOW IN POROUS MEDIA

3.1 Introduction

Flow of immiscibie fluids in porous media has caught the attention of many researchers
including. Collins (1961). Philip (1963). Bear (1972). and Greenkorn (1985). Among a
large number of monographs written on the subject, the report published in 1856 by
Henry Darcy on the water supply of the city of Dijon, France which describes the theory
of flow of water through sand in particular and fluids through soils in general. was the
most acclaimed. Before discussing multiphase flow in porous media. let us first limit
ourselves to the analysis of a single fluid (water) through soil (sand). Darcy’s law is

reviewed to provide a basis of understanding of a single phase flow in porous medium.



3.2 Darcy's Law

Darcy’s report described a laboratory experiment analyzing the flow of water through
sand. The apparatus consisted of :

* acircular cylinder of cross section A filled with sand.

* inflow and outflow tubes and a pair of manometers attached to the cviinder.

A schematic representation of Darcy s experimental apparatus ts illustrated in

Figure 3.1.

¢ 4
ah
4
.
1, he hy
l ’ l Ootum
Cross section A o ::0

Figure 3.1 Experimental apparatus for the illustration of Darcy’s law. (After Freeze

and Cherry, 1979).
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3.1 Description of Darcy’s Experiment

Water was introduced and allowed to flow at a constant rate Q through the cvlinder.
hence saturating the entire sand sample. After a series of experiments. Darcy observed
that the water flow rate was proportional to the water level difference in the manometers
at the entrance and exit of the cylinder. Thus he concluded that the specific discharge
(which is the ratio of the flow rate divided by the cross section) was directly proportional
to the hvdraulic head difference Ah = (h;-h,) between points | and 2 (points where the
hvdraulic heads were measured) when AL (which is the length of the sample in the
macroscopic flow direction) was held constant and inversely proportional to AL when the
head difference (Ah) was held constant. Using mathematical notations Darcy’s

observations can be summarized as follows:

where: Q = volumetnic flow rate (L“;'I‘ l]

A = cross-sectional area of sand column [L,]
Ah = drop in water level between the manometers L.l

A [ = distance between the manometers [L,]

[f we introduce a proportionality constant known as the hvdraulic conductivity. Darcy’s

Law becomes:

where: q = specific discharge [L T™']
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{

Darcy flux

Darcy velocity

K = hvdraulic conductivity [L T™']
Darcyv’s Law 1n differential vector form in one-dimension can be written:
=.K =
1 dx
Darcy s law in differential vector form, in three dimensions is given by:

(TG T E ) e i () G

in matrix form this equation becomes:

7,
7=-1% (3.5)

—ﬁ:

K tx K v Kx: 6:';;
=-1 K v K v K v CT' (3.6)

- cy
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L cz ]
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~h ol h
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The coefficient K is aiso called the permeability. Its magnitude depends on the properties
of the porous media and the fluid flowing through it. In fact K is the constant of
proportionality relating Darcy’s flux to the hydraulic gradient. According to Darcy's
phenomenological law, the gradient of potential energy is the driving force responsible

for the water movement in the soil.

Darcy’s empirical law which describes the flow of a single fluid (water) in the soil (sand)
has been modified by many researchers 10 account for the presence of more than one
fluid in the soil. Since Darcy's equation incorporates the hydraulic gradient between two
points in the same fluid. one must be careful in keeping track of the potential energy if
more than one fluid is involved in the porous medium. Nevertheless it is possible to

represent the potential energy of any fluid in the porous medium in terms of the others.

Consider that water and oil are both present in a cylinder and assuming that both fluids
do not mix. The potential of oil in the cylinder as an equivalent head of water is given by

the following equation:

0
h, = [———ﬂu’d] h, (3.8)

pwaler

where:
h. = equivalent head of water in the cvlinder, [m H.O]

h, = actual head of oil in the cvlinder. [m H-O]

P fluid = density of the fluid, [gem’]
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p = density of water. [g/cm" ]

water
Macroscopic equations describing multiphase flow in porous media. are thus generated
from Darcy's law of single-phase flow in porous media. However the validity of Darcy's

law is limited to some conditions:

1. The flow in the flow field must be viscous (or creeping), viz., with Revnolds

number less than 1.
2. Newtonian fluids (i.e., the viscosity is constant).

Under steady-state conditions. the following analogous equation has been derived

for two-phase flow in porous media:

(K . Ap.
0 =L LL 4 Ll=1.2) (3
! H . /

9)

»

where:
Q' = volumetric flow rate, [m’/s]
Ap, = pressure drop of fluid i, [m of H,O]
A = cross-sectional area, [m’]
H; = viscosity of fluid i, [Ns: m°]
! = length of the soil mass. [m]
Kri = effective permeability or phase permeability of the porous medium to
fluid 1, [mys]

20



Further extensions of Darcy's law have been suggested bv Muskat et al. (1937). They
introduced the relative permeability k.. which depends on the porosity of each fluid in

the soil.

k*k Y,
Q= #"‘4 - li=1.2) (3.10)

{

Further generalization of Darcy’s law was made by Marle (1981). He derived the velocity

of phase i in each fluid as:

k*kﬁ
—p * .
T (Vp,- P; g) (3.11)
50
where: v.=[ —i ] n (3.12)
i 54

k = hvdraulic conductivity of the porous medium [ms]
k, = permeability of phase i [ms]

Xn = relative or effective permeability of phase i {mvs]

n = unit vector of the surface (partial derivative) A.

g = gravitational acceleration vector, [m/s” | and

pP;= density of fluid i. [kg/m3]

pressure drop of fluid i, [m of H.O]

Apl
H; = viscosity of fluid i, [Ns/m’]

These generalizations of Darcy’'s law lies on the assumption that the porous medium 1s

subdivided into small blocks allowing the use of approximately constant values of v,, P,
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K*Kq, p., and p, for each fluid within each block. [t is also assumed that the pressure P, in
any two phases at any point in the porous medium are related to each other via the
capillary pressure P.. It was shown by Leverett (1941) that two pressure gradients are

related to each other by the gradient of the capiliary pressure:

VP;- VP, = VP, (3.13)

3.3 Forces Acting on a Fluid Particle

During flow in porous media the following forces act on a fluid particle:

¢ pressure forces. exerted by the surrounding fluid

¢ viscous friction forces exerted by the surrounding fiuid and the soiid

¢ gravitational forces

¢ Inertia forces

¢ surface forces. acting on the interface between the two fluids and on the line

where the latter meets the solid.

The evaluation of the importance of these forces at the macroscopic level indicated that
inertia forces are almost negligible. Pressure forces and viscous forces are approximately
proportional to the flow rate, therefore they are important. Capillary and gravitational
forces are independent of the flow rate. hence they are relatively more important when

the flow rate is slower.

To illustrate the importance of these forces, consider the following example: Two
capillary tubes with different diameters branching from a common stem. diverging and
come together again (see Fig. 3.2).

Assuming that the two capillaries are filled with oil first. If water is pumped from the
bottom stem of the capillaries, the meniscus formed at the intersection of the two fluids

will move. When this meniscus reaches the bottom fork it will separate into two new
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meniscuses. each advancing into one of the tubes. If the two tubes are slightly constricted
at the point where they come together. water may reach the fork in the right tube first.
while oil still remains in the left tube. If this happens a portion of oil phase will be
trapped in the left tube. Assuming that the pressure drop AP in the svstem is kept
constant, the driving pressure drop in each tube is obtained by adding to the later the

pressure difference AP:

2T *cosa,
AP = f for the first tube (3.14)
1
2T *cosa,
AP = ——r—“- for the second tube (3.15)
where: T = interfacial tension, [N/m]

a, = wetting angle of fluid 1, [°]
a- = wetting angle of fluid 2. [°]
r, = radius of tube 1. [m]

r- = radius of tube 2. [m]

Marle (1981) stated that if a slight pressure drop occurs in the svstem. the smaller tube
will be relatively favored over the larger one in reaching the upper fork. while a greater
increase in the pressure drop will favor the larger tube. Thus the ratio of speed of
advance of the meniscuses in the two tubes is a function of the pressure drop.
consequently the quantity of oil which remained trapped depends upon the applied
pressure drop. The aforementioned example allows us to understand why residual oil

saturation in a porous medium may depend on the flow rate of water.



Figure 3.2 Illustration of two fluids flowin

g in two different capillary tubes with
two common stems. (After Marle, 1981).
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3.4 Distribution of Fluids in the Pores

In a porous media one can distinguish a few possibilities as far as the distribution of two

fluids in the pores is concerned:

Co-current flow. which occurs when each phase flow in the same direction.

Countercurrent flow, occurring when different phases flow in opposite directions. A
countercurrent flow may take place when a system saturated with a nonwetting phase is
brought in contact with a wetting fluid. Another example is when capillary forces are
small compared with gravitational and viscous forces, which is the case when heavy oil

drains from a formation in counter-current flow.

Drainage. which is a process describing the displacement of a wetting fluid (i.e.. water)
by a nonwetting fluid (i.e., oil). A wetting phase is drained out of the pores under the
influence of gravity or by forcing of a nonwetting phase under pressure. Drainage is often
called "desaturation”. "dewetting". or "desorption”. When water is being displaced by oil
at a constant rate under a pressure exceeding the capillary pressure required for

penetration into the system. it is called "oil flooding”.



The displacement of a nonwetting phase by a wetting phase is known as imbibition or
"spontaneous imbibition™. Spontaneous imbibition occurs when a porous medium
containing a nonwetting phase is brought in contact with a wetting phase. The wetting
phase spontaneously displaces a portion of the nonwetting phase. Spontaneous imbibition
may be controlled by means of regulating externally the capillary pressure. The process
of controlling spontaneous imbibition is sometimes referred to as "forced” imbibition.
while the process of penetration of a wetting phase in a nonwetting phase is termed "
wetting"”. "saturation”, or "adsorption”. If a nonwetting phase (oil) is being displaced by a
wetting phase (water) at a constant rate, under pressure in excess of capillary pressure,

this process is known as "water flooding”.

In general, regardless of the type of forces that are responsible for the displacement of

any phase by another, immiscible displacement can be referred to as "infiltration”.

3.5 Mechanisms of Infiltration of Water through Sand

Infiltration of water through the soil surface generally takes place over small period of
time. During the infiltration process, liquids usually enters the porous material under the
influence of capillary and gravity forces. For soils, the infiltration usuallv amounts to the
displacement of air by water. It has been shown experimentally that at the early stage of
the infiltration process, the infiltration rate is very large. then this rate decreases to a
limiting value at larger times. The high initial rate is due to the fact that at the early
stages of the infiltration process the capillary forces are greater than the gravitational
forces. As the infiltration proceeds, the gravitational force coupled with the resistance of
air will eventually overcome the capillary forces, thus reducing the infiltration rate.
According to experiments conducted by Sherman et al.(1967), the infiltration rate will

decrease asymptotically to a constant value. mainly due to the influence of the water
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content in the soil. Horton (1969) pointed out that for a given soil there is a limiting
curve that defines the maximum possible rate of infiltration as a function of time. Horton
called this limiting curve, the curve of infiltration capacity of soil. Rubin and coworkers
(1973) showed that the final constant infiltration rate in the Horton curve is numerically
equivalent to the saturated hydraulic conductivity of the soil. After a series of
experiments. Rubin et al. (1973) concluded that the decline of the infiltration rate in the
sand was mainly caused by the filling of the pores by water. On the basis of experiments
conducted by Naal (1976). an analvtical form of the infiltration curve from the Norton

equation was expressed as follows:

f(l)zfc+(fo—fc)*e—5’ (3.16)

where-

t = infiltration rate at time t

f. = initial rate in the case of air-drv soil

f. = value of the infiltration with decreasing intensity asvmptoticallv 10 a
constant number.

3 is a parameter which depends on the type of soils. For wet soil 3 is equal to 0.63
and for dry soil & is taken as 0.35. As a mean value. 0.43 is often used for & in the case of

artificial sprinkling on different soils.

3.6 Surface Tension and Contact Angle

The interface geometry within a given porous medium is governed by three parameters
(the pore geometry. the surface tension, and the contact angle). When two fluids are in

contact with a solid surface, the two will meet at an angle called the contact angle 6. If
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these fluids are in equilibrium. the vector sum of the three forces arising from the three

surface tensions will be zero.( See Fig. 3.3)

TIT2700700000 0000000000002

solid s

Figure 3.3 Surface tension stresses between two fluids and a solid surface (after
Dullien, 1979).

At equilibrium the summation of forces acting on the solid surface and fluid interface
must be zero. Replacing the stresses in Fig. 3.3 by their corresponding forces in the
equilibrium equation we have the following relation:

F,u = Fsﬁ - Fuﬁ cosf (3.17)

where:

0 is the contact angle measured on the side of the denser fluid. A fluid whose contact
angle is less than 90 ° is said to the wetting. If the contact angle is greater than 90 ° the
fluid is said to be nonwetting. When the contact angle is equal to 90 °. one speaks of
intermediate or neutral wettability.

F.. is the surface tension between the solid and fluid a

F . is the surface tension between the solid and fluid B
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F.p is the surface tension between the solid and the two fluids. In the case of oil and

water. the contact angle will be measured on the side of water.

3.7 Mechanisms of Trapping of Nonwetting Phase in a Porous Media

The mechanisms determining the microscopic trapping of a residual nonwetting fluid
(oil) in a porous media are governed by the following factors:

e geometry of the pore network.

e fluid-fluid properties such as interfacial tension,

e  density difference of the two phases (o0il and water).

®  VISCOSItyY ratio,

e nonwetting phase behavior.

e fluid-matenal interfacial properties determining the wetting fluid (water) behavior.

and

the applied pressure and gravity.
The trapping of residual nonwetting phase is usuallv expressed in terms of dimensionless
numbers. namely the capillary number (ratio of the viscous to capillary forces) and Bond

number (ratio of gravity to capillary forces).

The following equations describes mathematically the Bond number (Ng) and capillanv

number (N¢ ).
Ap*g* R’
.'\-'B = T (3.18)
‘.‘
.'\'(.4 = £ (3]9)
o
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where:
Ap =fluid density difference [g/cm’]
£ = acceleration due to gravity [cnvsec’]
R = particle effective grain size radius [cm]
O =interfacial tension [dyne/cm]
v = displacing fluid velocity [cnvsec]

M = displacing fluid viscosity [poise- g/cm-sec]

In an experimental study on the effect of viscosity and buovancy forces on the trapping of
oil in sand, Morrow et al. (1981), stated that for vertical displacement, residual oil
saturations vaned from normal values of about 14.3 % (See Fig. 3.4) when the Bond
number was less than 0.000667 and the capillary number was less than 3x10°. down to
near zero when either the Bond number exceeded 0.35 or the capilliary number exceeded
7x107. Their study also showed that. the effects of the Bond and the capillary numbers
on the residual recovery were superimposed. In addition. the mobilization of trapped
blobs was about five times more difficult to achieve than from prevention of trapping.
Furthermore. a significant influence of the buovancy forces on the mIiCcroscopic

displacement of the blobs was observed at low interfacial tension svstems.

Capillary forces were dominant for any combination of capillan number less than 10~
and Bond number less than 0.0067. This resulted in an isolation of biobs once an
imbibition event occurred. An increase in the Bond number. had a tendency to activate
the imbibition process into the lower region of the blob before the upper region was
increased. since the hydrostatic pressure between the regions was increased. Morrow et
al. (1981) laboratory investigations showed that trapped residual oil can be recovered if
there is sufficient pressure difference due to viscous flow, so that a significant portion of
blobs are mobilized. Morrow et al. (1981) results for the effects of gravity and viscous

forces on trapping are given in Table 3.1.



Taber (1969) showed that, at low interfacial tensions of the order of 1.100 dvne:cm.
mobilization of a significant quantity of residual oil was possible. He concluded that at
normal oil-water interfacial tensions (i.e.. no surfactant added in the porous medium).
capillary forces which retain residual oil far exceeded buovancy forces. But when
surfactant are introduced in the system. interfacial tensions are lowered, consequently
viscous forces can overcome capillary forces. hence buovancy forces mav aiso have

significant effect on both trapping and mobilization.
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Figure 3.4 Effect of capillary number on trapping of residual saturation at Bond

numbers greater than 0.00667. (After Morrow et al.. 1981).
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3.7.1 Calculation of the Capillary and Bond Numbers utilized for Carp Airport Soil
Given:

Density of water, pwarer = 1.0 g/'cm"‘

Density of oil. p,,, = 0.927 g/cm"‘

Acceleration of gravity, g = 981 crusec”

Oil viscosity, u = 455 mPa.s

Effective grain size D, = 0.30 mm

Surface tension ¢ = 0.035 N/m

The properties of oil and water are given at 20 °C and standard atmospheric pressure
(Streeter et al.. 1985).

Required

1) Determine the Bond number Ny and the capillary number N, of Carp Airport soil.
Solution

Step 1: determination of the density difference
Ap=1-0927=0.073 grcm’

Step 2: converting the oil viscosity into appropriate units
u=455mPas=455*10"* 10 poise or 455 * 10~ p

Step 3: determination of the mean particle radius

9

R =
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Assuming that the effective pore diameter is:

d=0.2D,,

d =0.2%0.19 mm

=0.038 mm
thus
R = 0.038
2
=0.019 mm
=19*10“m

Step 4: Converting the surface tension into appropriate units

IN'm = 10° dvne:cm

thus. & = 0.035*10° dvne:cm

Step 5: Evaluation of the average velocity of oil migration

It took approximately 100 days for the contaminant to travel through the entire 241.8 cm
of soil length in the J-tube,

hence the average velocity is:

2418 5
v= =2.80* 10" cnvsec
100 * 3600 * 24
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Substituting the appropriate values in (3.18) and (3.19), we obtain the Bond number and

capillary number as follow-

0.073*981%(19*10~)’
NB= 7
0035*10°
= 7386 *10”
_ 28*107°*455
A 0.035*10°
= 364 * 10*



Table3.1 Nonwetting Phase Saturations trapped in random packings of equal
spheres at various Bond and Capillary numbers. (Ap =0.748, p=23.19
dyne/cm). (After Morrow et al., 1981)

Inverse b4 ac Capillary Number
Mesh Mean Dfia. Rond Bond
Size (men) Humber Number | 2.82x10~6 | 2.82x1077 | 7.07x107° | 1.41x107% | 2.82x10-%
12-14 1.55 0.1895 5.277 2.97 2.56 1.90 1.62 1.21
14-16 1.29 0.1313 7.619 4.83 4.28 3.41 2.76 -
16-18 1.09 0.0937 10.671 6.31 5.22 4.35 3.37 -
18-20 0.925 0.0675 14.818 7.79 6.68 5.45 3.74 -
25-28 0.655 0.0338 29.351 | 10.30 9.19 6.65 4.78 2.11
32-35 0.462 0.0168 59.399 | 12.36 10.60 8.19 5.14 2.64
42-48 0.327 0.00343 | 118.568 | 13.95 11.72 8.51 6.14 3.07
48-60 0.275 0.00596 | 167.647 | 14.03 11.94 9.27 6.54 3.68
65-80 0.191 0.00288 | 347.532 | 14.06 11.92 9.21 6.92 4.07
80-100 0.165 0.00215 | £65.685 ; 13.99 11.7C 3.39 .94 4.05
100-115 0.137 0.00148 | 675.492 | 14.06 11.88 9.28 6.96 4.06




3.8 Immiscible Flow in Porous Media

Flow of immiscible fluids in porous media can occur during steadv-state or transient

states.

3.8.1 Fluid Flow under Steady-State Conditions

At steady-state, all macroscopic properties of the system are time invariant at all points.
Steady state flow occurs when at any point in a flow field. the magnitude and direction of
the flow velocity are constant with time and the saturation of the medium with respect to
all fluids contained in the system is also constant. Two conceptions of the MICroscopic
picture of simultaneous flow of two immiscible fluids in porous media have been

acknowiedged during steady-state conditions.

One of these conceptions is based on the funicular flow regime described bv Scheidegger
(1974). In a funicular flow regime both the wetting and nonwetting phase flow
simultaneously in all capillary. the wetting phase on the outside surrounding the
nonwetting phase, which is on the inside and occupies the central portion of each
capillary. The funicular flow regime is the result of the distribution of two continuous
phases at high nonwetting phase saturation when the flow channels in the medium have
irregular cross sections. An increase in the saturation of the nonwetting phase implies an

increase in the average diameter of the funicular entities of this phase.

The other conception of the microscopic picture is based on Craig's (1971) direct visual
observations of two-phase flow using photomicrographs in synthetic porous matrices. His
observations are based on the channel flow concept of fluid. The photomicrographs
shoved that each fluid moved through its own separate network of interconnecting
channels. As a result of the increase of the nonwetting saturation. the number of channels

carrving nonwetting phase increased and a corresponding decrease of channels carrving
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only the wetting phase. Craig's studies concluded that there was some wetting fluid in the
pores carrving nonwetting fluid. which corresponds to the funicular concept. The
nonwetting phase will tend to occupy the larger pores and the wetting phase the finer
ones for a combination of the following factors:

e at least one phase has a strong wetting preference for the solid.

e the viscosity of neither fluid is very great.

the interfacial tension between the two fluids is not verv low.

the saturation of neither phase is verv low.

e the pores are not identical.

Greffen et al. (1951) stated that the nonwetting phase is capable of contributing to flow at
much lower saturations (i.e., 10% less than the breakthrough) value. According to
Chatzis and Dullien (1985) this breakthrough value corresponds to nonwetting phase
saturation of about 10% of the pore volume in sandstone. Greffen et al. (1951) added
that there may be a continuous network of a fluid at such low saturations and, therefore.
the flow of the nonwetting phase probably takes place bv a "blob” or "slug”-flow
mechanism. under the influence of the viscous forces exerted on it by the wetting phase.
In steady co-current flow. the fluid pressures are constant at any point in the flow field.
At a particular point in the system the pressure difference is equal to the capillary
pressure given by the Laplace equation at the point of interest. The stable position of a
meniscus anywhere in the flow field is determined by the difference between the steady
state pressures in the two phases and the pore geometry. Because of this stability of the
meniscus, there is no displacement of any phase by the other during steady states

conditions.

Greffen et al. (1951), Fart (1961, 1966), and El-Saved and Dullien (1977) showed
experimentally that at relatively low saturations of the nonwetting phase. corresponding
to conditions just after breakthrough (about 50% by volume of the nonwetting phase is
prevented from flow in a drainage process). This condition of immobile. but continuous.

nonwetting phase is sometimes called " dendritic” because of its treelike appearance.
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3.8.2 Fluid Flow under Transient Conditions

During transient or unsteady state conditions. all macroscopic properties of the svstem
change with time. Transient flow occurs when at any point in a flow field. the magnitude
or direction of the flow velocity changes with time. The saturation in transient state at

any point in the system will change with time as well.

If a nonwetting fluid (oil) is pumped into a svstem at an increased rate. while the flow
rate of the wetting fluid (water) is kept unchanged, a temporary transient state will result.
while the menisci separating the two phases moves to new equilibrium positions thus. the
nonwetting phase will penetrate some smaller pores from which it displaces the wetting
phase. During the displacement process there is no capillary equilibrium in the svstem.
but the pressure difference between the two sides of a meniscus at any microscopic point
in the system has been assumed to be equal to the capilian pressure predicted bv
Laplace’s equation. For the conditions existing at that point. Calvo et al. (1990) reported

that dvnamic capillary ( 227 ) will take place in the flow field.

Calvo et al. (1990) caiculated dynamic pressure from measurements as a function of time
of the position x of the interface between two immiscible fluids | and 2. in the process of
fluid 1 displacing fluid 2 in a uniform capillary tube, with a constant pressure differential
AP maintained between the two extremities of the tube. Their equation is derived from an
integrated form of the Washburn equation applied to horizontal displacement where both

fluids have nonnegligible viscosities.
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¢ 32 - I nd
In imbibition: I P:ldl = F[%x- +u.L "‘x]— AP*¢ (3.20)
0

’ 32 = M- ~
In drainage: I/’,ddl=—3[%x’ +y:L*xJ+AP"‘I (3.21)

where , and p, are the viscosities of fluid 1 and fluid 2 respectivelv. and D is the

diameter of the tube.

During transient states, the morphology of the pore space aliows, the displacing phase to
surround and cut off portions of the phase originally present in the pore space. An
approximate schematic description of the pore geometry of the pore system is given in
Fig. 3.5

= wetting fluid

Figure 3.5 Schematic description of the pore geometry of the porous medium.(After
Marle, 1981).



These cut off portions. which are called blobs or ganglia. of the displaced phase are
usually stationary since the presence of interfacial forces are too great in comparison to
viscous or gravitational forces. An increase of the flow rate of the displacing phase
andor a decrease of the interfacial tension between the two phases mav result in the flow
of the ganglia or blobs along with the displacing phase. Usually under normal conditions.
all the residuals displaced phase in the pores remain immobile. consequently the two-
phase flow degenerates into one-phase flow in a pore network, containing obstacles in
the form of blobs or ganglia of the displaced phase. The solid grains constituting a porous
media leave interconnected and imregularly sized spaces between them resulting in an
irregular cross sections and a rough surface, that is why some of the wetting phase

remains trapped along the surfaces of grooves, edges. and wedges.

When water and oil flow together in a porous media, their vertical migration can be
predicted using the generalized form of Darcy’s law in one direction given below (Cary

et al.. 1989):

r aFa a[)o
’oz d =—ko[ X + o] (3.22)
oF, g
W = a =_ku[ -.- +p||] (3.23)
where:

V. = water phase Darcian velocity, [m/s]

I", = oil phase Darcian velocity, [m/s]
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F. = net water phase flow . [m]

F, = net oil phase flow. [m]

P, = pressure in the water phase, [m of H,0]

F, = pressure in oil phase. [m of H.O]

k. = water phase hydraulic conductivity, [m/s]

k, = oil phase hydraulic conductivity, [m/s]

p. = specific gravity of water

p., = specific gravity of oil

- = mgration depth. [m]

! =time. [s]

42



CHAPTER 4

LABORATORY EXPERIMENTS OF OIL
MIGRATION

4.1 Experimental Design

A laboratory experiment was carried out to determine the fate of oil migration in caisson
retained islands in the case of a blowout. It was necessary to know whether the oil would
be confined within the sand or would flow through and contaminate the sea. It was
anticipated that if oil was to migrate in the soil, one of the possibilities was that the
migration process could start from the sand-filled core to the sand berm and eventually
continue upward toward the sea surface. Such a migration process follows the path of a
"J-tube”. For this reason three Plexiglas tubes with an inner diameter of 5.022 cm were
assembled in a J-shape appearance. Such a diameter was chosen in order to minimize the
problem of uneven flow like “viscous fingering™ which can occur in the case of water

and oil migration.

43



The tubes were 194, 134.6, and 61 cm in length.. with the 194 and 134.6 cm long tubes
as the vertical columns and the 61 cm tube as the horizontal piece. The two vertical
columns were connected to the horizontal tube by means of two elbows averaging 104
cm in length with an inner diameter of about 5025 cm. A comparison between this
experimental setup and the conditions in the field associates the 194 cm long column to
the sand-filled core. the 136.4 cm column to the sand berm. and the 61 cm column as a
portion of the open sea. Figures 4.1 and 4.2 are respectively schematic representations of
the field conditions and a typical flow path of oil migration. Figure 4.3 shows the

schematic representation of the experimental setup.



2&'&“ SAND - FILLED
( Steel or Concrete) Core
C
- an Sea Level

SAND BERM

N\\_____ SUBCUT-SAND FiLLEG

Figure 4.1 Schematic representation of a caisson retained Island.
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Figure 4.2 Typical flow path of oil migration.
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Figure 43 J-Tube illustrating the Schematic representation of the experimental
setup.
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4.2 Description of the Experiment

The tvpe of soil used for this study consist of natural sand from Carp Airport (Kanata).
This sand was considered because of its similar properties with Ukalerk sand (Beaufort
Sea). The descriptions of these soils are summarized in terms of grain size distribution in
Table 4.2. The oil used in this research is Motomaster grade 50 oil. This oil was chosen
because. crude oil at its brute stage such as the one at Beaufort sea. was not commercially
available. Motormaster grade 50 oil. is a light, non-volatile petroleum oil with a viscosity
of 455 mPa.s. With such a light oil. it was anticipated that a reasonable migration would

be possible in the soil columns.

In this experiment two of the three glass columns sections were filled with sand and the
third with water. A dense sand was placed in the horizontal tube. The sand was placed in
a dense state to reduce the amount of volume reduction during saturation and to avoid air
being trapped in the tube. Subsequently the sand in this portion of the apparatus was fully
saturated. The saturation was achieved by supplying water through a valve which was
installed at the bottom of the tube. To complete the saturation. the two vertical columns
connected to the horizontal tube were filled with water. This additional step was taken to
make sure that the sand in the horizontal tube was fully saturated. To prevent the sand
from escaping the horizontal tube, a screen was placed on each elbow. Before pouring
the sand in the left vertical column, a permeability test was conducted on the horizontal

column. The results of the permeability test were also analyzed.

A raining technique was used to place the sand in the left vertical column. The sand was
rained at a constant rate from a given height to ensure full saturation. With this raining
technique, the sand became uniform and had less air trapped. The depth of fully saturated
soil was about 130 cm. which was the same depth as the water in the right column. On
top of this saturated sand. a laver of 30 cm dry sand was rained. Capillary rise took place

to about 29 cm above the water table, thus leaving only 1 cm of drv sand. To allow the



contamination of the soil system. a clearance of 30 cm remained at the top of the drv

sand laver.

A constant supply of oil was fed to the svstem as required to maintain the total head
constant at 23 cm above the dry sand layer. This was done by passing oil through a
reservoir. The reservoir consisted of a 65 cm long glass tube, with a 2.54 cm inner
diameter. Two valves attached at each end of the reservoir were used 1o release oil into
the porous medium. To fill the reservoir, the valve at the top end was opened while the
bottom valve was closed. A similar exercise was performed to release oil from the
reservoir to the soil system. This was accomplished by opening the bottom valve while
keeping the valve at the top end closed. To ensure that the oil supply was constant. the
interface between the bottom end of the reservoir and the oil surface in the left vertical
column was brought to a permanent equilibrium position. The permanent contact
position was obtained by placing the bottom end of the reservoir in such a way that 1t
barely touched the oil surface of the left vertical column. With this setup 1t was assumed
that the amount of oil seeping through the soil was equal to the amount of oil draining
from the reservoir. since there was no oil leakage from the tubes throughout the

expeniment.

To simulate the field conditions, the water table level in the night vertical column was
kept at a height of 130 cm. To maintain the water table constant. a valve was connected
to the right vertical column at 130 cm level. Through this valve, displaced water and/ or

oil from the porous medium was collected in a burette.

In summary, 5530 g of soil mass was used in the vertical column of which 4405 g was
fully saturated to a height of 130 cm. The remaining 1125 g of soil consisted of a laver of
I cm of initially dry sand and a layer of sand which later became a confined partially
saturated sand layer. In addition, 3000 g of fullv saturated sand was placed in the
horizontal tube while no sand was contained in the right column which was filled with

130 cm of water. The densities of the soils in the J-tube are summarized in Table 4.1
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Table 4.1. Densities of the soils in the J-tube.

Soil Mass (g) | Volume Density
(cm’ ) ( g'cm")
Imually dry sand 37 19.8 1.87
Partially saturated sand 1088 5742 1.89
Fully saturated sand 4450 | 25738 | 1.73
Highly packed fully saturated 3000 1619.5 1.85
sand i
|
|

4.3 Acquisition of Data

The procedure for collecting the data was very simple. The measurements of the database
included the date, the time. the reservoir level. and the amount of water and or oil
displaced. At the beginning of the experiment the location of oil in the soil was measured
frequently since at that time the oil was migrating very fast. After a while the

measurements were taken on selected days of the week.



4.4 Characteristics of Carp Airport Sand

Offshore sands available for use in hydraulic constructions are tvpically fine grained and
uniform. Carp Airport sand is a natural sand and basically fits this description. A sieve
analysis was performed and the results correlated reasonably well with the typical grain

size distribution of Ukalerk and Nerlerk sands. Figures 4.4 and 4.5 show the grain size

distributions of each of the aforementioned soils.

4.4.1 Relative Density Test of Carp Airport sand.

Date of test: June 10 1994
Tested by: Megnolo
Location: CBY Geotechnical Lab Room Di13

4.4.1.a Minimum Density

Table 4.2 Minimum density parameters

Tnal | Weight | Weight Mass of | Height of | diameter | Volume | Min

No | of mold| of sand ~ | sand (g) | mold of mold | of mold | density
(g) mold (g) (cm) (cm) (cm’) (grem')

1 3625 8195 4570 15.55 15.34 28724 1.59

2 3625 8247.5 4622.5 15.55 15.34 28724 1.61

hence the average minimum density is :

o= |

\ 2

159+|.6l) _

1.60 g/cm’




4.4.1.b Maximum Density

After shaking the mold and sand of trial 2 on the electric shaker. the following
parameters were determined:

Plate thickness = 1.26 cm

Distance from the top of the mod to the plate = 15.26 cm

Height of sand in the mold = 15.55-( 1.03+1.26) = 13.26 cm

-~ ® - .
Volume of the sand in the moid = (ili-‘—lz"—’i) 1326 = 24494 cm’
hence.
46225 X
Pmax = 4494 = 1.89 grem’

4.4.1.c Specific Gravity and Density of Sand

The specific gravity of the sand was determined bv submerging a known mass (M) of

sand into water. Using a laboratory scale. the submerged mass (M*) of sand was

recorded. The specific gravity was then calculated using the following formula:

Gs = M*(M-M*) 4.1

experimental values of M and M* were 110.5 g and 80.5 g respectively, thus

Gy = 80.5.(110.5-80.5) = 2.68

The density of soil was calculated using the following formula:

P.\'—'G\ * p\\ (42)
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where p, = | grem® is the density of water at the ambient temperature. in this case 20° C.

hence.

ps=2.68%1 =268 gem’

4.4.1.d Maximum and Minimum Void Ratios

Cmm =ps’pma\'] (43)
=268/1.89-1
=042

Cmax =ps/pmm’l (4.4)
=268'160-1
=0.68

4.4.5 Sieve Analysis

A summary of the grain size analysis of Carp Airport soil is given on Table 4.3. The

results obtained form the sieve analysis helped to determine the following parameters:
Deg, = 0.34 mm,

Di¢=0.19 mm.

The coefficient of uniformity which is given by:

D60 0.34

D10 0.19

C, = =1.79



A comparative study of the sand properties at Carp Airport and Ukalerk is summarized in

Tabie 4.3 below..

Table 4. 3 Typical properties of Ukalerk (Beaufort sea) and Carp Airport sands

Property Ukalerk Carp Arrpornt
Uniformity coefficient (C,) 1.5-1.80 1.79
Maximum void ratio (ep,,) 0.80 0.68
Minimum void ratio (eyy) 0.50 042
Specific gravity (Gs) 2.66 268 l




Tablc 4.3 Grain Sizc Analysis of Carp Airport Soil.

Project _S_fLW__&mLaMA Job No.

Location of Project (xtatechus(of fola 1443 BoingNo. —________ Sampic No.
Description of Soil Depth of Sampie
Tasled By 'ME&N[\LG Date of Testing J?/ij495'4

Seil Sample Size (ASTM D1140-54)
Nominal diameterol  Approximale minimum

targest particie mass of sample, g
No. 10 sieve 200
No. 4 sieve 500
Min 1500
Mass of dry sample « dish 644
Mass of dish 390.6
Mass of dry sample, M, 250-4
Sieve enslysis and grain shape
Siave no. Diam. (mm) Mass retained % retained % passing
A0 2-00 0-F 0-3 99.+
20 0-850 AD-8 4.3 95-4
40 0-425 6a-8 25.1 0.3
50 0- 300 80-4 31.9 384
go 0-480 39.4 3.6 §.8
400 0. 45D 8.3 3.5 3-3
200 . 0-0%5 ¥.0 2.8 0-5
Pan - 0.8 - -
Z-. *50.0

% passing = 100 - L % rctained.

7.
n
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Figurc 4.5 Grain size distribution of Carp Airport and Beaufort Sea soils.
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4.5 Determination of Hydraulic Conductivities

The constant head method was used to conduct a series of 4 permeability tests in order to
determine the hvdraulic conductivites in every laver composing the soil svstem. The first
test was carnied out to determine the conductivity in the honizontal tube. This test was
performed before any sample was placed in the left vertical column. The second test was
done for an equivalent system consisting of the saturated soil in the vertical column and
the sand in the horizontal tube. From the equivalent hydraulic conductivity concept. an
expression was derived to obtain the hvdraulic conductivity of the saturated laver of sand
in the vertical column. Similar tests were done to determine the coefficients of
permeability of the soil in the capillary zone and the sand laver which was initially dry.
The soil in the capillary zone was partially saturated. Since these tests were performed at

20 ° C. no correction was necessary to account for the effects of viscosity.

Using the constant head method the coefficient of permeability of soil is given byv:

o*L .
K, =———— forsoil 1 (4.5)
A*he,
or
01,
[I = — (46)
A%h*K,
Similarly for soil 2
)‘ [o‘!
Q% L, (4.7)

{[. = ———
*TA%h*K,

for the equivalent system



*
l:—-(”ll—‘ (48’
A*h*K

where:

t;, t> are respectively the time required by water to travel in soil 1 (horizontal tube) and

soil 2 ( vertical glass column).
t is the equivalent time required to travel through the system encompassing both soils.

K;, K;, and K are respectively the hvdraulic conductivity in soil 1. soil 2. and the

equivalent corresponding sotl system.
Q is the flow rate flowing through the soil: A is the cross section of the glass column:

L; and L. are the lengths of the sand masses in the horizontal tube and in the vertical

column:
L s the total length of the sand mass consisting of soil 1 and soil 2.

The equivaient time t is the summation of t, and t.. Substitutions of (4.6) and (4.7)

into (4.8) gives:

. 0L oL, 9
A*h*K, A*h*K, '

Equating equations (4.8) and (4.9) gives:

)* L )* L £/,
¢ [,= ¢ — QL (4.10)
A*h*K A*h*K, A*h*K,




Solving for K- we get:

K= ————m (4.11)

K =0.0280 cm:s.
K, =0.0189 cnvs,

L| =81.8cm.
L.=130cm
L=211.8cm

The value of K were obtained experimentally. The results of the permeability tests which

helped to determine K and K, are shown on Tables 4.4 and 4.5
Substituting the numerical values in equation (4.11) vields:

K = 130
- (211.8 818

0.0280 00189

=0.0402 cmvs

Similarly using the derivation of equation (4.11), the hydraulic conductivities of the soils

in the capillary zone and the sand laver which was initiallv drv were obtained.

The results of the third and fourth permeability tests for the partially saturated and

initially dry sand lavers gave the following:

K., = 0.0240 cm/s



K> =0.0235 cnws

with

L,; =240.8cm

L.=241.8cm

where:

K;, ts the equivalent hvdraulic conductivity of the system consisting of the partially
saturated sand. the fully saturated sand in the vertical column. and the highly packed fully

saturated sand tn the horizontal tube.

K. is the equivalent hvdraulic conductivity consisting of the entire four soil lavers in the
J-tube.

Ly 1s the length of the soil system composed of the highly packed tully saturated sand in
the horizontal tube, the fully saturated sand. and the partially saturated sand in the
vertical column..

L;- is the total length of the four lavers of soils in the J-tube.

using the denvation of equation (4.11), K:and K, were obtained as follows:

L.
K, =" (4.12)
(_Lg _ e)
K, K
L
K,=—"—— (4.13)
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where:
K: = hvdraulic conductivity of the partially saturated sand
K; = hvdraulic conductivity of the initially drv sand laver
L: = length of the partially saturated sand
L; = length of the initially dry sand
L:=29cmandL;=1cm

Substituting the numerical values in equations (4.12) and (4.13) gives:

29
ke = = = 00117cm/
: (2403 2113) cm/’s

00240 00280

and

2418 240.8\
00233 00240/

Kk, = ( = 0029 cm s

The results of the hvdraulic conductivities of the soil system are summarized
on Table 4. 6
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Tabic 4.4 CocfTicicnt of pcrmeability results for the fully saturated sand in the
horizontal tubc.

Tesiod by MEGNOL O oaucurm_Agﬁ..t 13tk . 4994
Sampic Dmengions: Dan. _S-02.38  em; Arca A9-80 e’
Mascsodepaniw.__ 75 8F-5 HL __81-%0 em
Masssod eponFinal ___45 83-85 Vo 462046
Mass of Sampic 3000 0 Oensiy, p . 1-85 o
Coustant licml
= —4aim om
Trst st Tt dutn sl
Test No s Q.om® T.°C Test No Ls Q.o T.°C
1 200 &) 0 4 300 60 20"
2 %00 _Ss &0 2 o 55 &°
3 300 o 20° E) 300 6o 20"
. % O ss 20 4 Heo 55 20°
Average” 200 379 20°
'-&"z s‘.5°"|-.° ""V'Ia' 4
Al 49.80 % 4‘. 3°°
0-04¢9 aws lypeak, = 0-0489 envs




Table 4.5 Coefficient of permeability results for the equivalent system consisting of the
sand in the vertical left column and the sand in the horizontal tube.

oot 4o ball, 1o verk cal o botrpill bkt cove.
Locaton of Project _CBY  Gfntecluonl Jab 3443
de_uw

Tesmawy _ MEGNDLQ OmeoiTesing ___Jume 9% 1904
Sample Dimengions: Dam. 5 :022  cm; Area 49-£0 om?
Mass 80i + pon init. (] . = > om
MussolepanFrai g vo. . 8103-64 an?
Mass of Semple 0 Density, o pom?
Constont Head
ks 43 em
Test dota Test deta uaril
Test No. Ls Q.om’ T.°C Test No. LS Q.om? T.°C
1 »00 3§ 20° 1 300 3s 20
2 300 3§ 0 2 | 300 35 | a0
3 300 30 o 3 200 30 a0
4 300 e <0 4 300 2 a0
Average” 300 33 0°
‘*'%I‘ 2‘:"“‘:““ a =n/mm= 4
= __m.lﬂ__aws iggeair = 9'_91"9




Table 4. 6 Summary of the hydraulic conductivity results in the soil.

Layer Hvdraulic conductivity (cm:s)
Intially drv sand 0.0290
Partially saturated sand 0.0117
Saturated sand in the vertical column 0.0402
Saturated sand in the horizontal column 0.0189
Entire soil system 0.0225

4.6 Finite Element Analysis of Potential Distribution in the J-Tube

4.6.1 Introduction

The anaivsis of a physical process that involve flow in a porous media usually requires
the distribution of the potential gradient. Due to lack of adequate equipment in the lab. it
was difficult to measure the distribution of air and liquid pressures in the soil svstem.
One option was to use a commercially available finite element program written in
FORTRAN to simulate the distnbution of the pressure in the soil. The model used herein
called FLUID (Logan, 1992) is simple and make it easy to incorporate a wide variety of
phvsical conditions in the soil system. In addition. the input data required are minimal
and fairly easy to input. The J-tube was discretized with tnangular elements. Figure 4.6
shows the discretization of the tube. The results of the model simulation are listed in

appendix D.
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Figure 4. 6 Discretization of the J-tube.
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4.6.2 Input Data

The specified nodal flow data were obtained from the potential equation:
P=h-z (4.14)
where:

P = total head

h = pressure head

z = elevation head

OnthClCﬁVCmmlmbe,[hetomlh&dP|=h|"Zl (4.15)
The pressure head on the right vertical wbe. P = h» - z- (4.16)
Given:

z, =1704cm

z- = 1040 cm

h; =21.32cm

h. =1300cm
Therefore.

P,=2132+-1704=191.2cmor 19172 m
P.-=130-10.4=14040cmor 1.4040 m

Program FLUID oniy deals with isotropic soils. For that reason the hvdraulic conductivity

used here is that of the entire soil system.

k= ky =2.0* 10~ cvsec
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The variation of the total head distribution along the J-Tube is given on Figure 4.8

4.7 Determination of the pressure distribution using Darcy’s law

Alternatively, Darcy’s law was used to determine the total head at the top and bottom of
each layer composing the soil system in the J-tube just at the beginning of the migration
of oil in the soil It was assumed that the pressure distribution within each laver was
linear. For this analysis the points at which the total heads are sought are given in the

figure below.

For soil 1, Darcy’s law is given by:

H, - Hy))
0 =K ‘((-‘—3 * 4 317
i 1 k Ll ) t }
Where:

Q, is the flow per unit time

Ha and Hg are the total heads at points A and B,

K, is the hydraulic conductivity in soil 1 (initially drv sand).
L, 1s the length of soil 1.

A 1s the cross sectional area of the J-tube.
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Figure 4.7 Points where Darcy’s law is applied.
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Similarly for soil 2, the partially saturated sand:

H, - H,
0, =[\’:‘((—"—L—)J'.~! (4.18)

For soil 3, the fully saturated sand:

H.-H
Q,:K,'((‘—L”—)]*A (4.19)
3

For soil 4, the highly packed fully saturated sand:

/ _ \
QJ :A’x ‘IM_)"

A (4.20)
\ L )

The flow coming in and out of the tube is the same, therefore we have the following

relations:

0, =0, (4.21)
K, '(——(H-‘ -H”)J‘A = K;‘(——(HD—HE)J‘A (4.22)
L, \ L,

Solving for Hp, we get:

K
L—:(HJ -HB)

HD = +H£ (4.23)

K.
L,
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1<
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K, .((HJ _HB)],A - Kx'((H‘-;Hn)j'-‘{

L,

Solving for H- ,

K,

—L_(H.l 'HB)
H.=-—= e +H,
3
L,
O =0,

K, '[—(H‘ _ s )) *d = K,

L,

Solving for Hc,
K
L—‘(H.{ - HB)
H(. = -1 K: +HB
l.

d

L,

LALE

(4.24)

(4.26)

(4.27)

(4.28)

(4.29)

Equating equation (4.26) and equation (4.29), we have the following relation:

K
Z:'(H.x‘HB) e

ré +H, = -

L,

n

(4.30)



Substituting the value of Hy, from equation (4.23) in equation (4.30) vield:

K K K

_‘(HI_HB) _l(Hx’HB) _‘(H.(_HB)

L' L] — 1‘! 3
= - T +H, = -—T+Hl: (4.31)
L L, L

In equation (4.31), Hy; is the only unknown, therefore rearranging this equation gives:

ﬁﬂ{[i+i+i)+ﬂf = ﬁ(i-l»i+['—fJ+l H, (4.32)
L, \X. K, K, L\K. K, K,
Given:

KiL; =0.0029/1 = 0.0029
L.K> =29/0.00117 = 2478.63
L+K; = 130/ 0.0402= 3233.85
L/Ks = 81.8/0.0189 = 4328.04

H., = elevation head at point A - pressure head at A
1704 -21.3
191.7 cm of H-O

Similarly
Hy = elevation head at point E ~ pressure head at E
=10.4 - 130

= 140.4 cm of H-O

Substituting these values in equation 4.32 gives:
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0.0029 (10040.5)191.7 ~ 140.4 =(0.0029(10040.5)~ 1 )Hy,

solving for Hy we get:

Hg = 190.0 cm

Substituting the value of Hy in equation (4.29) we get:

He =-0.0029( 191.7-190.0) -190.0
=177.8cm

similarly

Hp =0.0029 (191.7-190.0) ~ i40.4
=161.7cm

The results of the pressure distribution in the J-tube are summanzed in Table 4.7. Figure

4.8 shows the total head distribution along the tube using both Darcy’s law and the finite

element (FEM) program FLUID.

Table 4.7 Pressure distribution at the top and bottom of each layer in the J-tube.

Point Pressure head (cm) | Elevation head (cm) Total head (cm)
A 213 170.4 191.7
B 48.6 1414 190.0 .
C 374 140.4 177.8
D 151.3 10.4 161.7 |
E 130.0 10.4 140.4 i
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Figure 4.8 Variation of the total head distribution along the J-Tube.
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4.7.1 Comparison of the total head obtained using both methods.

The results of the variation of the total head distribution using Darcy’s law and the finite
element program FLUID shows that the total head distribution obtained with the finite
element method (FEM) were underestimated, since the program assumed that the soil

was isotropic. This was not the case. In fact the layers composing the soil

4.7.2 Determination of the hydraulic conductivities of oil contaminated soil.

At this juncture of the dissertation, the hydraulic conductivities are determined for the oil
contaminated lavers composing the soil system, including the partially saturated sand. the
fully saturated sand in the left vertical column, and the highly saturated packed fully

saturated sand contained in the horizontal tube.

It took respectively 5. 62, and 100 days for the contaminant to reach the partially
saturated sand laver, the fully saturated in the left vertical column. and the highly packed
fully saturated in the horizontal tube. Figures 4.9. 4.10. and 4.12 show the location of the
oil's front in the J-tube after 5. 62. and 100 davs. Darcy's law was once again used to

determine the hvdraulic conductivity of the oil contaminated soil lavers.



H oil rescrvoir

23 Oil
All dimensions in cm
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valve A
’ NLASGELIN )

10.4 61 104

Figure 4.9 Location of the oil's front in the J-tube after S days.

76



The flow rate at the oil's front after S days is given by:

Where:
Q; = volume of water displaced by oil after S days,
K's = hydraulic conductivity of the contaminated soil after 5 days.
H’s =total head at the location of the oil's front after davs.
Ha =total head at the top of the initially dry sand layer,
A = cross sectional area of the J-tube,
At = time corresponding to the location of the contaminant in the soil,

L’; = location of the contaminant in the soil after S days.

Solving for K" 5, gives:

* <
K's = Q _1 (4.34)
(H,-H)*4*n

Similarly,

H s -
0, =K,— Ho goar (4.35)

L,
Where:
Q. = volume of water displaced by oil after 5 days.

K
Hp =total head at the top of the saturated clean sand layer in the left vertical column.
L:

= hydraulic the fully saturated clean sand in the left vertical column.

‘ad

= length of the fully saturated sand in the left vertical column.
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H';. A. and At are defined above.
Solving for H's. we get:

*
H's =—(°—):——-[l—+l-{ (4.36)
K.*4A*AN

Similarly:

Q: = volume of water displaced by oil after 5 days.

K. = hvdraulic conductivity of the highly packed saturated clean sand in the

horizontal tube.
H: = total head at the end of the highly packed saturated clean sand in the horizontal

tube.
L; = length of the highly packed saturated clean sand in the horizontal tube.

Hp. A. and At are defined above.

Solving for Hp:
*
Ho = ot ge o (437
3

For continuity, the flow going in and out in the soil system must be same, hence:

Q=Q:=Q:
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Given:

cm’

Q: =35

L; =81.8cm

K; =0.0189 cnus
A =1981 cm”
At = 432000 sec
Hy=191.7cm
Hy = 1404 cm

Solving for Hp, gives:

2 = 00189 *51;.83[:1i 233000 * 104
= 253+10" - 1404
- 140.403 cm
Therefore.
" = 0w ‘51;.:331(1 332000 * 110403
= 140.405 cmss
Hence,
. 530

<

* T 1917 - 140.405) * 19.81 * 432000

=3.42*10" cnus
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Table 4.8 Total head distribution at selected points in the J-tube after S days.

Point Pressure head (cm) | Elevation head (cm) Total head (cm)
A 215 1704 191.7
location of oil front 0.05 140.4 140.405
D 130.03 104 140.403
E 130.0 104 140.400
After 62 days. the previous procedure was repeated:
0, =K.6:MA‘AI (4.38)
L6
Solving for K’ ., gives:
. ) * .. 2
K'e = & ,"“ (4.39)
(H,-Hg')* A
He-H
O, =—" £ y* N (4.40)
L,
Solving for H's-, we get:
H.GZ = Q: L.‘ E (4-41 )
K, *A*ANt
Given:
Q. =635cm’
L,=818
K:=0.0189




A=19.81 cm’
At= 5356800 sec
L'(,3= 160 cm
Hio=191.7cm
He= 1404 cm

Substituting these values gives:

. 635*81.8

-

Therefore,

]
-

id

= 00189*1981* 5356800

635*160

"7 (191.7 - 1404003) *19.81* 5356800

+1404 =140.4003

= 18.66*10-6 cnv/s

Table 4.9 Total head distribution at selected points in the J-tube after 62 days.

Point Pressure head (cm) | Elevation head (cm) Total head (cm)
A 215 170.4 191.7
location of oil front 3*10” 140 4 140.4003
E 130.0 104 140.400
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Figure 4.10 Location of the oil’s front in the J-tube after 62 days.
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Similarly after a 100 days, the entire soil was contaminated and:

.o )* [.. e
A 1006 = (- !

(H-He)*A* N

Given:

Q= 3250 cm’
L' =241.8cm
Ha=191.7cm
Hg=1404 cm
A=19.81 cm’

At = 8640000 sec

Solving for K" 0, gives:

K 0 = 8.95* 107 cvs

(4.42)

Table 4.10 Total head distribution at selected points in the J-tube after 100 days.

Point Pressure head (cm) | Elevation head (cm) Total head (cm)
A 213 1704 191.7
location of oil front 130 10.4 140 4
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Figure 4.11 Location of the oil’s front in the J-tube after 100 days.



Table 4.11 Hvdraulic conductivity in the oil contaminated soil with time.

Time (days) Location of oil in the soil | Hvdraulic conductivity of oil

contaminated soil (cm:s)

top of the ininally dry

-~

0 sand laver 2.0%10™
bottom of partially
5 saturated sand layer in the 3.42*107

left vertical column

bottom of the saturated
62 sand laver in the vertical 18.66*10°

] column

entire soil system
100 8.95*10°

Note: At the beginning of the oil migration process, the hydraulic conductivity

considered is that of the equivalent soil svstem.

The ratio of change of the hydraulic conductivity due to the oil contamination of the soil

Is given by:

= 2235

R K'w _20*10°
Ko 895%10°°

Figure 4.12 shows the total head distribution in the J-tube at 5, 62, and 100 days.
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Fig. 4.11 Total head distribution in the J-tube as a function '

of time




4.7.3 Flow nets

It is aknowledged that oil migration in the artificial islands immediately following a
blowout is a transient problem. However. in the following calculations steady-state
conditions are assumed. The migration of oil in soils can be determined using a seepage
analvsis. Possible methods of solution of this problem include. the finite difference
method. the finite element method. the use of physical hyvdraulic models, and
construction of flow nets. In this problem trial and error sketching of flow nets were
used to determine the time required by oil to travel in the caisson retained structure under
steady-state conditions. Flow nets which are two-dimensional construction of a family of
flow lines and a family of equipotential lines (lines of equal total head) were considered

here because they are less complex than the other methods.

Problem

A caisson retained structure filled with a layer of 21 m of sand built on top of 2 23.5 m
thick laver of sand berm overlving an impermeable bed rock. The depth of water
surrounding the caisson structure ts 21 m.

Assumptions:

1. The head of oil on top of the sand filled core is 2 m.

2. The hvdraulic conductivity of the sand is that of the equivalent soil consisting of the

lavers of sand in the laboratory scaled J-tube.
3. The caisson retained structure is symmetrical from its center line. thus the flow net of

half of the structure is constructed with a scale of | mm = 0.5m. Figure 4.15 shows the

construction of flow nets.
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Given:
k =2.0%107 cnus=2.0%*10" mus

0927

h.=2mofoil=2( )=l.854mofH;O

The datum is 52.5 m below the deck of the caisson structure.
elvi=45m
elv.=235m
H[ = h‘ - Cl\"[ =1854-445=4346.354m
H.-= ha-elv-=21 +235=445m
where:
H, and H. are the total heads at points | and 2, respectively.
h, and h. are the pressure heads at point 1 and 2. respectively.
elv, and elv are the elevation heads at point 1 and 2, respectively.

Required:

The time required by Motormaster grade 50 oil to travel in the caisson retained structure

if the structure is filled with Carp Airport sand.



Solution

From Darcy's law, the velocity in each flowline is given by:

v==ks (4.43)

where:

<
I

the oil velocity from one equipotential to the other.

k = the hvdraulic conductivity of the soil.

..
I

hvdraulic gradient between two adjacent equipotential lines..

I=—=——= — (4 44)

| = distance travelled by oil between two adjacent equipotential lines.

AH = the head loss between the first and last equipotential lines.

N, = the total number of potential drops.

h, = ~ = equipotential drop between two flow lines.

v d
The time required by oil to travel between two adjacent equipotential lines is given by:
I NJLY
,'=_,= J(:) (445)

v, kAH

The total time required to travel is then:

r=31, =i," =(k1“ﬂ)i(l,)’ (4.46)
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From the flow nets construction, the following parameters were obtained:

N,o= 3 (number of flow channels)

N, =7
/,=950m
[,b, =9.50m
[, =9.00m
[, =120m
I, =11.5m
[, =9.00m
I, =450m
From equation (4.46) we get:

t= (——Z——)Z(%: +95° +9% +12% 1157 +97 +45%) = 1209 *10° seconds
2%10° *185

1 = 139.9 days or about 5 months.

n



4.8 Experimental Results

The displacement of one fluid by another within a porous medium can frequently be
represented by a moving boundary problem. In this study, the duration of the migration of
oil from the sand-filled core to the sea water level was monitored over a period of 8
months. At the end of the migration process. a large portion of the oil appeared to be
immobilized in the soil. The resuits of oil migration through the soil in the J-tube are

listed in appendix C.

Figure 4.14 shows the variation of the average velocity of oil in the soil. It appears from
this graph that the displacement of oil through the soil was significant on the first week
than the following weeks. The migration process was faster at that stage of the
experiment since the first two layers composing the soil system were partly unsaturated
and partly saturated under capillary effects, hence the oil found its way easily between
the voids. On the fifth day. the velocity of oil migration reached a peak value of 5.6 cm
day, then gradually decreased to a local minimum of 3.82 cm /day on the tenth day. The
velocity decreased considerably when the contaminant reached the itially water

saturated layer.

The readings taken from the reservoir, includes the amount of oil added and the volume
of water displaced. No water was displaced in the first 5 davs. but 5 ml of water was
collected in the burette on the 6th day of the experiment. Once the contaminant reached

the right hand side of the J-tube, the displacement of water stopped.

The first appearance of oil on the right hand side of the tube occurred 100 days after t
was released from the reservoir. Nevertheless only 20 ml of oil was recovered from the
first 4000 ml initial applied oil from the reservoir. But oil was not the only flud

recovered. A mixture of oil-water-soil with a brownish color was also sampled. At first a
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greater percentage of this mixture was recorded, but at the end of the experiment only
250 ml of the mixture was collected. amounting only to 5 % of the total 5000 ml of oil
used throughout the entire experiment. Meanwhile the total amount of oil recovered was
about 350 ml which represents only 7 % of the total oil used. Since there was no leakage

in the tube, it is fair to say that the remaining 88 % of the contaminant was trapped.

60 ¢

504

40 ¢

30 ¢+

Velocity (cnvday)

00

Figure 4.14 Variation of the average velocity of oil in the soil
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4.8 Discussion of the Results

Laboratory experiments conducted in a scale Plexiglas J-tube t0 evaluate the mobility of a
Motormaster grade 50 oil through a partially saturated Carp Airport sand (Ottawa), showed
that oil tends to migrate through the unsaturated soil zone, replacing the air and some water.
The migration’s rate is governed by various factors including the viscosity of oil (a low-
viscosity gasoline moving rapidly, a high-viscosity fuel moving slowly) and the permeability

of soil.

In general, all oils are less dense than water, except bitumen and chlorinated solvents. Thus
oil tend to float at the interface between the water saturated and unsaturated zones and spread
horizontally. Oil usually moves as small droplets. Droplets smaller than soil pore dimensions,
tend to move rapidly with the water. In order to generate such dropiets. a considerable
amount of energy is required, because of the large surface area in the J-tube cross section in
comparison to the oil droplet surface. This energy requirement can be reduced if surfactants
are present, since the presence of surfactant facilitates the formation of small mobile oil
drops.

The observations of laboratory experiments of the current study concluded that the extent of
residual oil saturation depends on the volume of oil applied. However other factors are
responsible for the immobilised fraction of imtially applied oil in the columns. Ajit et al.
(1994) conducted a similar experiment. In their study, the concentration of oil residuals in the
columns varied from 5% to 30% on a mass basis. They stated that the trapped oil in the soil
during the migration process was due to the fact that the soil has a capacity to sorb
hvdrocarbons as they migrate with water in the subsurface. If for instance the amount sorbed
is 10 times the dissolved amount, this will result to an immobilisation of 90% of the
hvdrocarbons, consequently the average velocity of oil migration will be reduced by a
retardation factor of 10. This is why the migration velocity of hydrocarbons may depend on

the sorption phenomenon.
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Hvdrocarbon sorption is governed by the presence of organic matter (detritus) in the soil.
Sorption will prevail if only 1% or more of organic matter is present in the soil. Methods of
estimating organic sorption are available. Lyman et al. (1982) reviewed schemes of
estimating organic sorption. Extensive data and methods have also been provided by Hansch
and Leo (1979), Mackay et al. (1985.b), Verschueren (1983), Zwolinski and Wilhoit (1971).

The immobilisation of oil in the soil is govemed by other phenomena taking piace in the
subsurface environment during the migration process. In a porous medium containing more
than one fluid, if one the fluid is nonwetting (oil) is in contact with a wetting phase (water),
the wetting phase displaces some of the nonwetting phase in a process known as "free
imbibition”. After the oil has been displaced and mobilised by the infiltrating wetting fluid,
oil will move as a result of viscous, gravitational and capillary forces. Through this migration
process, oil is graduallv spread in the soil and the capillary forces begin to immobilise the oil.
At low oil saturation, the induced capillary forces creates discontinutties of the oil phase,
eventually producing loss of continuity and as a result oil blobs are formed. According to
Wilkinson et al. (1983), the high capillary forces are caused by the highly curved menisci
between the oil and water phases in the soil pores. Studies conducted by Chatzis et al. (1984)
concluded that residual oil can occupy up to 90% of the pore space. The present study is in

agreement with them, since the residual oil concentration in our expenment amounted 88%.

It should also be noted that some fluids are soluble in water, thus they dissolve and migrate
as a solution. Petroleum products, to a first approximation are insoluble in water.
Nevertheless only a negligible portion dissolves. But this small amount (i.e.. a few percent) is
not negligible from the point of view of groundwater contamination. It only takes g of ail to
contaminate a cubic meter of water to a level of | PPM. The solubility of oil in water depend
on its composition and temperature but also the amount of water to which the oil has been
exposed. According to Mackay (1983). a fuel oil may contaminate water to the extent of
10gm’ initially (ignoring oil droplets emulsions in the water), but as oil is washed with more
water. this concentration may drop steadily. The rate at which the oil concentration will drop

is uncentain. It is not clear if 1 g/m3 will be reached in 1 day or | month or 1 vear.



In the present study, it was observed that a significant portion (88 %) of oil initially
applied remained trapped in the soil. The mobilization or the trapping of the oily phase is
usually governed by the capillary forces, but these forces can be overcome by the gravity

forces or pressure gradient.

In order to understand the mechanisms taking place during the trapping of a nonwetting
phase (oil) in saturated porous media, a quantitative analysis was carried out by Morrow
and Songkran (1981). They introduced the ratio of the viscous to capillary forces
expressed as a dimensionless number, commonly known as the capiliary number (Nc,)
and the ratio of gravity to capillary forces called the Bond number (Ng), which is also a
dimensionless number. From their nonwetting phase mobilization experiments. they
observed that for a Bond number less than 0.005 and a capillary number less than 10°,
the trapping mechanism is dominated by capillary forces. and the residual oii saturation

Is constant.

Experiments conducted by Foster (1973) reported that the critical capillary number
required to complete oil recovery from sandstone samples is of the order of 10~ 10 107"
Melrose and Brandner (1974) concluded that the parameters governing the critcal
capillary numbers are the pore structure and pore size distribution, consequently these
parameters considerably affect the mobilization/immobilization process of the oil phase.

In Chapter 3, the Bond number and capillary number for Carp Airport soil were
computed to be 0.7386. 10" and 0.364.107, respectively. These numbers were below the
critical values required to enhance any oil movement after immobilization. With the aid
of these dimensionless numbers the explanation of why a high percentage (88 %) of oil

trapped in the soil was clanified.



CHAPTER §

SAND-STEEL INTERFACE BEHAVIOUR

5.1 Introduction

Oil contamination of soils may occur for various reasons including offshore accidents.
accidental spills during transportation on land. leakage from the underground storage
tanks and pipelines. In this study an experimental work is carried out to determine the
changes that might be caused by oil contamination in the stress-strain behaviour of
soils and the load transfer characteristics of interfaces between soils and structural
materials. A series of monotonic two-dimensional interface tests with both clean and
oil contaminated sands are investigated using the newly developed C3DSSI apparatus
(Evgin and Fakharian.1995) and (Fakharian and Evgin,1993. 1995. 1996).
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§.2 C3DSSI Apparatus

All the experiments were conducted with a constant surcharge pressure (accuracy: 5 KN)
applied on the sand surface using the new C3DSSI (Cyclic 3-Dimensional Simple Shear
testing of Interfaces) developed by (Fakharian and Evgin 1993, 1996). Figures 5.1 and 5.2
show the C3DSSI apparatus used herein. The C3DSSI is equipped with a computer
control system consisting of a personal computer (PC) and two electnc-pneumatic (E/P)
transducers.

The PC connected to the computer system must have sufficient memory (at least 4 Meg of
Ram and 100 Meg of hard drive) in order to run the test. The primary task of the PC is to
collect and process raw experimental data during each test at a frequency controlled by a
vaniable included in the source code of the program. The aigorithm of this program
written in basics computes the engineering quantities such as stiffness. shear stress.
volume change in the sand mass and tangential displacement. These quantities are
displaved on the PC monitor and stored on the hard drive. The output results transferred
from the electric pneumauc transducers to the PC are easilyv retrieved if the latter is

equipped with Windows and its applications including Microsoft Excel.

The E/P transducers regulate the aforementioned engineering quantities including the
normal load while the experiment is in progress. These quantities are measured in terms
of voltage transmitted from appropnate electric signals to the E/P transducers. The EP
transducers then transfer these informations to the PC for processing through an
analogue/digital (A/D) converter. During two-dimensional testing only one of the EP

transducers is in operation.

One of the virtues of the C3DSSI apparatus lies on its flexibility to allow the use of either
a simple shear box or a direct shear box container. For the purposes of these monotonic

tests a direct shear box was used.
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The container of the sand mass was a square aluminium box with a 100 x 100 mm
internal area and a height of 28 mm. The thickness of the sand mass in the box was about
24 mm. The bottom of the aluminium container was attached to a foam. The requirement
to use the layer of foam were to minimise the leakage of sand and oi! during shearing. In
addition, to minimise the friction between the steel surface and the aluminium box a 1

mm thick sheet of Teflon was coated to the bottom of the foam laver.

The C3DSSI apparatus was equipped with two transducers (stepper motors) measuring the
tangential loads (in the x and v directions) and five linear vanable differential
transformers (LVDTSs) monitoring the displacements (tangential and normal). During 2D
monotonic tests only two of the five LVDTs and one stepper motor were in operation.
One of the LVDTs was used to measure the tangential displacement in the x direction
(accuracy: 0.002 mm ) and the other measured the change of sand height (accuracy: 0.004
mm). The tangential load in the x direction was applied with the aid of the stepper motor

in operation.

The structural steel material used throughout these experiments had a space of 315 mm in
length and 315 mm in breadth. The sand-blasted sand-steel interface was 160 mm in
length and 160 mm in breadth. The roughness of the steel surface was evaluated in R,
with a gage length L= 2.5 mm (Uesugi and Kishida, 1986).

5.3 Type of materials
a) Sand
The soil used in these experiments is a crushed quartz sand, Silica-24, with a specific

gravity of 2.65. Figure 5.3 shows the grain size distribution of the sand (sand = 2). From

the grain size distribution it appears that the sand is a fine to medium sand. Using the



ASTM standards. the minimum and maximum void ratio where obtained: e mn = 0.42

ande . = 1.15.

b) Oil

The oil used throughout these experiments is a Motomaster grade SO heavy duty oil. At
24° C the density of this oil is about 0.927 ¢/ cm” and its viscosity is 455 mPa.s,

c) Structural Material

Sand-blasted structural steel specimen with a roughness of R, (L= 2.5 mm) were

used throughout the experiments.
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Figure S.1 Schematic view of C3DSSL. (After Fakharian, 1996)
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Figure 52 Schematic of the direct shear box assembly. (After Fakharian, 1996)
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Figure 53 Grain size distribution of crushed quartz sand.
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§.4 Sample Preparation

S.4.1 Preparation of Clean Sand Specimen

The sand was placed in the rigid aluminium container and it was in contact with the sand-
blasted steel surface. Two methods were used to prepare the sand sampies. namely the
muluple sieving pluviation (MSP) method for dense sand specimens and the scooping
method for loose sand specimens.

S.4.1.a Multiple Sieving Pluviation Method

Studies on the mechanical properties of cohesionless soils have shown that non-uniformity
may be introduced during the sampie preparation. The multiple sieve pluviation (MSP)
method has been proven to be free from human error. For material having a relativelv
small uniformity coefficient, Miura and Tori (1982) found that the high density can be
achieved by the MSP without vibration or impact. The reasons for using the MSP stems
from the fact that static and dvnamic deformation-strength characteristics at various

densities are affected by the manner in which the soils are prepared.

A preparation methed of sand specimen using a muitiple sieving pluviation apparatus was
used. With this method the desired specimen density can be achieved by controlling the
rate of sand discharge and by adjusting the height of fall. The apparatus used herein
consists of a funnel to store sand. a stopper to release the sand in the cvlinder. a cvlinder
equipped with four layers of sieves each with a square opening of 4.76 mm and a fixing
device to set up both the funnel and cylinder vertically. The requirements for using square
opening sieves of 4.76 mm diameter were to account for the maximum soil particle size
and thus insure a uniform deposition of sand, so as to produce a homogeneous sample.
The rate of discharge was controlled by changing the diameter of the nozzle attached at
the bottom of the funnel. To achieve a desired density the height of fall and the nozzle
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diameter were adjusted accordingly. Experimental results presented in the Japanese
Society of Soil Mechanics and Foundation Engineering of 1979 have shown that the
relative density slightly decreases with an increase in the height of fall for larger nozzles
diameters. It therefore appears that the governing factors of the MSP method are: (1) the
size of nozzle opening and (2) the height of fall.

Following the description of the MSP method a dense sand with a relative density of 84%
was prepared. To achieve that density a 13 mm diameter nozzle and a height of 550 mm
were used. A necessary weight of sand was then filled in the funnel. with the stopper in
position. As soon as the stopper was removed, the sand was pluviated into the container
(braced to the steel plate) through the four sieves until it was filled to its capacity. Then
the stopper was placed in position again to stop the sand from flowing in the container.
Excess sand from the box was sucked through a tube connected to 2 vacuum source in
such a way that the height of the sand in the box was brought to 24 mm.

S4.1.b The Scooping Method

This method was used to achieve loose sand densities. To avoid disturbance of the sample
the sand was carefully scooped with a spoon in the sand container and filled to its
capacity. The excess sand in the container was sucked using a vacuum to obtain the
desired 24 mm sand height in the box.

5.4.2 Preparation of Oil Contaminated Sand Specimen

Before raining or scooping the sand using the aforementioned methods in sections 5.2.1

sand container. There was no need to fill up the aluminium container with oil since the

present study is only interested in the activities taking place at the sand-steel interface.
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Observations of clean sand particles near the interface using a macroscopic
photography was made by Uesugi et al. (1989) to determine the shear zone formation
along the sand-steel interface. These observations indicated that the tangential
displacement of sand particles were distributed linearly in the shear zone at about 65%
for a the total tangential displacement of 4.0 mm. Large shear deformations occurred
between 65 and 90% of the total displacement. These observations showed that the
shear zone formation was about S mm or 21% of the sand mass above the steel plate.
Assuming that some capillary rise of oil will take place in the shear box. therefore the

25 mi (or 2.5 mm in height) of oil used in the box is reasonable.

5.5 Type of Loading

The applied normal load at the top of sand mass was kept constant at a specified value
during each test. The tangential displacement was increased at a constant rate of 1.0
mm/min while a load cell measured the tangential load.

5.6 Experimental Results

Charactenistics of sand-steel interfaces have been presented bv Kishida and Uesugi
(1987). Their test results concluded that direct shear tests could be used only to obtain
the coefficient of interface friction. Their conclusions were based on the fact that the
total tangential displacement in the direct shear tests includes the displacement due to
deformation of the sand within the box as well as the sliding displacement of the
interface. Thus the values of the displacements are influenced by the height of the
sand mass. But depending on the tvpe of engineering applications. the results of sand-
steel interface behaviour using the direct shear box may be of interest. A parameter

such as the angle of friction between soil and structural material. & is verv useful for
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instability investigation in problems involving the design of structures such as piles.
retaining walls. and foundations. For these aforementioned problems the results of

interface testing using a direct shear device could be reliable.

A series of direct shear tests conducted by Acar et al. (1982) showed that the relative
density and normal stress were indeed the governing parameters influencing the angle
of friction between sand and various structural materials such as steel, wood. and
concrete. Other factors such as the roughness of the surface, composition of soil, grain
size distribution. moisture content, and rate of shearing also influence the shear
strength of the interface under conditions of normal stress and monotonic shearing.
These studies concluded that a combination of low normal stress and high relative

density will yield a high angle of friction. Their results are presented in Figure 5.4.

The experimental results of the current study (two-dimensional monotonic tests for
interface between sand and sand-blasted surface on a steel plate) are plotted in the
form of shear stress (kPa) versus tangential displacement (mm), and normal
displacement (mm) versus tangential displacement (mm) curves presented in Figures
5.5 through 5.26. The ratio of the normal and the shear stress were also computed. The
maximum shear resistance versus normal stress gave frition angle & between sand and
the steel surface at the interface. The frition angle § was calculated using the following

equation:
t=c~otand (5-1)

Where t is the peak shear strength of the soil, ¢ is the applied normal stress. ¢ is the
cohesion of the soil, for sand ¢ =0, and § is the friction angle between the soil and the
structural maternial. The vanations of the peak strength versus the applied normal load
strength were plotted for all the cases (clean dense, oil contaminated dense, clean
loose, and oil contaminated loose sand) in Figures 5.12. 5.13. 5.14. and 5.15

respecitvely. The strength parameter 8 for each scenario is given in Table 5.1.
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Table 5.1 Values of § for various soil conditions.

Soil condition Value of 8 (degrees)
Clean dense sand 373
Oil contaminated dense sand 277
Clean loose sand 304
Oil contaminated loose sand 2351

A comparison of the results between clean and contaminated sand showed that there
was a significant difference in the interface friction angle 3. For instance at a normal
load of 300 kPa under clean dense conditions, the value of the interface friction angle
was about 36.1°. For the same normal load under contaminated dense sand conditions

this value was about 27.0°.

A similar comparison was made between loose samples for a normal load of 300 kPa.
Experimental results showed that under clean conditions the interface friction angle

was 29.7 °, while a value of 25.2° was recorded under contaminated conditions.

For both medium and loose sand the fiction angle changed significantly as a result of
oil contamination. The effects of oil contamination on the stress-displacement

relations were also evaluated.

Uesugi et al. (1989) evaluated the amount of particle crushed during testing by sieving
the sand before and after the friction tests. They concluded that the influence of the
sand type and normal stress in the increase of the coefficient of friction was
overwhelming. Obviously it would be difficult to evaluate the amount of particles
crushed for contaminated samples for the simple reason that a sieve analysis of
contaminated specimen after testing is beyond our control for the time being.

Therefore following their conclusions, it is fair to speculate that the amount of



particles crushed at the interface layer under contaminated conditions is smaller than

under clean conditions.

For a given normal stress, a more pronounced peak value was observed for the shear
stress under clean conditions than for contaminated conditions. At relatively higher
normal stresses (50, 100, 300, and 500 kPa) dense clean samples experienced strain
softening after the peak until the shear stress leveled off at the residual shear value.
This was not the case for contaminated dense specimen where no strain softening was
observed. Under these normal stresses, volume change results of clean dense sampies
indicated some initial compression followed by an important dilation, whereas

contaminated samples only exhibited a substantial compression.

At lower stresses (30, and 40 kPa) for all cases (dense- or loose-clean and dense- or
loose-contaminated), the specimen reached a peak value and leveled off at that value
with no record of strain softening. The resuits of the volume change indicated a
compression of the sand mass for all cases. Nevertheless the magnitude of the mass

compression was more pronounced in loose-contaminated samples than in other cases.
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Figure 5.4 Variation of friction angie with normal stress. (After Acar et al., 1982)
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

The objectives of this experimental work were (1) to investigate the fate of oil n
antificial islands in the event of a blowout and (2) to determine the influence of oil

contamination on the deformation-strength properties of an interface.

This investigation showed that. during a blowout. oil migration in an artificial island
depends on various parameters. The parameters governing the oil migration process were
identified and their effects were analvzed. From the experimental results obtained. an
attempt is made to correlate these results with what would happen in real life if a

significant volume of oil is spilled on sand durning exploration.

The boundarv conditions of this experimental investigation did not match exactly the
conditions of the artificial island in the sea where the boundary conditions are more
complex. But nevertheless some parameters that govern the movement of oil in soils

have nothing to do with the scale of the structure containing the soil. When oil percolates
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through the soil from the surface toward the water table some of this oil can be held bv

surface tension around the points of contact between particles.

A good indication of how much fluid is trapped in soils is often obtained by computing
the Bond and Capillary numbers. These numbers depend strongly on the properties of the
fluids involved (in this case oil and water) including: the surface tension between the
fluids of interests (oil and water), the average size of the soil particle. the density
difference between the fluids (water and oil), the viscosity of oil. and the rate of oil
movement in the soil (velocity). The grain size distribution of Ukalerk (Beaufort sea) and
Carp Airport sands proved that the material properties of these two soils were similar.
therefore the difference between the Bond and Capillarv numbers of Ukalerk and Carp
Airport sand depend strongly on the surface tension between the type of water and oil
studied. In this experiment. tap water and Motormaster grade 50 oil (which is a
lubricating oil) were used. In the sea, the water is saity and cold and crude oil is the
contaminant. Values of surface tensions are listed for crude oil and they range from
0.023-0.038 ¢ /N while lubricating oil values (e.g. Motormaster grade 50 oil) range from
0.035-0.038 c /N. (Streeter and Wiley. 1985). The laboratory experiment was conducted
at room temperature, which is not the case at the sea where the water is much colider. If
one assumes that the conditions in the field are identical to the laboratory test conditions.
about 88 % of the spilled oil will be contained in the sand and 12 % will seep out to the

sca.

The analysis of the database of oil migration experimental resuits showed that for the
scaled J-shape tube used. it took approximately 3 months for oil to travel through the
entire soil system. Obviously for a bigger structure, such as the artificial island. the time
of contamination will be much longer. Under steady-state conditions the estimated time

1s about S months.

The location of the water table also plays an important role on how fast the oil would

migrate in the soil. Above the water table the oil migrates in unsaturated soil and the
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Bond and Capiilary numbers are relevant parameters. Below the water table, the

hvdraulic gradient is the driving force.

With regard to the interface experiments, an attempt was made to observe the patterns of

oil contaminated sand-steel interface behaviour.

The results of load tests showed that, for a given normal stress, a more pronounced peak
value of the shear stress was observed for clean samples than oil contaminated ones. In
general, dense clean samples experienced strain softening. After the peak, the shear stress
leveled off at a residual value equal to about 60% of the maximum shear stress. This was
not the case for contaminated dense specimen where no strain softening was observed.
Volume change results of clean dense samples indicated some initial compression
followed by an important amount of dilation, whereas contaminated samples exhibited a

substantial compression and no dilation.

[n particular, the response of the interface to the applied low stresses (30, and 40 kPa). in
all cases (dense- or loose-clean and dense- or loose-contaminated) was characterized by
no strain softening. The results of the volume change indicated compression of the sand
mass for all cases. Nevertheless, the magnitude of the sand mass compression was more
pronounced in loose oil-contaminated samples than in other cases. The ramifications of

the scenarios mentioned above were overwheiming on some engineenng parameters.

This study found that for a parameter such as the angle of friction between a medium
crushed quartz sand and a sand-blasted steel surface, the relative density and normal
stress were indeed the govemning parameters influencing the angle of friction. Other
factors such as the roughness of the surface. composition of soil, grain size distribution.

moisture content, and rate of shearing were not investigated.



The effect of oil contamination on the strength behaviour of sand-steel (sand-blasted
surface) was large. For dense sand specimens the interface friction angle was reduced
about 9 ° after oil-contamination. However oil contamination on loose samples, the
friction angle was reduced about 5°. Since the interface behaviour as well as the
behaviour of sand mass change significantly as a result of oil contamination, the resistance

of the caisson structure to the applied load will also change.

6.2 Recommendations

This research sets forth future recommendations as follows:

1- More tests are needed on oil migration in soils by changing the parameters involved in
the experimental analyvsis namely the tvpe of soil, oil. viscosity. and temperature in order
to develop a better understanding of the process of oil migration as well as to develop

mathematical models.

2- If laboratory glass columns (i.e.. the J-tube) are to be used in the future, it wouid
necessary to incorporate various devices capable of measuring the air and liquid pressure
distributions in the soil system during the migration of oil. Incorporating these devices
would give more insights on the displacement of trapped air and fluid flow during the o1l

migration process.

Further research on contaminated soil-construction material interfaces may be conducted

with extensive tests including:
3- Two- and three-dimensional monotonic tests using the simple shear box, since in

reality, structures are three-dimensional, and the simple shear box gives separately the

tangential displacement of the sand mass and the sliding displacement at the interface.
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4- Two- and three-dimensional cvclic loading tests. The need to study the effects of repeated
loading stems from the fact that ice loading is generally cvclic in nature in the winter and

during the summer waves generates load cvcles.

5- Correlating the experimental work with models capable of predicting the strength-

displacements characteristics of interfaces for clean and oil contaminated cases.
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Table B1: 2-D Monotonic test on dense sand

Date of testing: 23/04/1996
Tested by: Alain Mabia

Type of sample: Dense clean sand
Plate: sand-blasted steel plate
Density: 1.89 g/cm*3

TIME Ux Ux2 Uxl \"
Sec. (mm) (mm) (mm) (mm)
0 0.01 0.00 0.00 0.21
5.0 0.01 0.00 0.00 0.21
10.0 0.00 2.c0 0.00 0.21
150 0.00 0.00 0.00 0.21
20.0 0.00 0.00 0.00 0.21
250 0.01 0.00 0.00 0.21
30.0 0.01 0.00 0.01 0.21
35.0 0.03 0.00 0.03 0.21
400 0.05 0.00 0.05 0.21
450 0.06 0.00 0.06 0.21
50.0 0.09 0.00 0.09 0.21
550 0.1 0.00 0.10 0.21
60.0 0.13 0.00 0.13 0.21
65.0 0.15 0.00 0.14 0.21
70.0 0.17 0.00 0.16 0.21
75.0 0.19 0.00 0.19 0.21
80.0 0.21 0.00 0.21 0.21
85.0 0.23 0.00 0.23 0.21
90.0 0.26 0.00 0.26 0.21
95.0 0.29 0.00 0.29 0.21
100.0 0.31 0.00 0.31 0.21
105.0 0.36 0.00 0.36 0.21
110.0 0.43 0.00 043 0.21
1150 0.50 0.00 0.49 0.21
120.0 0.57 0.00 0.57 0.21
125.0 0.64 0.00 064 0.21
130.0 0.72 0.00 0.71 0.21
135 0.79 0.00 0.79 0.21
140 0.88 0.00 0.87 0.21
145 0.96 0.00 0.96 0.21

137

C. = 100 kPa

Tau-x
(kPa)

0.0
06
47
74
10.1
168
29
290
344
384
425
46.5
499
52.6
546
573
59.3
60.7
62.7
64.7
66.1
68.8
70.8
722
742
755
75.5
755
75.5
749

Sig-n
(kPa)

98.5
98.5
98.5
985
98.5
98.5
98.5
99.5
99.5
98.5
99.5
99.5
100.5
100.5
100.5
100.5
101.5
101.5
100.5
101.5
101.5
1015
1015
100.5
1015
101.5
100.5
100.5
101.5
1005

TIS

0.00
0.01
0.05
oo
G.10
0.17
0.23
0.29
0.35
0.39
0.43
0.47
0.50
0.52
0.54
0.57
0.58
0.60
062
064
065
0.68
0.70
0.72
0.73
0.74
0.75
0.75
074
0.75



150
155
160
165
170
175
180
185
180
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345
350
385
360
365
370
375
380
385
390
385

1.04
1.13
1.21
1.30
1.39
1.48
1.57
1.65
1.74
1.83
1.9
2.00
2.08
217
225
2.34
2.42
2.51
2.59
2.68
2.76
2.85
293
3.02
3.10
3.19
3.28
3.36
3.45
3.54
3.63
3.72
3.80
3.89
3.98
4.07
415
4.24
4.33
4.41
4.50
4.59
4.68
4.77
4.86
494
5.02
511
519
529

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.04
1.13
1.21
1.30
1.39
1.48
1.56
1.65
1.74
1.82
1.91
2.00
2.08
217
2.25
2.34
242
2.51
2.59
268
275
2.85
293
3.02
3.10
3.19
3.27
3.36
346
354
363
372
3.80
3.89
3.98
407
4.15
4.24
433
441
4.50
4.59
468
477
485
494
5.02
511
519
529

138

0.21
021
0.21
0.1
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
021
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21
0.21

755
749
742
735
722
722
708
708
708
701
69.5
68.8
69.5
69.5
688
68.8
68.8
69.5
68.8
68.8
68.1
68.1
67.4
67.4
66.1
67.9
66.1
66.8
66.1
66.1
66.1
65.4
65.4
647
64.7
64.1
64.1
647
64.1
64.7
65.4
64.7
64.1
62.7
62.7
62.7
634
63.4
634
627

100.5
100.5
100.5
1015
101.5
100.5
100.5
100.5
100.5
100.5
100.5
1005
100.5
100.5
100.5
100.5
100.5
100.5
99.5
99.5
99.5
99.5
99.5
98.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
98.5
99.5
99.5
99.5
99.5
99.5
99.5
98.5

0.75
075
0.74
0.72
0.71
0.72
070
0.70
0.70
0.70
0.69
0.68
0.69
0.69
0.68
0.68
0.68
0.69
0.68
0.69
0.68
0.68
0.68
0.68
0.66
0.68
0.66
0.67
0.66
0.66
0.66
0.66
0.66
0.65
0.65
0.64
0.64
0.65
0.64
0.65
0.66
065
064
063
063
063
064
0.64
0.64
064



400
405
410
415
420
425
430

5.38
5.47
5.56
5.64
573
5.82
5.91

0.00
0.00
0.00
0.00
0.00
0.00
0.00

538
547
5.55
564
573
582
591

139

0.21
0.21
0.21
0.21
0.21
0.21
0.21

62.7
62.7
627
62.7
62.0
62.0
61.4

99.5
98.5
99.5
99.5
99.5
98.51
99.5

0.63
064
063
063
0.62
0.63
0.62



Table B2: 2-D Monotonic test on dense sand

Date of testing: 23/04/1996

Tested by: Alain Mabia

Type of sample: Dense clean sand
Piate: sand-blasted steel piate
Density: 1.89 gicm*3

TIME Ux Ux2 Uxl v
Sec. (mm) (mm) (mm) (mm)
0 0.00 0.01 -0.01 0.00
5 0.02 0.01 0.01 0.00
10 0.00 0.00 0.00 0.00
15 0.00 0.01 0.00 0.00
20 0.00 0.01 0.01 0.00
25 0.00 0.01 0.00 0.01
30 0.01 0.01 0.00 0.01
35 0.02 0.01 0.01 -0.02
40 0.03 0.01 0.03 -0.02
45 0.05 0.01 0.04 0.02
50 0.06 0.00 0.06 -0.03
55 0.08 0.01 0.07 0.04
60 0.10 0.01 0.10 -0.05
65 0.13 0.00 0.12 -0.05
70 0.15 0.01 0.14 0.06
75 0.17 0.01 0.16 0.07
80 0.20 0.01 0.19 0.07
85 0.23 0.01 0.22 -0.07
90 0.26 0.00 0.26 0.07
95 0.30 0.01 0.29 0.07
100 0.34 0.00 0.34 0.07
105 0.41 0.01 040 -0.07
110 0.42 0.01 0.41 -0.08
115 0.46 0.01 0.45 0.07
120 0.50 0.00 0.50 0.08
125 0.54 0.00 0.54 0.07
130 0.59 0.00 0.5 -0.07
135 0.64 0.00 064 0.07
140 0.69 0.00 0.69 0.06
145 0.75 0.00 0.74 -0.05

140

= 300 kPa

Tau-x
(kPa)

0.0
0.6
4.7
87
128
17.5
249
357
46.5
56.6
66.8
76.2
85.7
93.8
102.5
110.6
118.0
1248
132.2
140.3
148 4
185.2
161.9
168.6
1740
180.8
184.8
190.2
195.6
199.7

Sig-n
(kPa)

300.3
300.3
300.3
300.3
299.3
299.3
2993
300.3
300.3
300.3
299.3
299.3
299.3
299.3
2993
300.3
299.3
2993
299.3
299.3
300.3
300.3
300.3
301.3
300.3
3003
300.3
3003
3013
301.3

TIS

0.00
0.00
0.02
0.03
0.04
0.06
0.08
0.12
0.15
0.19
022
0.25
0.29
0.31
0.34
037
0.39
042
044
047
048
0.52
0.54
0.56
0.58
0.60
0.62
0.63
0.65
0.66



150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295
300
305
310
315
320
325

335
340
345
350
355

365
370
375

385
390
395

0.80
0.86
0.92
0.98
1.08
1.13
1.20
1.27
1.34
142
1.51
1.60
1.68
1.77
1.86
1.94
203
2.11
2.20
2.29
237
2.47
2.56
264
2.73
2.82
290
2.99
3.08
3.16
325
334
342
3.51
3.59
3.68
3.78
387
395
4.03
4.13
4.20
4.30
4.38
4.46
4.55
463
472
482
4.91

0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.80
0.86
0.92
0.98
1.04
1.12
1.19
1.26
1.34
1.42
1.50
1.59
1.68
1.77
1.85
1.94
2.02
2.1
2.20
228
2.37
2.46
2.55
263
2.72
2.81
2.90
2.99
3.08
3.16
3.25
333
3.42
3.50
358
3.67
3.77
386
3.94
4.02
412
420
4.29
4.38
4 46
454
463
472
481
490

141

-0.05
-0.04
-0.03
-0.02
-0.01
-0.01
0.01

0.01

0.03
0.03
0.05
0.05
0.06
0.07
0.08
0.09
0.09
0.10
0.11

0.1

0.12
0.12
0.13
0.13
0.15
0.15
0.16
0.16
0.16
0.17
0.17
0.18
0.18
0.19
0.19
0.20
0.20
0.20
0.20
0.21

0.21

0.22
0.23
0.23
0.23
0.24
0.24
0.24
0.24
0.25

203.7
207 1
210.5
2139
2159
217.2
2179
2199
2199
213
2186
2145
213.2
2125
211.2
211.8
211.2
2105
2105
2105
209.1
2058
2058
206.4
2051
203.7
203.7
2031
201.0
2017
2017
201.0
200.4
189.7
1997
198.3
196.3
195.0
195.6
196.3
194.3
195.0
1943
195.0
194.3
1956
195.6
193.6
192.9
191.6

3013
301.3
302.3
302.3
301.3
302.3
303.3
302.3
302.3
302.3
302.3
3023
302.3
302.3
302.3
302.3
3013
302.3
302.3
302.3
302.3
302.3
302.3
303.3
302.3
303.3
302.3
302.3
301.3
3023
302.3
302.3
303.3
302.3
302.3
302.3
303.3
302.3
301.3
302.3
3023
302.3
303.3
302.3
302.3
3023
302.3
3023
303.3
302.3

0.68
0.69
0.70
0.71
0.72
0.72
072
0.73
073
0.73
0.72
0.71
0.71
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.69
0.68
0.68
0.68
0.68
0.67
067
0.67
067
067
0.67
0.66
0.66
0.66
0.66
0.66
0.65
0.65
0.65
0.65
0.64
0.65
0.64
0.65
0.64
0.65
0.65
0.64
064
0.63



405
410
415
420
425
430
435

445
450
455

5.00
5.09
517
526
5.35
544
583
5.62
571
5.80
588
5.98

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

5.00
5.09
5.17
5.26
5.35
544
552
561
571
5.80
5.88
5.97

142

0.25
0.25
0.25
0.26
0.26
0.26
0.26
0.27
0.27
0.27
0.27
027

1909
189.6
1916
190.2
189.6
188.2
188.9
186.9
184.8
185.5
186.9
186.2

3023
302.3
3023
302.3
303.3
302.3
303.3
302.3
302.3
302.3
3023
3023

0.63
0.63
0.63
0.63
0.63
0.62
0.62
0.62
0.61
0.61
0.62
0.62



Table B3: 2-D Monotonic test on dense sand

Date of testing: 23/04/1996
Tested by: Alain Mabia

Type of sample: Dense clean sand
Plate: sand-biasted steel piate
Density: 1.89 g/cm*3

TIME Ux Ux2 Uxl \
Sec. (mm) (mm) (mm) (mm)
0 0.00 0.01 0.01 0.00
5 0.00 0.01 -0.01 0.00
10 0.01 0.01 0.0 0.00
15 001 001 0.00 0.00
20 0.01 0.01 0.00 0.00
25 0.01 0.01 0.00 0.00
30 0.01 0.01 0.00 0.00
35 0.01 0.01 0.00 0.00
40 0.02 0.01 0.01 0.00
45 0.03 0.01 0.01 0.01
50 0.03 0.01 0.02 0.01
55 0.04 0.01 0.03 0.01
60 0.05 0.01 0.03 0.01
65 0.06 0.01 0.05 0.01
70 0.07 0.01 0.06 0.00
75 0.08 0.01 0.07 0.01
80 0.10 0.01 0.09 0.01
85 0.11 0.01 0.10 0.01
g0 0.13 0.01 0.12 0.01
a5 0.15 0.01 0.14 0.01
100 0.17 0.01 0.16 0.00
105 0.20 0.01 0.19 0.00
110 0.22 0.01 0.21 0.01
115 0.24 0.01 0.23 0.01
120 0.27 0.00 0.27 0.01
125 0.30 0.00 0.29 0.01
130 0.32 0.00 0.32 0.02
135 0.35 0.01 0.34 0.02
140 0.38 0.00 0.37 0.02
145 0.41 0.00 0.41 0.02
150 0.44 0.00 0.44 0.02

143

G. = 500 kPa

Tau-x
(kPa)

0.0
2.7
88
12.2
16.2
23.0
324
425
547
66.8
776
89.8
101.3
1127
124.2
135.7
147 1
157.9
168.0
179.5
189.0
199.1
2079
2173
226.1
2348
2436
2510
2591
267.9
2753

Sig-n
(kPa)

500.1
500.1
4992
489.2
499.2
499.2
499.2
500.1
499.2
499.2
498.2
498.2
498.2
498.2
498.2
497.2
497.2
498.2
498.2
497.2
498.2
498.2
498.2
498.2
497.2
497.2
498.2
498.2
499.2
500.1
501.1

TIS

0.00
0.01
0.02
0.02
0.03
0.05
0.06
0.08
0.11
0.13
0.16
0.18
0.20
0.23
0.25
0.27
0.30
0.32
0.34
0.36
0.38
040
0.42
0.44
045
047
0.48
0.50
0.52
0.54
0.55



155
160
165
170
175
180
185
180
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295

305
310
315
320
325
330
335

345
350
355

365
370
375

385
390
395
400

0.47
0.51
0.54
0.57
0.62
0.65
0.69
0.73
Q.77
0.82
0.85
0.90
0.85
1.00
1.06
1.1
1.16
1.23
1.29
1.36
1.42
1.50
1.57
1.64
1.72
1.79
1.88
1.96
204
214
2.21
2.3
2.38
247
2.56
2.66
274
283
293
3.01
3.09
3.17
3.25
3.34
343
3.50
3.60
369
379
3.88

0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00

0.46
0.51
0.54
0.57
061
0.65
0.69
0.72
0.77
0.81
0.85
0.90
0.95
1.00
1.06
1.1
1.16
1.23
1.29
1.35
1.42
1.49
1.56
1.64
1.72
1.79
1.88
1.85
204
2.14
2.21
2.30
2.38
246
2.55
2.65
2.73
2.83
2.93
3.00
3.09
3.17
324
333
342
3.50
3.60
3.69
3.79
387

144

0.02
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.05
0.05
0.06
0.06
0.07
0.07
0.09
0.09
0.10
0.11
0.13
0.13
0.14
0.15
0.16
0.18
0.19
0.20
0.21
0.22
0.22
0.23
0.24
0.25
026
0.26
027
0.28
0.28
0.29
0.29
0.28
0.30
0.31
0.31
0.32
032
033
0.33
0.34
034
0.35

283 4
290.9
2976
304.3
3104
3172
3239
329.3
336.1
340.8
346.9
3516
356.3
361.0
364.4
368.4
3711
3738
376.5
3779
3786
3799
381.3
380.6
379.2
381.3
3786
3786
3772
3732
3752
3711
370.5
3711
370.5
366.4
365.1
364.4
361.0
3617
361.7
361.0
363.7
361.7
3589.7
361.7
360.4
357.0
3536
3543

501.1
502.1
502.1
502.1
503.1
504.1
503.1
505.1
505.1
505.1
506.0
506 0
507.0
508.0
507.0
508.0
508.0
507.0
508.0
508.0
508.0
508.0
508.0
508.0
509.0
509.0
509.0
509.0
509.0
507.0
508.0
509.0
508.0
509.0
508.0
509.0
509.0
508.0
507.0
508.0
508.0
509.0
510.0
509.0
508.0
510.0
509.0
509.0
509.0
509.0

057
0.58
0.59
061
0.62
063
064
0.65
067
067
069
069
0.70
0.71
072
073
073
0.74
0.74
0.74
075
0.75
0.75
0.75
0.74
0.75
0.74
0.74
0.74
0.74
0.74
0.73
073
0.73
0.73
0.72
072
0.72
0.71

0.71

0.71

0.71

0.71

0.71

0.71

0.71

0.71

0.70
0.69
0.70



405
410
415
420
425
430
435

445
450
455

470
475

485
490
495

505
510
515

3.97
4.05
414
4.21
431
4.38
448
4.58
4.66
4.75
484
492
5.01
5.10
5.19
5.28
5.36
5.46
5.55
5.66
573
5.82
590

0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.00

3.97
4.04
413
4.21
4.30
438
448
457
4.66
474
484
4.92
5.00
5.10
519
5.27
5.36
5.46
5.55
5.65
5.73
5.81
5.90

145

0.35
0.35
0.36
0.36
0.37
0.37
0.37
0.38
0.38
0.38
0.38
0.38
0.39
0.39
0.40
0.40
0.40
0.40
0.4
0.40
0.41
04
0.41

350.9
3529
3529
352.3
351.6
3529
350.9
347.5
350.9
347.5
3455
348.2
348.2
346.9
3448
3435
3448
342.1
340.8
336.7
338.1
338.1
338.1

508.0
509.0
509.0
509.0
510.0
509.0
509.0
509.0
510.0
509.0
508.0
509.0
510.0
5100
509.0
5100
509.0
5100
5100
509.0
509.0
509.0
508.0

0.69
0.69
0.69
0.69
0.69
0.69
0.69
0.68
0.69
0.68
0.68
0.68
0.68
0.68
0.68
0.67
0.68
0.67
0.67
0.66
0.66
0.66
0.67



Table B4: 2-D Monotonic test on dense sand
Date of testing: 23/04/1996
Tested by: Alain Mabia
Type of sample: Oil contaminated dense sand
Plate: sand-blasted steel plate
Density: 1.89 g/cm*3
TIME Ux Ux2 Uxl \%
Sec. (mm) (mm) (mm) (mm)
0.01 0.01 0.01 0.04
5 0.03 0.01 0.02 0.04
10 0.05 0.01 0.04 0.04
15 0.09 0.01 0.08 0.04
20 0.13 0.00 0.12 0.04
25 0.18 0.01 0.17 0.04
30 0.24 0.0t 0.23 0.04
35 030 001 0.29 0.04
40 0.37 0.01 0.36 0.04
45 0.43 0.01 0.43 0.04
50 0.51 0.01 0.50 0.04
55 0.58 0.01 0.57 0.04
60 0.65 0.01 0.64 0.04
65 0.72 0.01 0.71 0.04
70 0.80 0.01 0.79 0.04
75 0.88 0.01 087 0.04
80 0.95 0.00 0.95 0.04
85 1.03 0.01 1.02 0.04
90 1.1 0.01 1.11 0.04
95 1.20 0.01 1.19 0.04
100 1.27 0.01 1.27 0.04
105 1.35 0.01 1.35 0.04
110 143 0.01 1.43 0.04
115 1.51 0.01 1.51 0.04
120 1.60 0.00 1.60 0.04
125 1.68 0.00 1.67 0.04
130 1.76 0.00 1.76 0.04
135 1.84 0.00 1.83 0.04
140 1.92 0.00 1.91 0.04
145 2.00 0.00 1.99 0.04
150 2.08 0.00 2.07 0.04
155 2.16 0.00 2.16 0.04
160 2.25 0.00 2.25 0.04
165 234 0.00 2.33 0.04
170 2.42 0.00 2.41 0.04

146

. = 100 kPa

Tau-x
(kPa)

0.0
13.5
183
210
243
284
297
324
338
36.5
378
378
39.8
40.5
412
419
43.2
43.9
439
446
459
459
46.6
47.3
486
493
50.0
513
50.6
51.3
52.0
513
50.6
52.0
52.0

Sig-n
(kPa)

97.5
98.5
9.5
98.5
100.5
99.5
1005
99.5
100.5
99.5
99.5
995
100.5
98.5
98.5
99.5
99.5
99.5
100.5
99.5
99.5
99.5
100.5
100.5
100.5
99.5
100.5
100.5
1015
100.5
100.5
100.5
100.5
100.5
100.5

TIS

0.00
0.14
0.18
0.21
0.24
0.29
030
0.33
0.34
0.37
0.38
0.38
0.40
041
0.42
042
0.43
044
0.44
0.45
0.46
0.46
0.46
0.47
0.48
0.50
0.50
0.51
0.50
0.51
0.52
0.51
0.50
0.52
0.52



175
180
185
180
195
200
205
210
215
220
225
230
235
240
245
250
255

270
275
280
285
290
295

305
310
315
320
325
330
335

345
350
355

365
370
375

2.5
2.58
267
275
2.84
2.92
3.00
3.09
3.17
3.26
3.35
3.43
3.52
3.61
3.69
3.78
3.85
3.95
4.03
4.12
4.20
4.29
437
4.46
4.54
463
472
4.80
4.88
4.96
5.05
5.14
5.23
5.32
537
548
5.57
5.65
5.74
5.82
5.82

0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00

2.50
2.58
2.66
2.75
2.83
2.92
3.00
3.09
3.17
3.256
3.35
3.43
3.52
3.60
3.69
377
3.85
3.94
4.03
4.12
4.20
4.28
4.37
4.45
4.54
463
4.72
4.79
4.88
4.96
5.05
5.14
5.22
5.31
5.36
548
5.56
5.65
573
5.82
5.91

147

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

52.0
52.0
52.7
513
52.0
52.0
52.7
527
53.3
53.3
52.7
53.3
53.3
52.0
51.3
52.7
53.3
52.7
52.7
52.0
53.3
52.7
53.3
2.7
53.3
533
533
52.0
53.3
52.7
53.3
53.3
53.3
52.0
52.0
53.3
533
53.3
53.3
53.3
63.3

100.5
101.5
99.5
100.5
100.5
101.5
101.5
101.5
101.5
100.5
101.5
1015
100.5
101.5
100.5
101.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
101.5
100.5
100.5
101.5
99.5
100.5
100.5
100.5
99.5
99.5
100.5
99.5
99.5

0.52
0.51
0.53
0.51
0.52
0.51
0.52
0.52
0.53
0.53
0.52
0.53
0.53
0.51
0.51
0.52
0.53
0.52
0.52
0.52
0.83
0.52
0.53
0.52
0.53
0.53
0.53
0.52
0.53
0.52
0.53
0.53
0.54
0.52
0.52
053
0.54
0.54
0.53
0.54
0.54



Table BS: 2-D Monotonic test on dense sand

Date of testing: 7/05/1996

Tested by: Alain Mabia

Type of sample: Oil contaminated dense sand
Plate: sand-biasted steel plate

Density: 1.89 g/cm*3

TIME Ux Ux2 Uxl \'
Sec. (mm) (mm) (mm) (mm)
0.02 0.00 0.01 0.00
5 0.02 0.00 0.01 0.00
10 0.01 0.00 0.0% 0.00
1 0.01 0.00 0.01 0.00
20 0.01 0.00 0.01 0.00
25 0.00 0.00 0.00 0.00
30 0.01 0.00 0.00 0.00
35 0.03 0.00 0.02 0.01
40 0.04 0.00 0.04 -0.01
45 0.07 0.00 0.07 -0.02
50 0.10 0.00 0.09 0.03
55 0.13 0.00 0.13 -0.04
60 0.17 0.00 0.16 0.04
65 0.20 0.00 0.20 -0.05
70 0.25 0.00 0.25 -0.06
75 0.29 0.00 0.29 -0.06
80 0.34 0.00 0.33 -0.07
85 0.39 0.00 0.39 -0.08
S0 0.44 0.00 044 -0.08
95 0.50 0.00 0.49 -0.09
100 0.55 0.00 0.55 -0.09
105 0.62 0.00 0.61 -0.09
110 067 0.00 067 -0.09
115 0.73 0.00 0.73 -0.10
120 0.79 0.00 0.79 0.10
125 0.86 0.00 0.86 -0.10
130 0.92 0.00 0.92 -0.10
135 0.99 0.00 0.98 -0.10
140 1.06 0.00 1.06 -0.10
145 1.13 0.00 1.13 -0.10

148

G, =300 kPa

Tau-x
(kPa)

0.0
4.1
10.2
135
176
243
31.8
39.8
47.9
56.0
63.5
70.2
76.3
83.0
878
93.8
98.6
102.6
106.6
111.4
114.1
117.4
120.8
124.2
127.6
128.9
1323
134.3
136.3
138.4

Sig-n
(kPa)

2993
2993
298.3
2993
2993
298.3
298.3
298.3
298.3
298.3
298.3
2983
298.3
297 .4
298.3
297 .4
298.3
297 .4
2974
297 .4
2983
298.3
2974
298.3
297 4
298.3
297 .4
298.3
297 .4
298.3

T/S

0.00
0.01
0.03
0.05
0.06
0.08
0.1
0.13
0.16
0.19
0.21
0.24
0.26
0.28
0.29
0.32
0.33
0.35
0.36
0.37
0.38
0.39
041
0.42
043
043
044
0.45
0.46
0.46



150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295

305
310
315
320
325
330
335
340
345
350
355

365
370
375
380

390
395

1.21
1.29
1.37
1.43
1.52
1.59
1.67
1.75
1.82
1.90
1.98
2.06
2.15
223
2.3
2.40
248
2.56
264
272
2.80
2.89
2.97
3.05
3.14
3.22
3.31
3.38
347
3.56
364
373
3.81
3.90
3.98
407
416
4.24
433
4.41
4.51
4598
467
476
484
4.93
5.03
511
5.20
5.29

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00

1.21
1.28
1.36
1.43
1.51
1.59
1.67
1.75
1.82
1.80
1.98
2.06
2.14
222
2.31
2.39
247
2.56
263
272
2.80
2.89
2.97
3.05
313
322
331
338
346
3.55
364
3.73
3.81
389
398
4.06
415
4.24
4.33
4.41
4.50
4.59
467
475
484
4.93
5.02
5.10
5.19
528

149

-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.08
-0.10
-0.09
-0.10
-0.09
-0.09
-0.08
-0.09
-0.09
-0.09
-0.08
-0.09
-0.09
0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.08
-0.09
-0.09
-0.08
-0.08
-0.09
-0.08
-0.08
-0.08
-0.08
-0.08
-0.08
-0.08
-0.08
-0.08
-0.08
-0.08
-0.08
-0.07
-0.07
0.07
0.07
-0.07

139.0
1404
141 1
144.4
143.1
145.1
144.4
1458
146.5
147.8
149.2
149.2
148.5
150.5
149.8
149.2
150.5
1492
151.2
150.5
161.2
151.2
151.9
152.5
152.5
153.2
153.2
153.9
153.9
153.9
183.2
163.2
185.2
154.6
154.6
183.9
154.6
185.2
1583.9
153.9
153.2
1519
152.5
153.9
183.2
183.2
151.9
151.9
152.5
151.2

2993
298.3
2983
3003
2993
299.3
300.3
300.3
3003
300.3
3003
300.3
300.3
299.3
300.3
3013
301.3
301.3
300.3
300.3
301.3
300.3
300.3
300.3
300.3
301.3
300.3
301.3
301.3
301.3
300.3
3003
300.3
301.3
301.3
300.3
300.3
300.3
301.3
301.3
301.3
300.3
301.3
301.3
301.3
301.3
300.3
300.3
300.3
300.3

0.46
0.47
047
048
048
048
048
0.49
0.49
0.49
0.50
0.50
0.49
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.52
0.51
0.51
0.51
0.51
0.52
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.50



405
410
415
420
425
430
435

537
546
5.55
563
572
5.80
589
5.98

0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00

537
546
554
563
572
579
588
597

150

-0.07
-0.07
-0.07
-0.07
-0.074
-0.07
-0.07
-0.07

151.9
150.5
151.9
1519
181.2
182.5
152.5
152.5

3013
300.3
3013
3013
301.3
300.3
301.3
300.3

0.50
0.50
0.50
0.50
0.50
0.51
0.51
0.51



Table B6: 2-D Monotonic test on dense sand

Date of testing: 7/05/1996

Tested by: Alain Mabia

Type of sample: Qil contaminated dense sand
Plate: sand-blasted steel piate

Density: 1.89 g/lcm*3

TIME Ux Ux2 Uxl \'Z
Sec. (mm) (mm) (mm) (mm)
0 0 0.004 -0.004 0
5 0.00 0.01 0.00 0.00
10 0.00 0.01 -0.01 0.00
1 0.01 0.01 0.00 0.00
20 0.01 0.01 0.00 0.00
25 0.01 0.02 0.01 0.00
30 0.02 0.01 0.01 0.00
35 0.03 0.01 0.03 0.00
40 0.04 0.01 0.04 0.00
45 0.06 0.01 0.05 -0.01
50 0.08 0.01 0.07 -0.01
55 0.09 0.00 0.09 -0.01
60 0.11 0.01 0.11 -0.01
65 0.14 0.01 0.13 Q.02
70 0.16 0.01 0.15 -0.03
75 0.19 0.01 0.18 0.03
80 0.21 0.01 0.21 0.03
85 0.25 0.01 0.24 -0.04
90 0.27 0.01 027 -0.05
95 0.31 0.01 0.30 -0.05
100 0.34 0.01 0.34 -0.05
105 0.38 0.01 0.37 -0.06
110 0.41 0.00 0.41 -0.06
115 0.45 0.01 0.45 -0.06
120 0.50 0.00 0.49 -0.06
125 0.54 0.00 0.54 -0.06
130 0.59 0.00 0.58 -0.06
135 0.63 0.00 0.63 -0.07
140 0.68 0.00 067 -0.07
145 072 0.00 0.72 -0.07
150 0.78 0.00 0.77 -0.07
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G, =500 kPa

Tau-x

(kPa)
0
48
10.2
142
18.9
257
345
439
54.0
64.8
749
85.1
945
103.3
112.0
120.8
128.9
137.0
144 4
150.5
1579
164.7
1701
176.1
182.2
1876
192.3
198.4
2018
206.5
209.9

Sig-n
(kPa)
499.2
500.1
499.2
499.2
4992
500.1
500.1
500.1
499.2
499.2
499.2
499.2
497.2
498.2
498.2
497.2
497 2
498.2
498.2
498.2
498 2
497.2
498.2
498.2
498.2
497 .2
497 .2
497.2
497.2
497 2
4972

TIS

0.01
0.02
0.03
0.04
0.05
0.07
0.09
0.1
0.13
0.15
0.17
0.19
0.21
0.22
0.24
0.26
0.28
0.29
0.30
0.32
0.33
0.34
0.35
0.37
0.38
0.39
0.40
041
042
042



185
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295

305
310
315
320
325
330
335

345
350
355
360

370
375

385
390
395
400

0.83
0.88
0.93
0.98
1.04
1.12
1.19
1.25
1.32
1.38
1.44
1.80
1.58
1.64
1.72
1.79
1.87
1.95
203
2.10
2.18
2.26
2.35
2.42
2.50
2.58
267
274
281
284
298
3.06
3.14
323
332
340
348
3.56
3.64
374
3.82
380
4.00
4.08
4.16
424
4.32
442
4.49
4.57

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00

0.83
0.8s8
0.93
0.98
1.04
1.1
1.18
1.25
1.3
1.37
1.44
1.50
1.57
1.64
1.72
1.78
1.86
1.95
2.03
2.09
2.17
2.25
2.34
2.42
2.50
2.58
2.66
274
2.81
284
2.98
3.05
3.14
3.22
3.32
3.40
348
3.56
364
373
3.82
3.90
3.99
4.07
4.16
4.23
4.31
442
449
4.57

152

-0.07
-0.07
-0.07
-0.07
-0.07
-0.07
-0.07
-0.07
0.07
-0.07
-0.07
-0.07
-0.07
0.07
-0.06
-0.06
-0.06
-0.06
-0.06
-0.05
-0.06
-0.06
0.06
-0.05
-0.05
-0.05
-0.05
0.05
-0.05
-0.05
-0.05
-0.05
-0.05
0.05
-0.05
-0.05
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
0.04
-0.04

2139
2173
2220
226.1
2281
228.8
2308
233.5
2355
239.6
2416
245.0
2456
248.3
248.3
2497
2510
251.0
251.7
253.7
253.1
2537
2531
253.1
253.1
253.7
252.4
254 4
256.4
2585
257 1
257 .1
257.8
256.4
2551
256.4
259.1
257 1
257 1
254 4
256.4
257.8
257 1
258.5
2578
260.5
261.8
2558
259.8
260.5

497.2
497.2
498.2
497.2
498.2
497.2
497.2
497.2
499.2
499.2
500.1
500 1
500.1
501.1
502.1
501.1
502.1
502.1
502.1
502.1
502.1
501.1
502.1
502.1
502.1
502.1
502.1
502.1
502.1
502.1
502.1
503.1
502.1
502.1
502.1
502.1
503.1
502.1
502.1
502.1
502.1
502.1
501.1
501.1
502.1
502.1
503.1
502.1
502.1
502.1

043
0.44
0.45
0.45
0.46
0.46
0.46
047
0.47
0.48
0.48
0.49
0.49
0.50
0.49
0.50
0.50
0.50
0.50
0.51
0.50
0.51
0.50
0.50
0.50
0.51
0.50
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.52
0.51
0.51
0.51
0.51
0.51
0.51
0.52
0.51
0.52
0.52
0.51
0.52
0.52



405
410
415
420
425
430
435

445
450
455

465
470
475

4.66
475
483
493
5.00
5.09
517
5.25
534
5.43
5.50
5.59
5.68
5.78
5.86
5.95

0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

465
4.75
483
4.92
5.00
5.09
517
525
533
542
5.80
5.59
5.68
577
585
5.95

183

-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
004
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04

260.5
2578
260.5
258.5
2591
259.1
2591
262.5
260.5
2591
2618
2598
259.8
2571
2578
2558

502 1
501.1
5021
501.1
502.1
502.1
501.1
502.1
502.1
501.1
502.1
502.1
502.1
502.1
502.1
502.1

0.52
0.51
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.52
0.51
0.51
0.51



Table B7: 2-D Monotonic test on dense sand

Date of testing: 7/05/1996

Tested by: Alain Mabia
Type of sample: Dense clean sand

Plate: sand-blasted steel plate
Density: 1.89g/cm3

TIME
Sec.

10
15
20
25

35
40
45

55

65
70
75
80
85

95
100
105
110
115
120
125
130
135
140
145
150

Ux
(mm)

0.00
0.00
0.00
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.08
0.10
0.12
0.14
0.21
0.20
0.23
0.26
0.31
0.36
0.42
0.48
0.55
0.63
0.71
0.79
0.88
0.96
1.05
1.13
1.22

Ux2
(mm)

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Uxl
(mm)

0.00
-0.01
0.01
0.00
0.01
0.01
0.01
0.03
0.04
0.06
0.07
0.09
0.11
0.14
0.21
0.19
0.22
0.25
0.30
0.35
0.41
0.48
0.55
0.62
0.70
0.79
0.88
0.985
1.05
1.13
1.22

154

v
(mm)

0.00
0.01
001
.01
-0.01
-0.02
-0.02
-0.03
-0.03
-0.04
-0.04
-0.04
-0.04
-0.04
-0.03
-0.03
-0.02
0.01
0.00
0.01

0.02
0.03
0.04
0.06
0.07

0.09
0.10
0.1

0.13
0.14
0.16

G. =50 kPa

Tau-x
(kPa)

0.0
0.0
27
47
8.1
10.8
135
16.8
18.9
216
236
24.9
276
29.0
31.0
317
33.0
35.0
36.4
377
39.8
404
41.1
40.4
41.1
40.4
41.1
40.4
39.8
39.1
39.1

Sig-n
(kPa)

50.3
50.3
503
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
513
50.3
50.3
50.3
513
513
52.3
52.3
513
52.3
52.3
5§2.3
52.3
53.2
52.3
53.2
52.3
53.2
53.2

s

0.00
0.00
0.05
0.09
0.16
0.21
0.27
033
0.38
043
047
050
054
0.58
062
063
064
0.68
0.70
072
078
077
0.79
077
0.79
0.76
079
0.76
076
073
073



155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295

305
310
315
320
325
330
335
340
345
350
355

365
370
375
380
385
390
395
400

1.31

1.40
1.50
1.58
1.67
1.76
1.85
1.93
2.02
21

219
2.28
2.36
245
2.54
262
27

279
2.89
2.96
3.06
3.14
323
AN
3.40
3.50
3.58
367
3.76
3.84
3.98
4.01
4.10
4.19
427
4.36
4.45
4.53
4.62
471
4.80
4.89
4.98
5.06
514
5.23
531
540
549
5.58

0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01

1.31
1.40
1.49
1.58
1.67
1.75
1.84
1.93
2.02
210
2.19
227
2.36
245
253
262
270
279
2.88
2.96
305
314
322
N
3.40
349
358
366
375
384
3.98
4.01
410
419
427
4.36
445
453
4.62
4.71
479
489
4.98
5.06
514
523
5.31
5.40
548
557

155

0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.26
0.27
0.28
0.28
0.29
0.30
0.31
0.32
0.33
0.33
0.34
0.34
0.35
0.36
0.37
0.37
0.37
0.38
0.38
0.39
0.39
0.39
0.40
0.40
0.41
0.41
0.42
0.42
042
043
0.43
0.43
0.44
0.44
044
044
0.45
0.45
0.46
0.45

384
384
371
36.4
371
371
371
36.4
36.4
371
357
387
387
350
35.7
357
357
357
35.0
357
357
35.0
35.0
344
337
337
337
33.0
33.0
337
33.0
337
33.0
33.0
337
33.0
33.0
33.0
33.0
33.0
33.0
323
31.7
317
323
317
31.7
323
323
323

53.2
52.3
52.3
52.3
52.3
52.3
523
53.2
53.2
52.3
52.3
53.2
83.2
523
52.3
52.3
52.3
52.3
53.2
53.2
52.3
53.2
52.3
53.2
52.3
52.3
52.3
53.2
52.3
52.3
52.3
52.3
53.2
53.2
53.2
523
52.3
53.2
53.2
53.2
53.2
52.3
52.3
52.3
52.3
53.2
53.2
53.2
53.2
52.3

0.72
0.73
071
0.70
0.71
0.71
0.71
0.68
0.68
0.71
0.68
067
0.67
0.67
0.68
0.68
0.68
0.68
0.66
067
0.68
0.66
0.67
0.65
0.64
0.64
064
0.62
0.63
0.64
0.63
064
0.62
0.
0.63
0.63
0.63
0.62
0.62
0.62
0.62
062
0.61
0.61
0.62
0.60
0.60
0.61
0.61
062



405
410
415
420

5.66
5.75
584
593

0.00
0.00
0.00
0.00

5.66
575
5.84
5.92

156

0.46
0.46
0.46
047

323
37
317
33.0

53.2
53.2
52.3
53.2

0.61
0.60
0.61
0.62



Table B8: 2-D Monotonic test on dense sand

Date of testing: 7/05/1996

Tested by: Alain Mabia

Type of sample: Oil contaminated dense sand
Plate: sand-blasted steel plate

Density: 1.89 g/cm"3

TIME Ux Ux2 Uxl v
Sec. (mm) (mm) (mm) (mm)
0.00 0.00 0.00 0.00
5 0.00 0.00 0.00 0.00
i 0.01 0.00 0.01 0.00
15 0.02 0.00 0.02 0.00
20 0.04 0.00 0.04 0.00
25 0.07 0.00 0.06 .01
30 0.1 0.00 0.11 -0.01
35 0.17 0.00 0.17 -0.02
40 0.25 0.00 0.24 -0.03
45 0.31 0.00 0.31 -0.03
50 0.39 0.00 0.39 -0.03
55 0.47 0.00 0.47 -0.03
60 0.55 0.00 0.54 -0.04
65 0.63 0.00 0.62 -0.03
70 0.71 0.00 0.70 -0.04
75 079 0.00 0.79 -0.04
80 0.87 0.00 0.87 -0.04
85 0.95 0.00 0.95 -0.04
90 1.03 0.00 1.02 -0.04
95 1.11 0.00 1.11 0.04
100 1.19 0.00 1.19 -0.04
105 1.28 0.00 1.28 -0.04
110 1.36 0.00 1.36 0.04
115 145 0.00 1.45 -0.04
120 1.53 0.00 1.53 -0.03
125 1.62 0.00 1.61 -0.03
130 1.70 0.00 1.70 -0.03
135 178 0.00 1.78 -0.03
140 1.87 0.00 1.86 -0.03
145 1.95 0.00 1.95 -0.03

157

G, =500 kPa

Tau-x
(kPa)

0.0
33
6.7
87
114
135
148
168
175
189
189
195
20.2
20.2
209
216
216
2.2
229
229
29
29
236
236
236
249
249
249
243
26.3

Sig-n
(kPa)

493
493
483
493
483
48.3
483
48.3
48.3
48.3
48.3
47.3
48.3
47.3
48.3
48.3
48.3
483
48.3
48.3
48.3
483
48.3
483
48.3
493
493
49.3
49.3
49.3

TIS

0.00
0.07
0.14
0.18
0.24
028
0.31
0.35
0.36
0.39
0.39
0.41
0.42
0.43
0.43
045
045
0.46
047
047
047
0.47
0.49
0.49
0.49
0.51
0.51
0.51
0.49
0.53



150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295
300
305
310
315
320
325
330
335

345
350
385
360
365
370
375

204
213
2.21
2.30
2.38
2.47
2.56
2.64
273
2.81
289
2.98
3.07
3.15
3.24
333
3.41
3.50
3.58
367
375
384
3.93
402
410
4.18
427
4.36
445
453
462
470
479
488
4.96
5.05
514
5.22
5.31
5.40
549
5.58
5.66
575
583
592

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.04
212
2.21
2.30
2.38
2.46
2.55
264
273
2.81
2.89
297
3.06
3.15
323
333
3.41
3.50
3.58
367
375
384
393
4.01
410
418
4.26
4.35
4.44
453
462
4.70
478
4.88
4.96
5.05
514
522
5.31
540
549
5.58
5.66
5.75
583
592

158

-0.02
-0.02
-0.02
-0.01
-0.01
0.01
-0.01
-0.01
-0.01
-0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01

0.00
0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.02
0.02
0.02
0.02
0.03
003
0.03
0.03
003
0.03
0.03
0.04
0.04
0.03
0.04
0.04
0.04
0.04
0.04
0.04
0.05

256
256
26.3
26.3
263
26.3
26.3
256
256
24¢
249
263
256
263
263
26.3
263
26.3
256
263
263
263
249
256
263
256
270
26.3
270
26.3
26.3
270
27.0
263
27.0
270
276
270
26.3
270
26.3
270
256
270
26.3
27.0

483
483
483
49.3
48.3
493
493
493
493
49.3
493
493
493
493
493
50.3
493
493
50.3
50.3
493
493
493
50.3
50.3
493
50.3
493
493
50.3
50.3
50.3
493
493
503
493
503
50.3
493
50.3
493
50.3
49.3
50.3
493
503

053
0.53
0.54
0.53
0.54
0.53
0.53
0.52
0.52
0.51
0.51
0.53
0.52
0.53
0.53
0.52
0.53
0.53
0.51
0.52
0.53
0.53
0.51
0.51
0.52
0.52
0.54
0.53
0.55
0.52
0.52
0.54
0.55
083
0.54
0.55
0.55
0.54
0.53
0.54
053
0.54
0.52
0.54
0.53
0.54



Table B9: 2-D Monotonic test on loose sand

Date of testing: 26/04/1996
Tested by: Alain Mabia

Type of sample: Loose clean sand
Plate: sand-blasted stee! plate
Density = 1.445 g/lem”*3

TIME Ux Ux2 Uxl \'%

Sec. (mm) (mm) (mm) (mm)
0.00 0.00 0.04 0.00

5 0.00 0.00 0.04 0.00
] .0C 0.00 0.03 0.00
15 0.00 0.00 0.02 0.01
20 0.01 0.00 0.01 -0.02
25 0.01 0.00 0.01 -0.03
30 0.04 0.00 0.04 0.04
35 0.08 0.00 0.07 0.06
40 0.12 0.00 0.12 -0.07
45 0.17 0.00 0.16 -0.08
50 0.22 0.00 022 -0.08
55 0.27 0.00 0.27 -0.10
60 0.32 0.00 0.32 0.1
65 0.38 0.00 0.38 0.12
70 0.45 0.00 0.44 -0.13
75 0.50 0.00 0.50 0.13
80 0.57 0.01 0.56 -0.15
85 0.63 0.00 0.63 0.15
80 0.69 0.00 0.69 0.15
95 0.76 0.00 0.7% -0.15
100 0.83 0.00 0.82 0.15
105 0.90 0.00 0.89 -0.15
110 0.96 0.00 0.96 -0.16
115 1.04 0.00 1.04 -0.16
120 1.12 0.00 1.11 -0.16
125 1.20 0.00 1.18 -0.16
130 1.28 0.00 1.28 -0.16
135 1.36 0.00 1.36 -0.16
140 1.43 0.00 143 -0.16
145 1.51 0.00 1.51 -0.16

159

G.= 50 kPa

Tau-x
(kPa)

0.0
4.1
8.1
10.2
108
13.5
149
16.2
183
18.9
210
216
223
230
243
243
250
257
264
26.4
264
270
284
284
291
29.1
304
304
311
318

Sig-n
(kPa)

483
493
483
48.3
483
483
483
48.3
48.3
48.3
48.3
483
48.3
47.3
483
48.3
483
483
48.3
48.3
483
483
48.3
493
493
48.3
48.3
483
493
483

TIS

0.00
0.08
g.17
0.21
0.22
0.28
0.31
0.34
0.38
0.39
0.43
0.45
0.46
0.49
0.50
0.50
0.52
0.53
0.55
0.55
0.55
0.56
0.58
0.58
0.58
0.60
0.63
063
063
0.66



150
155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295
300
308
310
315
320
325
330
335

345
350
355

365
370
375
380
385
390
395

1.59
1.67
1.76
1.84
193
2.01
2.10
2.18
227
2.35
244
2.53
260
269
272
2.85
294
3.04
n
3.20
329
337
3.46
3.55
364
372
KR}
3.90
3.99
4.07
4.16
4.25
4.34
4.42
4.52
4.60
4.69
478
4.86
4.94
5.04
512
5.21
5.30
539
547
5.56
564
572
582

0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.89
167
1.75
1.84
1.93
2.01
209
2.18
226
2.35
243
2.52
2.59
269
272
2.85
294
3.04
an
3.20
3.29
3.37
3.46
354
3.64
372
3.81
3.89
3.98
407
416
425
434
442
4.52
460
469
477
4.86
4.94
5.03
512
5.20
5.30
5.38
547
5.56
564
5.72
5.82

160

-0.16
-0.16
-0.15
-0.15
0.15
-0.15
-0.15
-0.15
-0.14
0.14
-0.14
0.14
-0.14
014
-0.14
-0.13
-0.13
-0.13
-0.12
-0.12
0.12
0.12
-0.12
-0.11
-0.11
0.1
-0.11
-0.11
0.1
0.1
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.10
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09

324
318
324
331
324
331
324
331
331
338
338
331
331
338
338
331
331
331
331
338
338
338
338
338
338
338
338
338
338
338
338
338
338
338
331
338
338
331
331
331
331
331
324
324
324
324
31.8
318
318
318

49.3
493
483
48.3
493
483
493
49.3
49.3
49.3
49.3
493
493
493
483
50.3
50.3
50.3
50.3
50.3
50.3
493
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
513
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
50.3
51.3
50.3

0.66
0.65
067
0.69
0.66
0.69
0.66
0.67
0.67
0.70
0.69
067
0.67
0.69
0.69
0.66
0.69
0.66
0.69
067
0.67
0.69
0.67
0.67
067
0.66
067
0.67
064
0.66
0.67
0.67
0.66
0.64
0.66
067
0.67
0.65
0.64
0.66
0.66
0.66
0.64
064
064
0.64
0.63
0.63
0.63
0.63



400 5.90 0.00 5.89 -0.09 318 50.3 063
405 5.99 0.00 5.98 -0.09 318 50.3 0.64

161



Tabile B10: 2-D Monotonic test on loose sand

Date of testing: 26/04/1996
Tested by: Alain Mabia

Type of sample: Loose ciean sand
Plate: sand-blasted steel plate
Density = 1.445 g/cm”3

TIME Ux Ux2 Uxl \'%
Sec. (mm) (mm) (mm) (mm)
0 0.01 0.00 0.00 0.00
5 0.01 0.00 0.00 0.00
10 000 000 000 000
15 0.00 0.00 0.00 0.00
20 0.00 0.00 0.00 0.00
25 0.01 0.00 0.01 -0.01
30 0.03 0.01 0.02 -0.01
35 0.05 0.00 0.04 -0.03
40 0.08 0.00 0.08 -0.04
45 0.12 0.00 012 -0.06
50 0.17 0.00 0.17 -0.07
55 022 0.00 0.22 -0.08
60 0.28 0.01 027 -0.09
65 0.34 0.00 0.34 -0.11
70 0.40 0.00 0.40 0.11
75 0.46 0.00 046 0.12
80 0.53 0.00 0.52 -0.13
85 0.59 0.00 0.58 0.13
90 0.66 0.00 0.65 -0.14
95 072 0.00 072 0.14
100 0.79 0.00 0.79 -0.15
105 086 0.00 0.86 -0.16
110 094 0.00 093 -0.16
115 1.01 0.00 1.00 -0.16
120 1.08 0.00 1.07 0.17
125 1.15 0.00 1.14 -0.17
130 1.22 0.00 1.22 0.17
135 1.30 0.00 129 0.17
140 1.37 0.00 1.37 0.17
145 1.45 0.00 1.44 -0.17
150 153 0.00 1.52 0.17
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G. = 100 kPa

Tau-x
(kPa)

0.0
0.7
20
4.0
7.4
11.4
16.8
20.9
249
29.0
323
35.0
371
39.8
418
431
445
46.5
47.9
48.2
499
512
533
51.9
53.9
546
546
55.3
56.0
56.0
58.0

Sig-n
(kPa)

100.5
100.5
100.5
100.5
100.5
99.5
99.5
99.5
98.5
98.5
98.5
98.5
98.5
98.5
99.5
98.5
97.5
99.5
99.5
98.5
98.5
98.5
98.5
98.5
98.5
98.5
995
98.5
98.5
98.5
99.5

TIS

0.00
0.01
0.02
0.04
007
0.1
017
0.21
0.25
0.29
033
036
0.38
0.40
042
044
046
047
048
0.50
0.51
0.52
054
0.53
0.55
0.55
0.55
0.56
0.57
0.57
0.58



155
160
165
170
175
180
185
180
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295

305
310
315
320
325
330

340
345
350
355

365
370
375
380

390
395
400

1.61
1.69
1.77
1.85
1.93
200
2.09
2.16
225
2.34
242
2.5
2.59
268
277
2.86
294
3.02
N
3.19
3.28
3.36
3.45
354
3.62
an
379
3.87
3.96
4.05
4.14
4.22
431
440
448
457
4.66
4.75
484
493
5.01
510
519
5.27
5.36
545
5.53
5.62
57
5.80

0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00

1.61
1.68
1.76
1.85
1.93
2.00
2.08
2.16
2.25
2.33
241
2.51
2.59
2.68
2.76
2.85
293
3.02
N
3.19
3.28
3.35
3.44
3.83
3.62
3.70
3.79
3.87
3.96
4.04
414
422
4.3
4.40
448
4.57
465
474
483
493
5.01
510
518
527
5.35
5.45
583
5.62
5.70
579
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-0.17
0.17
0.17
-0.17
-0.17
-0.17
-0.17
0.17
0.17
-0.17
-0.17
-0.17
-0.16
-0.16
-0.16
-0.16
-0.16
0.15
-0.15
-0.15
-0.15
-0.15
0.1
-0.15
-0.15
-0.15
-0.14
-0.14
-0.14
-0.14
-0.14
0.14
-0.14
-0.14
-0.13
0.13
0.13
-0.13
0.13
-0.13
-0.13
-0.13
-0.13
0.13
-0.13
-0.14
-0.13
0.13
-0.13
-0.13

58.0
57.3
58.0
58.7
60.0
60.7
60.0
60.7
61.4
60.7
60.7
614
60.7
60.0
60.0
60.0
60.7
60.0
60.0
60.0
60.0
60.0
60.7
60.7
60.0
60.7
60.7
61.4
614
62.0
60.7
60.7
60.0
59.3
60.7
60.0
60.0
59.3
58.7
573
58.0
57.3
57.3
573
58.0
58.0
57.3
58.7
58.0
58.0

98.5
98.5
98.5
98.5
99.5
99.5
99.5
99.5
99.5
99.5
99.5
98.5
99.5
100.5
100.5
89.5
99.5
100.5
100.5
100.5
99.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
101.5
99.5
100.5
101.5
101.5
100.5
101.5
100.5
100.5
99.5
99.5
99.5
100.5
99.5
99.5
98.5
99.5
99.5

0.59
0.58
0.59
0.60
0.60
0.61
0.60
0.61
0.62
0.61
0.61
0.62
0.61
0.60
0.60
0.60
0.61
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.60
0.61
0.61
0.62
0.60
0.60
0.59
0.60
0.60
0.59
0.59
0.59
0.58
0.57
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.60
0.58
0.58



405 5.89 0.00 5.88 -0.13 58.7 99.5 0.59
410 598 0.00 5.97 -0.13 58.0 100.5 0.58
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Table B11: 2-D Monotonic test on loose clean sand G. = 300 kPa

Date of testing: 23/04/1996
Tested by: Alain Mabia

Type of sample: Loose clean sand
Plate: sand-blasted steel piate
Density = 1.431 g/ecm”3

TIME Ux Ux2 Uxl \ 4 Tau-x Sig-n TIS
Sec. (mm) (mm) (mm) (mm) (kPa) (kPa)
0 0.00 0.00 0.00 0.00 0.0 2993 0.00
5 0.00 0.00 0.00 -0.01 2.7 2983 0.01
10 0.00 0.00 0.00 0.01 8.1 2983 003
15 0.01 0.00 000 0.00 129 2983 004
20 0.01 0.00 0.01 0.00 16.9 2983 0.06
25 0.02 0.00 0.01 0.00 210 2983 0.07
30 0.03 0.00 0.02 -0.01 277 298.3 0.09
35 0.04 0.00 0.04 -0.01 36.5 2983 0.12
40 0.06 0.00 0.05 -0.01 45.2 2983 0.15
45 0.08 0.00 0.07 -0.02 533 298.3 0.18
50 0.10 0.00 0.10 -0.03 61.4 298.3 0.21
55 013 0.00 0.13 0.04 70.2 298.3 0.24
60 0.16 0.00 0.16 -0.05 776 298.3 0.26
65 0.20 0.00 0.20 -0.06 844 2983 0.28
70 0.23 0.00 0.23 0.07 91.1 298.3 0.31
75 0.27 0.00 027 Q.08 g7.2 297 4 033
80 0.31 0.00 0.31 -0.09 103.9 2983 0.35
85 0.36 0.00 0.36 -0.09 110.0 298.3 0.37
90 0.41 0.01 0.40 -0.10 114.7 297 4 0.39
95 0.46 0.00 0.46 0.1 1201 298.3 0.40
100 0.51 0.01 0.50 -0.13 125.5 298.3 042
105 0.56 0.00 0.56 0.13 130.3 2983 044
110 0.62 0.00 0.62 -0.13 1336 2974 0.45
115 0.68 0.00 0.68 014 137.7 298.3 046
120 0.75 0.00 0.74 0.14 141.1 2983 047
125 0.81 0.01 0.80 0.15 144 4 298.3 048
130 0.87 0.00 0.87 Q.16 1478 2983 0.50
135 0.95 0.00 0.94 -0.16 149.8 2983 0.50
140 1.02 0.00 1.01 0.16 152.5 298.3 0.51
145 1.09 0.00 1.08 0.17 1546 297 .4 0.52
150 1.16 0.00 1.16 017 156.6 297 4 0.53
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155
160
165
170
175
180
185
180
185
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345
350
355
360
365
370
375
380
385
390
395
400

1.24
1.31

1.38
146
1.53
1.61

1.69
1.77
1.85
1.93
2.01

208
217
2.26
2.34
24

2.50
2.58
267
2.75
2.84
2.93
3.01
3.10
3.19
3.28
3.36
3.44
3.52
3.61
3.69
3.78
3.88
3.97
4.05
414
4.22
4.31
4.40
4.49
4.59
4.68
4.75
4.86
4.94
5.03
511
5.20
529
5.36

0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
000
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.23
1.31
1.38
1.45
1.52
1.61
1.68
1.77
1.84
1.92
2.01
2.09
2.17
2.26
2.33
241
2.49
2.58
267
2.73
2.84
2.93
3.01
3.10
3.19
3.28
335
343
382
360
368
3.77
3.87
3.96
4.04
414
422
4.31
4.40
4.49
4.58
4.67
4.75
4.86
494
5.03
511
5.20
528
5.35

166

-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.19
0.19
-0.19
-0.19
-0.19
-0.18
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.19
-0.19
0.19
-0.18
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.18
-0.19

158.6
160.6
162.7
163.3
165.4
166.7
167 .4
167 .4
169.4
170.7
169.4
1714
1721
170.7
1728
1741
1741
1734
1734
1734
172.8
172.8
1734
1721
171.4
170.7
1721
1734
1734
1748
175.5
176.1
1741
172.8
1755
1734
1734
1721
1728
171.4
170.1
171.4
172.8
167 4
1694
168.0
168.7
168.7
170.1
169.4

2983
297.4
297 4
2983
297 .4
297 4
297 .4
297 4
298.3
297 .4
297 4
297 4
298.3
297 4
297 4
298.3
298.3
2983
298.3
298.3
298.3
2983
298.3
297 4
297.4
298.3
2983
297 4
297 4
2983
297 4
298.3
298.3
298.3
2983
297.4
2983
298.3
297 .4
2983
298.3
298.3
298.3
297 .4
298.3
2983
297 .4
297 .4
298.3
2974

0.53
0.54
0.55
0.5
0.56
0.56
0.56
0.56
0.57
0.57
0.57
0.58
0.58
0.57
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.58
0.57
058
0.58
0.58
0.59
0.59
0.59
0.58
0.58
0.59
0.58
0.58
0.58
0.58
0.57
0.57
0.57
0.58
0.56
057
0.56
057
0.57
0.57
057



405
410
415
420
425
430
435

5.45
5.53
5.62
5.71
581
589
598

0.01
0.00
0.00
0.01
0.00
0.00
0.00

545
553
562
SN A
5.81
589
598

167

-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
0.19

170.1
170.1
170.7
1701
168
169.4
168.7

297 4
298.3
2983
2983
298.3
297 4
2983

0.57
0.57
0.57
0.57
0.56
0.57
057



Table B12: 2-D Monotonic test on loose sand

Date of testing: 2/05/1996

Tested by: Alain Mabia

Type of sample: Oil contaminated loose sand
Plate: sand-blasted steel piate

Density = 1.431 g/cm”3

TIME Ux Ux2 Uxl v
Sec. (mm) (mm) (mm) (mm)
0 0.01 0.00 0.00 0.00
5 0.01 0.00 0.00 0.00
10 0.00 0.00 0.0C 0.cC
15 0.01 0.00 0.00 0.00
20 0.01 0.00 0.01 -0.02
25 0.05 0.00 0.04 -0.03
30 0.10 0.00 0.08 -0.06
35 0.15 0.00 0.14 -0.08
40 0.19 0.00 0.19 -0.10
45 0.25 0.00 0.25 -0.12
S0 0.31 0.00 0.31 -0.14
55 0.37 0.01 0.36 -0.16
60 043 0.01 043 -0.18
65 0.50 0.00 0.48 0.19
70 0.56 0.00 0.56 0.22
75 0.63 0.00 0.63 -0.22
80 0.70 0.01 0.69 -0.24
85 0.77 0.00 0.77 -0.25
80 0.84 0.00 0.84 -0.26
a5 0.92 0.01 0.91 -0.27
100 1.03 0.00 1.02 -0.28
105 1.07 0.00 1.06 -0.29
110 1.14 0.01 1.14 030
115 1.21 0.00 1.21 -0.31
120 1.29 0.00 1.29 -0.31
125 1.38 0.00 1.38 0.32
130 146 0.00 146 -0.32
135 154 0.00 1.54 -0.33
140 163 0.01 1.62 -0.34
145 1.7 0.00 1.70 -0.34
150 179 0.00 1.78 -0.35

168

= 50 kPa

Tau-x
(kPa)

0.0
13
40
6.0
8.7
10.1
114
12.1
135
14.1
185
16.8
16.8
16.8
18.2
18.2
18.9
19.5
19.5
20.2
209
209
209
216
229
222
229
229
229
29
236

Sig-n
(kPa)

50.3
493
503
493
493
493
493
483
50.3
483
48.3
48.3
48.3
49.3
493
49.3
49.3
483
493
493
493
493
493
49.3
48.3
48.3
48.3
493
493
493
48.3

TIS

0.01
0.03
0.08
012
0.18
0.20
023
0.25
0.27
0.29
0.32
0.35
0.35
0.34
0.37
0.37
0.38
0.40
0.40
0.41
042
0.42
0.42
0.44
047
0.45
047
0.46
0.46
0.46
0.49



185
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

270
275
280
285
290
295

305
310
315
320
325
330
335
340
345
350
355

365
370
375

385
390
395

1.87
1.95
203
2.12
2.20
2.29
237
245
2.54
2.62
27
2.78
2.86
2.95
3.03
312
3.20
3.29
3.37
346
3.54
3.63
37
3.79
3.88
3.96
4.05
413
422
4.31
4.40
448
457
465
473
4.83
4.90
4.99
5.07
516
5.24
533
5.42
5.50
5.59
567
5.76
584
592

0.01
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.01
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.01
0.01
0.00

1.86
1.94
2.03
212
220
2.28
237
245
2.54
262
270
278
285
294
3.02
InNn
3.20
3.28
3.37
345
3.53
3.62
3.70
3.79
3.88
3.96
4.05
4.13
4.22
4.31
4.39
447
4.56
464
473
482
4.90
499
5.06
516
5.24
533
5.41
549
5.58
5.67
5.75
583
592

169

-0.36
-0.35
-0.36
-0.36
-0.37
-0.37
-0.37
-0.37
037
-0.37
-0.37
0.37
-0.38
-0.38
-0.38
-0.38
-0.38
-0.38
-0.38
-0.38
-0.38
0.39
-0.39
-0.39
-0.39
-0.39
-0.39
-0.39
-0.39
-0.39
-0.39
-0.39
-0.39
-0.39
-0.40
-0.39
0.39
-0.40
-0.39
0.40
-0.39
-0.40
-0.39
-0.39
-0.40
-0.39
-0.39
-0.39
-0.40

23.6
236
236
236
243
236
236
243
249
249
249
249
249
256
249
243
249
249
256
249
249
249
249
256
256
249
249
256
249
249
249
256
256
263
256
263
256
256
256
26.3
256
256
26.3
26.3
256
256
256
256
256

493
493
48.3
49.3
493
483
483
48.3
483
493
493
483
493
483
493
493
483
493
493
48.3
493
493
483
493
483
493
483
493
493
483
49.3
483
483
483
483
493
493
493
493
493
493
493
493
493
483
493
493
50.3
493

048
0.48
0.49
0.48
049
0.49
049
0.50
0.52
0.51
0.51
0.52
0.51
0.52
0.51
049
0.52
0.51
0.52
0.52
0.51
0.51
0.52
0.52
0.53
0.51
0.52
0.52
0.51
0.51
0.51
0.53
0.53
0.54
0.53
0.53
0.52
0.52
0.52
0.53
0.52
0.52
0.53
0.53
0.53
0.52
0.52
0.51
0.52



Table B13: 2-D Monotonic test on loose sand

Date of testing: 2/05/1996

Tested by: Alain Mabia

Type of sample: Oil contaminated ioose sand
Piate: sand-blasted steel plate

Density = 1 431 g/lcm*3

TIME Ux Ux2 Uxl \"%
Sec. (mm) (mm) (mm) (mm)
0 0.01 0.01 0.01 0.00
5 0.02 0.00 0.01 0.00
10 003 000 002 001
15 0.04 0.00 0.04 0.00
20 0.05 0.00 0.05 -0.01
25 0.08 0.00 0.07 0.02
30 0.11 0.00 0.11 -0.04
35 0.16 0.01 0.15 -0.05
40 0.21 001 0.20 007
45 0.27 0.01 0.26 0.09
50 0.34 0.00 033 -0.11
55 040 0.00 0.40 0.13
60 0.47 0.01 0.46 0.14
65 0.54 0.00 0.54 0.16
70 0.61 0.00 0.61 -0.17
75 0.69 0.00 0.69 0.19
80 0.76 0.00 0.75 -0.20
85 0.83 0.00 0.83 0.21
90 0.91 0.00 0.91 -0.22
95 0.99 0.00 0.98 0.23
100 1.06 0.00 1.06 0.24
105 1.14 0.00 1.14 -0.24
110 1.22 0.00 1.22 -0.25
115 1.30 0.01 1.30 -0.26
120 1.38 0.01 1.38 -0.26
125 1.47 0.00 1.47 -0.28
130 1.55 0.01 1.55 -0.28
135 1.63 0.00 1.63 -0.28
140 1.72 0.00 1.72 029
145 1.80 0.01 1.79 0.29
150 1.88 0.00 1.88 -0.30

170

. =100 kPa

Tau-x
(kPa)

0.7

41

81
11.5
142
176
203
23.0
257
27.7
29.7
318
338
35.1
36.5
371
385
398
40.5
419
432
43.9
446
452
45.2
459
459
46.6
473
46.6
473

Sig-n
(kPa)

100.5
101.5
1005
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
99.5

100.5
100.5
100.5
99.5

100.5
99.5

100.5
99.5

99.5

99.5

99.5

100.5

TIS

0.01
0.04
008
0.11
0.14
0.18
0.20
023
0.26
0.28
0.30
032
034
035
0.36
037
0.38
0.40
0.41
042
043
044
045
045
045
046
046
047
048
047
047



155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295

305
310
315
320
325
330
335
340
345
350
355

365
370
375

385

1.96
205
213
222
2.31
2.39
247
2.56
264
2.72
2.81
2.90
2.98
3.07
3.15
324
3.33
3aNn
3.50
3.59
3.67
3.75
3.84
3.93
4.02
411
4.20
4.28
437
4.46
4.55
463
4.72
4.80
4.89
4.98
5.07
5.16
5.25
533
5.38
5.50
5.56
5.68
577
5.84
593

0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.00
0.01
0.00
0.00
0.00
Q.01
0.01
0.00
0.00
0.00
0.01

1.96
204
2.13
221
2.30
239
247
2.55
264
2.72
2.80
2.90
2.98
3.06
3.15
323
3.32
KR}
3.50
3.58
3.67
3.75
384
3.93
4.01
4.10
4.19
427
437
4.46
454
463
4.72
4.80
4.88
4.97
5.06
5.15
524
533
5.38
5.49
5.55
5.67
576
584
5.93
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-0.30
-0.30
-0.30
-0.31
-0.31
-0.31
-0.31
-0.31
-0.31
-0.31
-0.31
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.33
-0.33
-0.33
-0.33
0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
033
-0.33
-0.33
-0.33
-0.33
-0.33

479
49.3
493
493
433
493
49.3
49.3
493
50.C
50.6
506
49.3
50.0
50.6
50.6
50.6
50.6
513
50.6
513
S2.0
51.3
50.6
513
50.6
513
513
50.6
50.6
513
52.0
52.0
50.6
50.6
513
50.6
50.6
513
513
51.3
513
52.0
51.3
52.0
52.7
52.7

99.5
99.5
100.5
99.5
99.5
100.5
99.5
100.5
100.5
995
100.5
100.5
100.5
100.5
100.5
99.5
100.5
100.5
101.5
100.5
100.5
100.5
101.5
101.5
100.5
100.5
1005
1005
100.5
99.5
100.5
100.5
100.5
995
99.5
99.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5
100.5

048
0.50
049
0.50
0.50
049
0.50
0.49
0.49
0.50
0.50
0.50
0.49
0.50
0.50
0.51
0.50
0.50
0.51
0.50
0.51
0.52
0.51
0.50
0.51
0.50
0.51
0.51
0.50
0.51
0.51
0.52
0.52
0.51
0.51
0.52
0.50
0.50
0.51
0.51
0.51
0.51
0.52
0.51
0.52
0.52
0.52



Table B14: 2-D Monotonic test on loose sand

Date of testing. 2/05/1996

Tested by: Alain Mabia

Type of sampie: Oil contaminated loose sand
Plate: sand-blasted steel plate

Density = 1.431 g/em*3

TIME Ux Ux2 Uxl \ %4
Sec. (mm) (mm) (mm) (mm)
0 0.01 0.01 0.00 0.00
5 0.00 0.01 0.00 -0.01
10 0.00 0.01 0.01 0.0
15 000 001 001 001
20 0.00 0.01 0.00 -0.01
25 0.05 0.01 0.04 -0.01
30 0.03 0.01 0.02 -0.02
35 0.05 0.01 0.04 -0.03
40 0.08 0.01 0.08 -0.05
45 0.12 0.01 011 -0.06
50 0.15 0.01 0.14 0.07
55 0.21 0.01 0.20 -0.08
60 0.25 0.01 0.24 -0.10
65 0.30 0.01 0.30 0.1
70 0.36 0.01 0.35 0.13
75 0.41 0.01 0.40 0.14
80 047 0.01 046 0.15
85 0.53 0.01 0.52 -0.16
90 0.59 0.01 0.58 -0.17
95 0.66 0.01 0.66 -0.18
100 0.72 0.01 0.71 0.19
105 0.79 0.01 0.78 0.21
110 0.86 0.01 0.85 0.21
115 0.93 0.01 092 -0.23
120 1.00 0.00 1.00 -0.23
125 1.08 0.00 1.07 0.24
130 1.15 0.00 1.14 -0.24
135 1.23 0.01 1.22 -0.25
140 1.30 0.01 1.30 -0.26
145 1.38 0.00 1.38 -0.26
150 1.46 0.00 146 -0.26
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G. =300 kPa

Tau-x
(kPa)

0.0
13
54
74

12.8
216
323
418
512
587
66.8
728
782
84.3
89.0
938
96.4

101.8

105.2

107.9

1120

114.0

1174

1194

120.7

122.8

124.8

126.1

128.2

129.5

130.2

Sig-n
(kPa)

301.3
301.3
300.3
3013
300.3
300.3
301.3
300.3
301.3
300.3
301.3
3003
301.3
300.3
301.3
300.3
3013
301.3
300.3
300.3
300.3
300.3
300.3
300.3
299.3
2993
289.3
298.3
299.3
2983
2993

TIS

0.00
0.00
0.02
0.02
0.04
0.07
0.1
014
0.17
0.20
0.22
0.24
0.26
0.28
0.30
0.31
0.32
0.34
0.35
0.36
0.37
0.38
0.39
0.40
040
0.41
042
0.42
0.43
043
0.43



155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260

270
275
280
285
290
295
300
305
310
315
320
325
330

395

1.54
1.62
1.70
1.79
1.87
1.94
203
2.1
2.19
228
2.36
2.44
253
2.61
270
278
287
295
3.04
312
3.21
3.29
3.38
3.46
3.55
364
373
3.82
390
399
408
4.16
4.24
4.34
4.43
4.52
461
469
478
4.87
4.95
5.04
513
S.21
5.29
5.39
547
5.56
564
573

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.01
0.00
0.01
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.01
0.00

1.53
1.62
1.70
1.78
1.86
1.94
2.02
210
218
2.27
2.36
244
2.53
2.61
2.70
2.78
2.86
2.95
3.03
3.12
321
3.28
3.37
3.46
3.54
3.64
373
3.81
3.90
3.98
407
4.16
423
433
442
4.51
4.60
4.68
4.78
4.86
495
5.04
5.12
5.21
5.29
5.38
547
5.85
5.64
5.72
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-0.27
027
0.27
-0.28
-0.28
-0.28
-0.29
-0.29
-0.29
0.29
-0.30
-0.29
-0.30
-0.30
-0.31
<0.31
-0.31
-0.31
-0.31
-0.32
-0.31
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.32
-0.33
-0.32
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
-0.33
033
-0.33
-0.33
033
-0.33
-0.33
-0.34
034
0.34
-0.34
-0.34
-0.34

132.2
132.9
133.6
133.6
1349
136.3
136.9
1376
1376
136.9
137.6
139.0
139.0
139.0
139.0
140.3
1396
139.0
139.6
139.6
139.0
1396
139.6
139.6
140.3
1396
1396
141.0
140.3
140.3
139.6
140.3
140.3
139.6
139.6
139.0
139.0
139.6
139.0
139.0
139.6
139.6
138.3
140.3
140.3
139.0
1396
139.0
139.0
1396

3003
298.3
2993
299.3
299.3
299.3
299.3
299.3
299.3
299.3
299.3
299.3
299.3
298.3
299.3
299.3
2993
298.3
300.3
299.3
2993
299.3
2993
2993
2993
299.3
299.3
299.3
299.3
299.3
299.3
298.3
299.3
299.3
298.3
299.3
300.3
299.3
299.3
299.3
299.3
300.3
300.3
300.3
300.3
300.3
300.3
300.3
300.3
300.3

044
045
0.45
0.45
0.45
0.46
0.46
046
0.46
0.46
0.46
0.46
046
047
0.46
047
047
047
0456
0.47
0.46
047
0.47
047
047
0.47
0.47
0.47
0.47
047
047
0.47
0.47
0.47
0.47
0.46
0.46
0.47
0.46
0.46
0.47
046
0.46
047
047
0.46
0.46
0.46
0.46
0.46



405 5.82 0.00 5.81 -0.34 140.3 300.3 047
410 5.90 0.01 5.89 -0.34 1396 300.3 0.46
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Table B15: 2-D Monotonic test on dense sand ¢, =30 kPa

Date of testing: 7/05/1996

Tested by: Alain Mabia

Type of sample: Oil contaminated dense sand
Plate: sand-blasted steel plate

Density: 1.89 g/lem*3

TIME Ux Ux2 Uxl v Tau-x  Sig-n TIS
Sec. (mm) (mm) (mm) (mm) (kPa) (kPa)
0 0.00 0.00 0.00 0.00 14 28.6 0.05
5 0.01 0.00 0.00 0.00 34 28.6 012
] 0.02 0.00 0.02 0.00 6.1 7.6 0.22
15 0.05 0.00 0.05 0.00 6.8 28.6 0.24
20 0.08 0.00 0.08 -0.02 9.5 286 0.33
25 0.12 0.00 0.12 0.02 10.2 276 0.37
30 0.16 0.00 0.16 0.03 10.8 276 0.39
35 0.22 0.00 0.22 -0.03 115 276 042
40 027 0.00 0.27 0.04 12.2 276 044
45 0.32 0.00 0.32 0.04 12.2 276 044
50 0.37 0.00 0.37 -0.04 12.9 276 047
55 0.44 0.00 0.43 -0.04 12.9 276 047
60 0.51 0.00 0.51 0.04 12.9 286 0.45
65 0.57 0.00 0.57 -0.04 13.5 286 047
70 0.64 0.00 0.64 Q.04 14.2 276 0.51
75 0.72 0.00 0.71 0.05 14.2 28.6 0.50
80 0.79 0.00 0.79 -0.05 14.2 28.6 0.50
85 0.86 0.00 0.86 -0.05 14.2 286 0.50
g0 0.92 0.00 0.92 -0.04 14.9 276 0.54
85 1.00 0.00 1.00 -0.05 14.9 286 0.52
100 1.08 0.00 1.08 Q.05 149 276 0.54
105 1.15 0.00 1.15 Q.05 15.6 276 0.56
110 1.21 0.00 1.21 -0.05 149 286 0.52
115 1.28 0.00 1.28 -0.04 16.2 276 0.59
120 1.35 0.00 1.35 -0.04 16.2 276 0.59
125 1.41 0.00 1.41 -0.04 16.9 286 0.59
130 1.50 0.00 1.50 0.04 16.9 286 0.59
135 1.58 0.00 1.58 -0.04 16.9 28.6 0.59
140 1.66 0.00 1.66 -0.04 16.9 28.6 0.59
145 1.73 0.00 1.73 0.04 176 286 0.61
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150
185
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295

305
310
315
320
325
330
335

345
350
355

370
375

385
390
395

1.80
1.89
1.96
2.05
213
2.21
230
237
245
2.54
2.62
2.7
2.78
286
295
3.03
3n
3.20
3.28
3.36
345
3.83
361
3.70
3.78
3.87
395
4.03
4.11
4.20
4.29
4.37
445
455
463
4.72
4.80
4.89
4.97
5.06
514
523
5.31
540
550
5.58
567
5.75
584
592

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.80
1.89
1.96
2.05
213
2.21
2.30
237
245
2.54
262
27
2.78
2.86
2.95
3.03
31
3.20
3.28
3.36
345
3.53
361
3.69
378
3.87
3.95
4.03
4.11
4.20
4.29
437
4.46
4.55
4.63
4.72
4.80
4.89
4.97
5.06
5.14
5.23
5.31
5.40
5.50
5.58
5.66
5.75
584
592
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-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.04
-0.03
-0.03
-0.03
-0.03
-0.03
-0.03
-0.03
-0.03
-0.03
-0.02
-0.02
-0.02
-0.02
-0.02
-0.02
-0.02
-0.02
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

18.3
176
176
176
183
183
18.3
183
183
18.9
18.9
183
18.9
189
18.3
183
18.3
18.3
189
189
183
189
189
189
196
196
189
18.9
18.9
189
196
196
19.6
18.9
196
189
196
189
19.6
19.6
189
19.6
189
189
18.9
196
196
196
196
189

286
286
286
286
286
286
286
296
28.6
286
296
286
29.6
29.6
296
296
296
296
296
29.6
276
296
296
296
296
296
296
296
296
296
296
296
296
296
306
296
296
296
286
29.6
296
306
306
296
296
296
296
296
296
296

0.64
0.61
061
0.61
064
0.64
064
062
064
0.66
0.64
0.64
0.64
0.64
062
0.62
062
0.62
0.64
0.64
0.66
064
064
064
0.66
0.66
0.64
0.64
064
0.64
0.66
0.66
0.66
0.64
0.64
0.64
0.66
0.64
0.68
0.66
0.64
0.64
0.62
064
064
0.66
0.66
0.66
0.66
0.64



Table B16: 2-D Monotonic test on dense sand . =40kPa

Date of testing: 7/05/1996

Tested by: Alain Mabia

Type of sample: Oil contaminated dense sand
Plate: sand-blasted steel plate

Density: 1.89 g/lcm*3

TIME Ux Ux2 Uxl A% Tau-x
Sec. (mm) (mm) (mm) (mm) (kPa)
0 0.00 0.01 -0.01 0.00 0.0
5 0.00 0.01 -0.01 -0.01 14
10 0.00 Q.01 0.00 0.01 33
15 0.01 001 000 -0.01 60
20 0.04 0.01 0.03 0.02 8.7
25 0.07 0.01 0.06 -0.03 10.8
30 0.13 0.01 0.11 -0.05 12.8
35 0.19 0.01 0.18 -0.06 15.5
40 0.26 0.01 0.25 -0.07 16.2
45 0.34 0.01 033 -0.08 18.2
50 0.4 0.01 041 -0.09 189
55 0.49 0.01 048 -0.09 19.5
60 0.57 0.01 0.56 -0.10 202
65 0.65 0.01 064 -0.10 20.9
70 0.73 0.01 0.72 -0.11 20.9
75 0.81 0.01 0.80 0.1 216
80 0.90 0.01 0.90 0.1 20.9
85 1.00 0.01 0.99 -0.12 20.9
90 1.09 0.01 1.09 0.12 20.9
g5 1.17 0.01 117 0.12 208
100 1.26 0.01 1.26 -0.12 20.8
105 1.35 0.01 134 -0.12 208
110 1.43 0.01 1.43 012 20.7
115 1.52 0.01 1.51 -0.12 20.7
120 1.60 0.00 1.59 0.12 20.7
125 1.68 0.00 1.68 -0.12 20.6
130 1.77 0.01 1.76 -0.12 20.3
135 1.85 0.01 184 -0.12 202
140 1.93 0.01 1.93 0.12 20.2
145 2.02 0.01 2.01 0.12 20.9
150 2.10 0.00 2.10 -0.12 20.9

177

Sig-n
(kPa)

395
385
385
395
38.5
395
385
38.5
395
385
385
395
395
395
395
39.5
385
385
38.5
385
395
385
385
385
395
38.5
395
38.5
385
385
385

TIS

0.00
0.02
0.09
015
0.23
0.27
0.33
0.40
041
0.47
048
0.49
0.51
0.53
0.53
0.55
0.51
0.51
0.45
045
046
0.49
049
0.49
0.48
0.51
049
0.51
0.51
0.54
0.54



158
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255
260
265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345
350
355
360
365
370
375

219
2.28
2.36
2.45
253
262
270
279
288
2.96
3.05
3.14
3.22
33
3.40
348
3.57
3.65
3.73
3.82
3.91
3.99
4.08
417
4.26
4.35
443
4.52
460
468
4.77
4.85
4.94
5.03
511
$.20
5.29
5.37
546
5.55
563
572
5.81
589
598

0.01
0.01
0.01
0.00
0.00
0.01
0.01
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
c.oo
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00

218
2.27
2.36
2.45
253
261
269
2.79
2.87
2.96
3.05
313
3.21
3.31
340
347
3.56
3.65
3.73
3.82
3.90
3.99
4.08
4.17
4.26
4.35
4.43
4.51
4.59
4.68
4.77
485
4.94
503
511
5.20
529
537
546
5.85
563
571
5.80
589
5.98

178

0.12
-0.12
0.1
0.12
-0.12
-0.11
0.12
-0.11
0.1
-0.1
-0.11
-0.11
-0.11
-0.11
0.1
0.1
-0.11
0.1
-0.11
-0.11
-0.10
-0.10
-0.10
0.10
-0.10
-0.10
0.10
-0.10
-0.10
0.10
-0.10
-0.09
0.10
-0.09
0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09
-0.09

209
209
209
209
209
208
209
209
209
209
216
216
216
216
222
2.2
216
22
22
22
2.2
2.2
22
22
2.2
216
216
22
22
222
216
22
22
229
222
229
229
229
229
229
229
229
229
222
229

395
39.5
395
39.5
385
385
39.5
39.5
395
395
39.5
395
39.5
39.5
39.5
395
385
395
385
385
395
404
39.5
404
395
39.5
39.5
395
385
39.5
395
39.5
385
404
404
39.5
39.5
404
39.5
404
404
39.5
39.5
39.5
40.4

0.53
0.53
0.53
0.53
0.54
0.53
0.53
0.53
0.53
0.53
0.55
0.55
0.55
0.55
0.56
0.56
0.56
0.56
0.58
0.58
0.56
0.55
0.56
0.55
0.56
0.55
0.55
0.56
0.56
0.56
0.55
0.56
0.56
0.57
0.55
0.58
0.58
057
0.58
0.57
0.57
0.58
0.58
0.56
0.57



Table B17: 2-D Monotonic test on loose sand o&.=40kPa

Date of testing: 7/05/1996

Tested by: Alain Mabia

Type of sample: Qil contaminated loose sand
Plate: sand-blasted steel plate

Density: 1.43g/cm3

TIME Ux Ux2 Uxl \4 Tau-x  Sig-n TIS
Sec. (mm) (mm) (mm) (mm) (kPa) (kPa)
0 0.00 0.01 -0.01 0.01 07 404 0.02
5 0.01 0.01 0.00 0.01 27 395 0.07
10 Q.02 0.01 0.01 0.01 6.1 395 015
15 005 0.01 004 0.01 75 395 0.19
20 0.10 0.01 0.09 0.01 95 395 024
25 0.15 0.01 0.14 0.01 108 385 028
30 0.21 0.01 0.20 0.01 115 385 0.30
35 0.27 0.01 0.27 0.01 12.2 395 0.31
40 0.34 0.01 0.34 0.01 135 385 0.35
45 0.41 0.01 0.40 0.01 135 395 034
50 048 0.01 048 0.01 142 385 0.37
55 0.57 0.01 0.56 0.01 14.2 385 037
60 0.64 0.01 063 0.01 156 395 040
65 0.72 0.01 0.71 0.01 156 38.5 0.41
70 0.80 0.01 0.79 0.01 16.2 395 0.41
75 0.88 0.01 087 0.01 16.2 395 0.41
80 0.96 0.01 0.95 0.01 16.9 385 044
85 1.04 0.01 1.03 0.01 16.9 395 043
S0 1.11 0.01 1.1 001 176 395 045
a5 1.20 0.01 1.20 0.01 16.9 395 043
100 1.28 0.01 1.27 0.01 176 385 046
105 1.37 0.01 1.36 0.01 183 395 0.46
110 1.45 0.01 1.44 0.01 183 375 049
115 1.53 0.01 1.52 0.01 183 395 0.46
120 1.62 0.01 1.62 0.01 196 375 0.52
125 1.71 0.01 1.70 0.01 196 375 052
130 1.79 0.00 1.79 0.01 196 385 0.51
135 1.87 0.01 1.87 0.01 19.6 37.5 0.52
140 1.96 0.00 1.95 0.01 203 385 0.53
145 2.05 0.01 2.04 0.01 189 375 0.50
150 213 0.01 2.13 0.01 196 375 0.52

179



155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

270
275
280
285
290
295

305
310
315
320
325
330
335
340
345
350
355

365
370

2.22
2.31
2.39
248
2.57
2.65
273
2.82
2.90
2.99
3.07
3.16
3.25
334
3.42
3.51
3.59
3.68
3.77
3.86
3.94
4.03
411
4.20
4.29
438
447
4.56
4.65
4.73
482
4.90
4.99
5.08
5.16
525
5.34
543
562
561
570
578
587
5.96

0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.21
2.30
2.38
247
2.56
2.64
273
2.81
2.89
2.98
3.06
3.16
324
333
342
3.50
3.58
3.68
3.77
3.86
3.94
4.03
4.11
4.20
4.28
438
4 .46
4.56
464
473
4.82
4.90
499
5.07
5.16
5.25
534
542
5.51
5.61
5.69
578
5.87
5.96

180

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

19.6
19.6
196
19.6
20.3
203
203
203
19.6
20.3
210
203
20.3
203
203
203
203
210
21.0
20.3
19.6
203
203
203
20.3
19.6
203
210
196
203
20.3
20.3
203
203
203
203
210
20.3
203
21.0
196
20.3
203
203

38.5
375
375
375
375
375
38.5
38.5
38.5
38.5
375
375
375
375
375
37.5
37.5
375
375
375
375
375
375
385
385
38.5
385
38.5
385
375
375
385
375
385
375
375
375
375
375
375
375
385
375
375

0.51
0.52
0.52
0.52
0.54
0.54
0.53
0.53
0.51
0.53
0.56
0.54
0.54
0.54
0.54
0.54
0.54
0.56
0.56
0.54
0.52
0.54
0.54
0.53
0.53
0.51

0.3
0.55
0.51

0.54
0.54
0.53
0.54
0.53
0.54
0.54
0.56
0.54
054
0.56
0.52
0.53
0.54
054



Table B18: 2-D Monotonic test on loose sand . =30 kPa

Date of testing: 7/05/1996

Tested by: Alain Mabia

Type of sample: QOil contaminated loose sand
Plate: sand-blasted steel plate

Density: 1.43g/cm3

TIME Ux Ux2 Uxl \ Tau-x  Sig-n TIS
Sec. (mm) (mm) (mm) (mm) (kPa) (kPa)
0 0.00 0.01 -0.01 0.00 0.0 296 0.00
5 0.00 0.01 -0.01 0.00 14 296 0.02
10 002 001 001 -0.01 40 296 014
15 0.06 0.01 0.05 -0.03 54 306 018
20 0.10 0.01 0.08 -0.05 6.0 296 0.20
25 0.16 0.01 0.15 0.07 6.7 286 0.23
30 0.23 0.01 0.22 -0.09 74 286 0.26
35 0.30 0.01 0.29 0.1 74 296 0.25
40 0.37 0.01 0.37 -0.14 8.1 296 0.27
45 0.45 0.01 043 0.16 94 296 0.32
50 0.52 0.01 0.51 0.17 94 29.6 0.32
55 0.58 0.01 0.58 -0.19 94 286 0.33
60 0.66 0.01 0.65 -0.21 10.1 296 0.34
65 0.73 0.01 0.72 -0.24 10.8 286 0.38
70 0.81 0.01 0.80 0.23 11.4 28.6 0.40
75 0.89 0.01 0.88 -0.25 114 286 040
80 0.97 0.01 0.96 -0.26 10.1 286 0.35
85 1.05 0.01 1.04 0.27 11.4 28.6 040
90 1.13 0.01 1.12 -0.28 114 28.6 0.40
a5 1.21 0.01 1.20 -0.29 12.1 28.6 042
100 1.29 0.01 1.29 -0.30 114 286 040
105 1.38 0.01 1.37 -0.31 12.1 286 042
110 1.47 0.01 1.46 0.31 12.8 286 045
115 1.54 0.01 1.53 -0.32 12.1 286 042
120 1.63 o.M 1.62 -0.33 12.8 296 0.43
125 1.71 0.01 1.70 .33 12.8 286 045
130 1.79 0.01 1.78 0.33 12.8 286 045
135 1.87 0.01 1.87 0.34 12.8 286 045
140 1.96 0.01 1.95 -0.34 12.8 286 045
145 2.05 0.01 204 -0.35 12.8 29.6 043
150 213 0.00 2.13 -0.35 12.8 28.6 0.45

181



155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345
350
355

365
370

222
2.30
2.38
247
2.56
264
273
2.81
289
2.98
3.07
315
3.24
3.33
341
3.50
3.58
3.67
3.76
384
3.93
4.01
4.10
4.19
4.27
4.36
444
4.53
461
4.70
478
487
4.96
5.05
514
522
53
540
5.48
5.57
5.66
5.74
583
591

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.01
0.00
0.01
0.01
0.01
0.01
0.00
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00

2.21
2.29
2.38
246
2.55
263
2.72
2.80
2.89
2.98
3.06
3.15
3.24
3.32
341
3.49
3.58
3.66
3.75
3.84
3.92
4.00
4.09
4.18
427
435
443
4.53
461
469
478
487
495
5.0
513
522
5.30
5.38
547
5.56
565
574
5.82
5.91

182

-0.35
0.36
037
0.37
037
0.37
037
0.38
038
-0.38
-0.38
-0.38
0.39
0.39
0.39
0.39
039
0.39
-0.40
-0.40
-0.40
0.40
0.40
-0.40
-0.41
0.40
0.40
0.41
0.41
0.41
0.41
0.41
0.41
0.41
042
042
042
0.42
042
042
042
042
-0.42
042

14.1
12.8
12.8
13.5
128
135
135
12.8
13.5
13.5
12.8
135
13.5
12.8
13.5
13.5
13.5
12.8
141
12.1
12.8
121
13.5
12.8
12.8
13.5
13.5
12.8
12.8
121
121
121
12.8
13.5
12.8
12.8
13.5
13.5
12.8
12.8
13.5
141
13.5
128

276
286
286
286
286
286
286
28.6
286
286
286
286
28.6
286
286
286
286
276
276
276
26.7
276
276
276
276
276
276
276
276
267
276
276
286
276
276
276
276
286
26.7
276
276
286
286
286

0.51
0.45
045
0.47
0.45
0.47
047
045
0.47
0.47
045
0.47
0.47
045
0.47
0.47
047
046
0.51
044
0.48
0.44
0.49
0.46
0.46
0.49
049
046
0.46
0.45
044
044
0.45
049
0.46
0.46
0.49
047
0.48
0.46
049
0.49
0.47
0.45



Table B19: 2-D Monotonic test on dense sand . = 30 kPa

Date of testing: 7/05/1996

Tested by: Alain Mabia

Type of sample: Dense clean sand
Plate: sand-blasted steel plate
Density: 1.89g/cm3

TIME Ux Ux2 Uxl \4 Tau-x Sig-n TIS
Sec. (mm) (mm) (mm) (mm) (kPa) (kPa)
0 0.00 0.00 0.00 0.00 0.0 286 0.00
5 0.01 0.00 0.00 0.00 34 286 0.12
10 002 0.0C 0.02 .60 6.1 276 0.22
15 0.05 0.00 0.05 0.00 6.8 286 .24
20 0.08 0.00 0.08 -0.02 95 286 033
25 0.12 0.00 0.12 -0.02 10.2 276 0.37
30 0.16 0.00 0.16 0.03 10.8 276 0.39
35 0.22 0.00 0.22 -0.03 115 276 042
40 0.27 0.00 0.27 0.04 12.2 276 044
45 0.32 0.00 0.32 -0.04 12.2 276 044
50 0.37 0.00 0.37 -0.04 129 276 047
55 044 0.00 043 -0.05 129 276 047
60 0.51 0.00 0.51 -0.04 12.9 286 045
65 0.57 0.00 0.57 0.04 135 286 047
70 064 0.00 0.64 -0.04 14.2 276 0.51
75 0.72 0.00 0.7 -0.05 14.2 286 0.50
80 0.79 0.00 0.79 -0.05 14.2 286 0.50
85 0.86 0.00 0.86 -0.05 14.2 286 0.50
90 0.92 0.00 0.92 -0.04 149 276 054
a5 1.00 0.00 1.00 -0.04 149 286 0.52
100 1.08 0.00 1.08 0.05 149 276 054
105 1.15 0.00 1.15 -0.05 156 276 0.56
110 1.21 0.00 1.21 -0.05 149 286 0.52
115 1.28 0.00 1.28 -0.04 16.2 276 0.59
120 1.35 0.00 1.35 0.04 16.2 276 0.59
125 1.41 0.00 1.41 -0.04 16.9 286 0.59
130 1.50 0.00 1.50 -0.04 16.9 286 0.59
135 1.58 0.00 1.58 0.04 169 286 0.59
140 1.66 0.00 1.66 -0.04 169 286 0.59
145 1.73 0.00 1.73 -0.04 176 286 061
150 1.80 0.00 1.80 -0.04 183 286 0.64

183



185
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

270
275
280
285
290
295

305
310
315
320
325
330
335

345
355
365
370
375
385

390
395

1.89
1.96
2.05
213
2.21
2.30
2.37
245
2.54
262
27
278
2.86
295
3.03
an
3.20
3.28
3.36
345
3.53
361
3.70
378
387
3.95
403
4.11
4.20
4.29
437
4.46
4.55
463
4.72
4.80
489
497
5.06
514
523
5.31
5.40
5.50
5.58
567
5.75
584
592

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.89
1.96
205
2.13
2.21
2.30
237
245
2.54
2.62
2.7
2.78
286
2.95
303
3.1
3.2C
3.28
3.36
345
3.53
361
3.69
3.78
387
395
4.03
4.11
4.20
4.29
437
4.46
4.55
463
472
4.80
489
497
5.06
514
523
531
5.40
5.50
5.58
5.66
575
584
592

184

-0.04
-0.04
-0.04
0.04
-0.04
-0.04
-0.04
-0.03
-0.03
-0.03
-0.03
-0.03
-0.03
-0.03
0.03
-0.03
-0.02
-0.02
-0.03
-0.02
0.02
-0.03
-0.02
-0.02
-0.01
-0.01
-0.02
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

176
176
176
18.3
183
18.3
18.3
18.3
189
189
183
189
189
18.3
183
183
183
189
189
183
189
189
189
196
196
189
189
189
189
196
19.6
196
189
196
189
196
189
196
196
18.9
19.6
189
189
189
19.6
196
196
19.6
189

286
286
286
286
286
286
29.6
286
286
296
286
296
296
296
296
296
296
296
296
276
296
296
296
296
296
296
296
296
296
296
296
296
29.6
306
296
296
296
286
296
296
306
30.6
296
296
296
296
296
296
296

0.61
0.61
0.61
0.64
0.64
0.64
0.62
0.64
066
0.64
0.64
0.64
0.64
0.62
0.62
0.62
0.62
064
0.64
0.66
0.64
0.64
064
0.66
0.66
0.64
0.64
064
0.64
0.66
0.66
0.66
0.64
064
0.64
0.66
0.64
0.68
0.66
0.64
064
0.62
0.64
0.64
0.66
066
0.66
0.66
0.64



Table B20: 2-D Monotonic test on loose sand

Date of testing: 7/05/1996

Tested by: Alain Mabia
Type of sample: Loose clean sand

Plate: sand-blasted steel plate
Density: 1.43g/cm3

TIME
Sec.

10
15
20
25
30
35
40
45

55

65
70
75
80
85

95
100
105
110
115
120
125
130
135
140
145
150

Ux
(mm)

0.00
0.00
0.00
0.02
0.04
0.06
0.10
0.14
0.19
0.27
0.29
0.35
0.41
0.48
0.54
0.62
0.68
0.75
0.81
0.89
0.96
1.04
1.13
1.20
1.28
1.34
1.41
1.50
1.57
1.63
1.70

Ux2
(mm)

0.01
0.00
0.00
0.01
0.00
0.00
0.01
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Uxl
(mm)

0.00
0.00
0.00
0.01
0.04
0.06
0.09
0.14
0.18
0.27
0.29
0.35
0.41
0.48
0.54
0.61
068
0.74
0.81
0.89
0.96
1.04
1.12
1.20
1.27
1.34
1.41
1.50
1.57
1.63
1.70

185

\4
(mm)

0.00
0.00
0.00
0.01
-0.03
-0.04
0.05
-0.07
-0.08
-0.09
0.1
0.12
0.13
-0.14
0.14
-0.15
-0.16
-0.17
017
0.17
-0.18
018
-0.18
-0.19
-0.18
-0.19
-0.18
-0.19
-0.19
-0.19
-0.20

o, = 30 kPa

Tau-x
(kPa)

0.0

0.7

2.0

47

6.0

74

8.7

81

94

10.8
10.8
12.1
114
12.1
12.8
12.8
13.5
13.5
14.1
14.1
148
14.8
15.5
148
15.5
14.8
15.5
14.8
15.5
155
16.2

Sig-n
(kPa)

286
28.6
2886
286
286
276
276
286
267
276
276
276
286
286
286
286
286
276
28.6
276
286
286
286
286
276
276
276
276
276
286
276

TIS

0.02
0.02
0.07
0.16
0.21
0.27
0.31
0.28
0.35
0.39
0.39
044
0.40
0.42
045
0.45
047
0.49
0.49
0.51
0.52
0.52
0.54
0.52
0.56
0.54
0.56
0.54
0.56
0.54
0.59



155
160
165
170
175
180
185
180
195
200
205
210
215
220
225

235
240
245
250
255

265
270
275
280
285
290
295

305
310
315
320
325
330
335
340
345
350
355

365
370
375
380
385
390
395
400

1.78
1.86
1.94
2.02
210
2.19
227
235
242
2.50
2.58
2.66
275
2.82
2.90
298
3.07
3.15
324
3.32
341
3.49
357
365
3.74
382
39
4.00
4.08
4.16
425
433
441
4.50
4.59
467
475
484
4.93
5.01
5.10
5.19
5.28
5.36
545
553
562
571
579
588

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.78
1.86
1.94
2.02
2.10
219
2.27
2.35
242
2.50
2.58
2.66
274
282
2.90
2.98
3.06
3.15
3.23
3.32
KR 3|
349
3.57
3.65
3.74
3.82
3.91
3.99
4.08
416
424
433
441
4.50
4.59
4.66
475
484
493
5.01
5.10
5.19
5.28
5.36
5.45
5.53
5.62
571
5.79
5.88

186

-0.19
-0.19
-0.19
-0.19
-0.19
-0.20
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.19
-0.18
-0.18
-0.19
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
0.18
0.18
0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.18
-0.17
-0.18
-0.18
-0.17
-0.18
-0.18
-0.18
-0.17
-0.18
-0.17
-0.17

185
16.2
16.8
16.8
16.8
17.5
17.5
17.5
17.5
175
18.2
189
18.2
18.2
18.2
18.9
18.2
18.2
18.2
18.2
18.2
18 2
18.2
18.2
18.2
18.2
18.2
16.8
18.2
18.2
18.2
18.2
18.2
17.5
17.5
17.5
18.2
17.5
17.5
17.5
17.5
17.5
16.8
17.5
18.2
17.5
175
17.5
18.2
17.5

286
276
276
2786
286
276
276
286
286
286
286
286
286
276
286
276
276
286
286
276
286
286
286
286
286
286
286
286
286
276
286
286
276
286
286
296
286
286
29.6
286
276
286
286
286
28.6
286
286
29.6
28.6
286

0.54
0.59
0.61
0.61
0.59
0.63
0.63
0.61
0.61
0.61
0.64
0.66
064
0.66
0.64
068
0.66
0.64
064
0.66
064
064
064
064
0.64
0.64
0.64
0.59
064
0.66
0.64
064
0.66
0.61

0.61

0.59
0.64
0.61

0.59
0.61

0.63
0.61

0.59
0.61

0.64
061

0.61

0.59
0.64
0.61



Table B21: 2-D Monotonic test on dense sand . =40kPa

Date of testing: 7/05/1996

Tested by: Alain Mabia

Type of sample: Dense clean sand
Plate: sand-blasted steel piate
Density: 1.89 g/cm3

TIME Ux Ux2 Uxl \" Tau-x
Sec. (mm) (mm) (mm) (mm) (kPa)
0 0.01 0.01 0.00 0.01 14
5 0.00 0.01 0.01 0.01 0.7
10 0.00 0.01 0.00 0.01 2.7
15 0.01 0.01 0.00 0.01 54
20 0.01 0.01 0.00 0.01 8.1
25 0.03 0.01 0.01 0.01 10.8
30 0.04 0.01 0.04 0.01 12.1
35 0.07 0.01 0.06 0.01 155
40 0.09 001 0.09 0.01 18.2
45 012 0.01 0.1 0.01 19.5
50 0.15 0.01 0.14 0.01 209
55 0.17 0.01 0.16 0.01 222
60 0.25 0.01 0.24 0.01 229
65 0.25 0.01 024 0.01 249
70 0.27 0.01 0.26 0.01 249
75 0.31 0.01 0.30 Q.01 263
80 0.35 0.01 0.35 0.01 27.0
85 0.38 0.01 0.37 0.01 27.0
90 043 0.01 0.42 0.01 276
a5 047 0.01 0.46 0.01 29.0
100 0.52 0.01 0.52 0.01 29.7
105 0.57 0.01 0.56 0.01 29.7
110 0.62 0.01 0.61 0.01 30.3
115 c.68 0.01 0.67 0.01 30.3
120 0.73 0.00 0.73 0.01 317
125 0.80 0.00 0.80 0.01 317
130 0.87 0.00 0.87 0.01 32.3
135 0.95 0.00 0.95 0.01 323
140 1.03 0.00 1.03 0.01 323
145 1.11 0.00 1.10 0.01 330
150 1.19 0.00 1.19 0.01 33.0
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Sig-n
(kPa)

404
404
40.4
404
40.4
404
404
40.4
404
404
414
40.4
40.4
424
424
414
424
424
424
42.4
43.4
42.4
43.4
42.4
434
42.4
424
43.4
434
43.4
424

TIS

0.03
0.02
0.07
013
0.20
0.27
0.30
0.38
045
0.48
0.50
0.55
0.57
0.59
0.59
0.63
064
064
0.65
068
0es
0.70
0.70
0.71
0.73
0.75
0.76
0.74
0.74
0.76
0.78



155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295
300
305
310
315
320
325
330
335
340
345
350
355

365
370
375
380
385
390
385
400

1.27
1.36
1.44
1.53
1.61
1.69
1.79
1.87
1.96
204
213
222
2.30
239
248
2.57
265
274
283
292
3.00
3.10
3.18
3.27
3.36
344
3.53
3.61
an
3.79
3.89
3.97
407
4.15
424
433
4.41
4.50
4.58
467
4.76
485
4.93
5.03
511
5.20
529
5.38
547
5.55

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.27
1.36
144
1.53
1.61
1.69
1.78
1.87
1.95
204
213
2.21
2.30
2.39
248
257
265
274
283
291
3.00
3.10
318
3.27
335
344
3.52
361
370
3.79
3.88
397
4.07
4.15
424
432
4.41
4.50
4.58
467
475
485
4.93
502
511
5.20
529
538
547
5.85

188

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

33.0
33.0
323
323
323
323
317
317
317
317
310
317
30.3
31.0
29.7
30.3
29.7
30.3
29.7
29.7
29.0
29.0
29.0
29.0
29.0
29.0
29.7
29.0
283
28.3
28.3
29.0
27.0
276
276
276
276
276
276
276
276
28.3
283
28.3
276
28.3
276
276
276
276

434
43.4
424
43 4
424
43.4
43.4
434
424
434
434
434
434
434
434
43.4
43.4
434
424
424
444
43.4
43.4
434
434
424
43.4
434
434
434
434
434
42.4
43.4
444
44 4
43.4
43.4
434
43.4
434
44 4
44 4
444
444
44 4
43.4
444
44 4
434

0.76
0.76
0.76
0.74
0.76
0.74
0.73
0.73
0.75
0.73
071
0.73
0.70
071
0.68
0.70
0.68
0.70
0.70
0.70
0.65
067
067
0.67
0.67
0.68
0.68
0.67
0.65
0.65
0.65
0.67
0.64
0.64
0.62
0.62
0.64
0.64
0.64
0.64
0.64
0.64
064
0.64
0.62
0.64
0.64
0.62
0.62
0.64



405
410
415
420

564
573
5.82
5.91

0.00
0.00
0.00
0.00

564
573
581
5981
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0.01
0.01
0.01
0.01

27.0
270
276
27.0

44 4
444
44 .4
44 4

0.61
0.61
0.62
0.61



Table B22: 2-D Monotonic test on loose sand

Date of testing: 26/04/199€
Tested by: Alain Mabia

Type of sample: Loose clean sand
Plate: sand-blasted steel piate
Density = 1.445 g/lem*3

TIME Ux Ux2 Uxl \ %
Sec. (mm) (mm) (mm) (mm)
0 0.00 0.01 0.00 0.00
5 0.01 0.00 0.00 0.00
10 0.01 0.00 0.01 0.00
15 0.05 0.01 0.04 -0.02
20 0.09 0.00 0.08 -0.03
25 0.13 0.00 0.12 0.04
30 0.17 0.01 0.16 -0.05
35 0.23 0.01 0.22 0.07
40 0.29 0.01 0.28 -0.08
45 0.36 0.00 0.35 -0.09
50 0.42 0.01 0.42 -0.10
55 0.50 0.00 0.49 0.1
60 0.57 0.01 0.57 -0.12
65 0.65 0.00 0.65 -0.13
70 0.73 0.00 0.73 -0.13
75 0.82 0.00 0.81 -0.13
80 0.89 0.00 0.89 -0.14
85 0.97 0.01 0.96 -0.14
90 1.05 0.01 1.04 -0.14
95 1.13 0.01 1.12 -0.14
100 1.21 0.01 1.20 -0.14
105 1.29 0.00 1.28 -0.14
110 1.38 0.01 1.37 015
115 1.46 0.00 1.46 -0.14
120 1.54 0.00 1.54 -0.14
125 1.63 0.00 1.63 0.15
130 1.71 0.00 1.71 -0.15
135 1.80 0.00 1.80 -0.14
140 1.88 0.00 1.88 -0.14
145 1.96 0.00 1.96 -0.14
150 2.05 0.00 2.05 -0.14
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G, =40 kPa

Tau-x
(kPa)

0.0
27
68
8.8
10.8
129
12.9
14.2
16.2
176
18.3
18.9
196
203
21.0
21.0
21.0
216
230
230
237
230
230
237
243
25.0
250
257
257
257
257

Sig-n
(kPa)

414
414
404
404
404
404
404
404
404
404
414
395
404
395
39.5
404
40.4
404
395
41.4
404
414
404
395
404
39.5
395
404
404
39.5
39.5

TIS

0.00
0.07
0.17
022
0.27
0.32
0.32
035
0.40
044
0.44
048
048
0.51
053
0.52
0.52
0.53
0.58
0.56
0.59
0.56
057
0.60
0.60
063
0.63
064
0.64
0.65
0.65



155
160
165
170
175
180
185
190
195
200
205
210
215
220
225
230
235
240
245
250
255

265
270
275
280
285
290
295
300
305
310
315
320
325
330
335

345
350
355

365
370
375

213
222
2.30
2.39
248
2.56
265
274
283
291
299
3.08
317
3.26
3.35
343
3.52
3.61
370
379
388
3.96
4.04
413
4.22
4.31
4.40
4.48
4.57
4.66
4.71
484
4.93
501
5.09
5.18
5.26
5.35
5.44
5.53
562
5.71
5.80
5.89
5.97

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.13
222
2.30
2.38
2.47
2.56
2.65
274
2.82
2.91
299
3.08
3.17
3.25
3.35
3.43
3.52
361
3.70
3.78
3.88
3.96
4.04
413
4.22
4.30
4.39
4.48
457
4.66
4.70
4.84
4.93
5.00
5.09
5.18
5.26
535
5.44
553
5.62
571
5.80
5.89
5.97
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-0.14
-0.14
-0.14
0.14
-0.14
-0.14
-0.13
-0.13
-0.13
-0.13
-0.13
-0.13
-0.13
-0.12
-0.12
-0.12
-0.12
-0.12
0.12
-0.12
0.12
0.1
-0.12
-0.12
-0.11
-0.12
-0.11
011
0.11
-0.11
-0.11
0.11
0.11
-0.11
-0.11
-0.11
-0.11
-0.11
-0.11
0.11
0.11
0.1
0.11
-0.11
0.11

264
257
27.0
257
257
264
264
264
26.4
264
26.4
257
26.4
257
264
264
264
257
257
250
25.0
257
26.4
250
257
257
250
257
26.4
257
264
250
25.0
250
257
257
25.0
257
257
25.0
257
25.0
25.0
250
257

395
395
404
404
404
404
404
404
404
404
404
40 4
414
395
414
414
40.4
414
404
404
404
404
404
404
39.5
404
414
404
404
414
404
414
414
404
41 4
414
414
395
404
41 4
414
414
404
414
404

067
0.65
0.67
064
064
0.65
0.65
0.65
0.65
0.65
0.65
0.64
064
0.65
0.64
064
0.65
0.62
064
062
0.62
064
065
062
0.65
064
0.60
064
065
0.62
0.65
0.60
060
0.62
0.62
0.62
0.60
0.65
064
0.60
0.62
0.60
062
0.60
064



APPENDIX C

OIL MIGRATION RESULTS
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Table C1: Data collected before the soil was fully contaminated.

nitial final amount of water distance Time Average
Date reservolr reservoir il collected traveled velocity
level level added
(mi) (mt) (mi) (ml) (cm) (days) (cm/day)

19/08/94 640 640 0 0 0 c 0.0
23/08/94 640 291 349 0 14 4 35
24/08/94 2N 251 40 0 28 5 56
25/08/94 251 194 57 5 31 6 52
26/08/94 194 121 73 15 33.2 7 47
29/08/94 640 426 214 20 38.2 10 38
30/08/94 426 365 61 55 524 11 48
31/08/94 365 296 69 15 55.8 12 47
1/9/94 296 229 67 15 59.2 13 46
2/9/94 229 174 55 20 62.6 14 45
3/9/194 644 518 126 15 65.3 1 44
4/9/94 518 456 62 20 69.4 16 43
6/9/94 456 342 113 15 733 18 4.1
7/9/94 342 288 54 30 794 19 42
9/9/94 288 181 107 20 824 21 39
10/9/94 640 564 77 15 889 22 40
12/9/94 564 456 108 25 924 24 39
13/9/1994 456 410 46 15 975 25 39
14/9/1994 410 359 51 15 100.1 26 39
15/9/1994 359 315 44 10 102.5 27 38
19/9/1994 315 102 213 50 104.9 31 34
20/9/1994 640 604 36 10 1144 32 36
22/9/1994 604 509 95 20 116 34 34
25/9/1994 509 356 153 45 120.5 37 33
27/9/1994 35 275 81 15 127 39 33
28/9/1994 275 238 38 10 131 40 33
3/10/94 238 37 201 50 133.1 45 30
10/10/94 640 383 257 45 1429 52 27
20/10/1984 383 53 330 65 157 62 25
24/10/1984 640 514 126 20 171 72 24
3171094 514 342 172 20 180.7 76 24
6/11/94 342 184 158 15 198.7 83 24
15/11/11994 184 22 162 25 209 89 23
245 98 25
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Table C2: Data collected after the soil was fully contaminated.

Date Water-oil-Sail Reservoir level Qil added
(ml) (div) (mi)

28/12/94 90 40 6014
2/1/95 100 600 )
3/1/95 120 595 0
10/1/95 130 524 0
13/1/1985 135 487 0
14/1/1995 135 479 0
17/1/1995 145 448 0
19/1/1995 150 442 )
21/1/1995 155 416 0
23/1/1995 160 400 o)
23/1/1995 170 380 0
26/1/1995 175 340 0
28/1/1995 180 320 0
22195 200 270 0
6/2/95 205 224 0
712195 210 216 0
9/2/95 220 200 0
14/2/1995 220 170 0
20/2/1995 220 86 0

24/2/1995 230 48 593.64
3/3/95 235 646 0
913/95 250 584 0
16/3/1995 250 508 0
6/4/95 250 210 0
8/4/95 250 175 0
16/4/1995 250 60 0
19/4/1995 250 18 0
28/4/1995 250 0 0

Note: 1 div=0.97 ml
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APPENDIX D

RESULTS OF THE TOTAL HEAD DISTRIBUTIONS USING
THE FINITE ELEMENT METHOD
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2-D POTENTIAL DISTRIBUTION IN THE J-TUBE
1,14,12,0,4,2.E-2,2.E-2
1,0.,171.
> 0.,136.8
J.,102.6
4,0.,68.4

8,71.0,0.
9,5.022,171.
10,5.022,136.8
11,5.022,102.6
12,5.022,68.4
13,47.3,5.022
14,71.,5.022
1,2,9.1
2,2,10,9
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-D POTENTIAL DISTRIBUTION IN THE J-TUBE

PXX = .0

PYY = .0

NEL NODE NUMBER X(1) Y(1) X(2) Y(2) X(3) Y(3)
1 2 9 1 .00 136.80 5.02 171.00 .00 171.00
2 2 10 9 .00 136.80 5.02 136.80 5.02 171.00
3 3 10 2 .00 102.60 5.02 136.80 .00 136.80
4 3 11 10 .00 102.60 5.02 102.60 5.02 136.80
5 4 11 3 .00 68.40 5.02 102.60 .00 102.60
6 4 12 11 .00 68.40 5.02 68.40 5.02 102.60
7 S 12 4 .00 .00 5.02 68.40 .00 68.40
8 5 6 12 .00 .00 23.70 .00 5.02 68.40
9 6 13 12 23.70 .00 47.30 5.02 5.02 68.40
10 6 7 13 23.70 .00 47.30 .00 47.30 5.02
11 7 14 13 47.30 .00 71.00 5.02 47.30 5.02
12 7 8 14 47.30 .00 71.00 .00 71.00 5.02

*PRESCRIBED NODAL VALUES*
1 -19124E+03

9 -19124E+03
13 -14040E+03
14 .14040E+03

NODAL VALUES, LOADING CASE 1

1 -19124E+03 2 -17679E+03 3 -16233E+03 4 -14792E+03
S «14251E+03 6 .14186E+03 7 - 14043E+0] 8 .14040E+03
9 -19124E+03] 10 .17679E+03 11 .16233E+03 12 .14783E+03
13 .14040E+03 14 .14040E+03

RESULTANT NODAL VALUES
«19124E+03
-17679E+03
.16233E+03
.14792E+03
-142S1E+03
-14186E+03
-14043E+03
-14040E+03
«19124E+03
10 «17679E+03
11 «16233E+03
12 .14783E+0]
13 «14040E+03
14 - 00000E+00

VoOdANneE LM
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