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ABSTRACT

Pore fluid salinities in the Gulf of Mexico area can reach levels of 250 grams of salt per
liter of pore fluid (g/1). It is now necessary to determine the effect that this salinity level can play
on the mechanical behaviors of marine sediments.

An extensive laboratory testing program involving Constant Rate of Strain (CRS) and K,
consolidated undrained shear in compression triaxial testing (CKoUC) was undertaken. Soil
specimens reached axial effective stresses of 10 MPa with a select few reaching 40 MPa in a
modified CRS device. All triaxial tests were performed in a low pressure triaxial apparatus. The
shear behavior of all soils was obtained in the normally consolidated region. Several reverse
leaching tests were performed in the CRS cell whereby high salinity pore water was flushed
through a low salinity soil while consolidation was halted.

The majority of testing was performed on resedimented specimens using several different
soils from around the world. These include Boston Blue Clay (BBC), London Clay, Gulf of
Mexico soil and sodium montmorillonite. Several derivatives of BBC were resedimented
including BBC which had some of its natural salt removed via leaching, and also BBC which
had its fabric completely dispersed using sodium hexametaphosphate. Pore fluid salinities
ranging from O (distilled water) to 256 g/l were used when resedimenting these soils. The
resedimented BBC test results were compared to intact BBC soil which was recovered from
below the MIT campus.

The results show that BBC and London Clay are relatively insensitive to increases in pore
fluid salinities up to 256 g/1. This sensitivity can be increased by leaching some of the natural salt
from the soil and then resedimenting to different pore fluid salinities. The strength characteristics
of BBC over this large salinity range also remain fairly constant with the only differences being
observed in leached BBC. It was also seen that the strain to failure for resedimented BBC is half
that which is required for intact soil with all other measured parameters being similar.

Interesting observations were seen in relation to how the fabric of BBC evolves with an
increase in stress level and a theory of how floc breakage occurs at a given stress level is
proposed. A potential crude method of quantifying the contribution of electro-chemical forces to
a soils strength is also suggested.

Thesis Supervisor: John T. Germaine
Title: Senior Research Associate and Senior Lecturer of Civil and Environmental Engineering
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1 INTRODUCTION

1.1 RESEARCH STATEMENT

Traditional Geotechnical Engineering pays very little attention to the effect of pore fluid
salinity on the behavior of a given soil. The only real acknowledgement that salt exists as part of
a soil matrix occurs when allowances are made for it in phase relation calculations. When
estimating the behavioral aspects of a soil mass consideration is usually not given to the salinity
of the soil in its present state, as opposed to when it was deposited. The exception to this occurs
when leaching of the soil has potentially occurred. Given that the pore fluid salinity may have

changed over time, it is wise to anticipate that the soil behavior will have changed also.

The Geotechnical Engineer frequently encounters marine deposited soils which were
formed in saline or brackish environments with pore fluid salinities in the order of 30 — 35 grams
of salt per liter of water (g/1). These soils exist today in coastal regions where the original sea bed
has undergone uplift and now provides a location for construction activities. The effects of how

the changes in soil salinity due to a reduction in pore fluid salinity have been well studied.

In the Gulf of Mexico, the reverse process to that previously described occurs whereby a
marine sediment deposited in a saltwater environment (~35 g/1), can undergo an increase in
salinity. Pore fluid salinities of up to 250 g/1 are possible around salt domes (structures) which
exist on the sea floor in the Gulf Region. These salt domes are often located in areas of interest
for hydrocarbon exploration. It is therefore now necessary to study the effects, if any, which this

increase in salinity will produce in a given soil.

1.2 OBJECTIVES OF THE RESEARCH

Boston Blue Clay was chosen as the main testing material for this research because it is
relatively plentiful. It is desirable to study the effects on such an abundant source before moving
onto more relevant materials which have far greater retrieval costs and processing requirements.
The majority of specimens tested were derived from resedimented materials in which the pore
fluid salinity has been varied. Other soils were tested in order to see if some trends apply as to

what effects these variations in pore fluid salinity bring about.
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An extensive laboratory testing program was established in the form of a suite of
Constant Rate of Strain (CRS) and K¢ consolidated, undrained shear in compression (CKoUC)
triaxial testing. These tests will help identify any changes in one dimensional and shear behavior

between soils at different pore fluid salinities.
1.3 ORGANIZATION OF THE THESIS

This thesis is organized into six chapters with the intention of conveying a complete and

thorough picture into the research performed, the results obtained and any observations noted.

Chapter 2 presents the background information on the research. Previous researchers
findings in relation to altering the salinity of a given soil are examined. This is done so in three
parts: i) research involving the leaching of salt from a soil; ii) research involving the addition of
salt to a soil (whereby the salinity is increased beyond depositional levels), and iii) research on
intact specimens of very high salinity soils. A background is also given into the normalized shear

behavior of RBBC, a method which has been utilized in this research.

Chapter 3 presents all of the different type of soils used in testing. A total of four
derivatives of BBC were used and these are described in detail. London Clay was resedimented
at MIT for the first time as part of this research and a description of how it was processed is
given. Gulf of Mexico soil from the Ursa Basin was resedimented as well as sodium
montmorillonite at different pore fluid salinities. Scanning Electron Microscope (SEM) images
taken on oven dried specimens are presented for various derivatives of BBC at different stress

levels and at different pore fluid salinities. Images are also shown for sodium montmorillonite.

Chapter 4 identifies the equipment, methods and procedures used throughout the
research. Thorough descriptions are given of the equipment as well as the ways in which this
equipment was used. This includes the Constant Rate of Strain (CRS) cell, the low pressure
triaxial apparatus and the control hardware and software and measurement instrumentation
associated with successful laboratory testing. Variations to traditional testing methodology are

also explained here.

Chapter 5 presents the results from all laboratory testing performed. A large bank of CRS

results are presented which include one dimensional compression data, hydraulic conductivity

40



data and coefficient of consolidation data. These results are appraised against each other and
their behaviors compared for similar materials. Conclusions are drawn in relation to some
observed anomalies in the behavior or RBBC, and all RBBC specimens are compared against in-
situ BBC soil which was also tested as part of the research. A synthesis analysis is provided for

all soils used.

The results from K, consolidated undrained shear tests are presented in detail for all types
of BBC tested. The specimens were generally consolidated to different stress levels and then
sheared in axial compression on normally consolidated soil. As with the CRS results, a synthesis

analysis of the triaxial data is given and conclusions drawn as to the observed behaviors.

Chapter 6 summarizes the results and conclusions from the research and presents

recommendations for future research.

Appendix A presents pore pressure ratio plots for all soils tested in the CRS device and
Appendix B gives example phase relation calculations to allow for the presence of such large salt

quantities in some of the soils tested.

41



42



2 BACKGROUND

2.1 INTRODUCTION

This chapter presents the background information on how altering the salinity of a soil
affects its behavior as both a soil mass and as an individual soil particle. Although much research
has been performed into the effect of removing natural salt from a soil fabric, only a handful of
researchers have performed tests on what happens when additional salt in introduced to a soil

matrix.

Section 2.2 describes how either introducing or removing salt from the pore fluid changes
the behavior of individual soil particles. Depending on the type of minerals present in a soil,
different levels of behavioral change will be observed. More often than not, natural soils contain
a mixture of minerals, it is therefore not readily obvious what impact the introduction or removal
of salt to a soil-water system will have. The known effect of how changes in pore fluid salinity
can affect a pure clay mineral may be different to how the same changes in pore fluid salinity

will affect a soil mass containing a fraction of that same mineral.

Section 2.3 identifies previous research which has been performed in this area. It breaks
previous research into three areas: research where leaching salt from the soil was performed,
research where adding salt to soil was performed and finally research which was performed on

in-tact soil samples containing very high pore fluid salinities.

Section 2.4 reviews fundamental soil behavior aspects during undrained shear
deformation that are related to this research. It also discusses the concept of normalized behavior

and its application to the results presented in this research.
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2.2 ELECTRO-CHEMICAL EFFECTS ON SOIL BEHAVIOR

2.2.1 INTRODUCTION

The way in which the pore fluid salinity affects the soil behavior will be described for a
homogeneous mass. The discrete particles that make up soil are not strongly bonded in the way
that crystals of metal are, and hence they are relatively free to move with respect to one another.
The deformation of a soil mass is controlled by interactions between individual particles,
especially by sliding between particles. Because sliding is a nonlinear and irreversible
deformation, the stress-strain behavior of the soil is strongly nonlinear and irreversible. This

process describes the mechanical contact between particles (Labme & Whitman, 1969).

There is also a chemical interaction between particles. The space between particles are
called pore spaces and they are usually filled with air and/or water. The nature of the pore fluid
will influence the magnitude of the shear resistance existing between two particles by
introducing chemical matter to the surface of contact. In the case of very tiny soil particles, the
pore fluid may intrude between the particles meaning there is no mechanical contact and that
physio-chemical forces dominate the behavior of the soil mass. The spacing of these particles
will increase or decrease as the transmitted compressive forces decreases or increases. Therefore
soil is an inherently multiphase system consisting of a mineral phase called the mineral skeleton
and a fluid phase called the pore fluid. The constituents of the pore phase will influence the
nature of the mineral surfaces and hence affect the process of force transmission at the particle
contacts. This interaction between the phases is called chemical interaction (Lambe & Whitman,

1969).

The way in which a soil behaves in a given environment is a function of what the soil is
made of. Differences in particle size and shape are mainly due to differences in the types and
arrangements of elements in the crystalline structure which in effect defines the mineralogy of a
soil. A clay particle is a colloid, which is a term used to describe a particle whose behavior is
controlled by surface derived forces rather than mass derived forces. The size range of colloids

has been more or less arbitrarily set as l mp to 1 p (10° = 10°® m), (Labme & Whitman, 1969).
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2.2.2 SPECIFIC SURFACE

The smaller the particle size, the larger its specific surface. The specific surface is the

ratio of the surface area of a material to either its mass or its volume. In terms of mass:-
Specific surface = surface area / mass 2.1

It is a common fact that larger particles, regardless of shape, have smaller surface areas per unit
of mass and therefore smaller specific surfaces than small particles. Specific surface is inversely
proportional to the grain size of a soil. A soil mass made up of many small particles will have, on
average, a larger specific surface than the same mass made up of larger particles. From the
concept of specific surface, a larger moisture content should be expected from a fine-grained soil
than a coarse grained soil and all other things such as void ratio and soil structure to be equal.
Figure 2.1 shows the average values of relative sizes, thicknesses and specific surface areas for
the most common clay minerals. It can be seen from this Figure that montmorillonite is the
smallest clay mineral that is encountered and it is also the most sensitive to water. Kaolinite on
the other hand, is one of the larger and less sensitive minerals to water encountered in clay (Holtz

& Kovacs, 1981).

For a typical sodium soil, a montmorillonite particle would carry 1.4x10* jons while the
kaolinite has 4x10° ions. If the individual clay particles are now dropped into water, both the
mineral surfaces and the exchangeable ions pick up water i.e. hydrate. Upon hydration, the
sodium ion grows about sevenfold. These hydrated ions are too large to fit into a monoionic
layer on a mineral particle even if they wanted to, and the exchangeable ions with their shells of
water move away from the mineral surface to positions of equilibrium. The ions are attracted to
the mineral surface to satisfy the negative charge existing on the surface but they also desire to
move away from each other because of their thermal energies. In actual fact, the position which
they occupy is a compromise between these two types of forces. Therefore when the particles are
dropped into water, the ions move away from the surface to form what is termed the double layer
(Lambe & Whitman, 1969). It is at this juncture it should be noted that development of the
double layer on a clay particle will be controlled by the salinity of the pore fluid. Because an
increase in ionic concentration is noted with an increase in salinity, double layer growth will be

hindered with an increase in pore fluid ionic concentration (salinity). The maximum distance to
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which the double layer of a given soil will develop beyond the soil particle will only be realized
in distilled water. In saltwater, the double layer of a given soil will extend away from the particle
until the concentration of sodium ions in the double layer is equal to that of the pore water. It is
therefore stated that at some salinity there will be no double layer growth as the ionic
concentration of the pore fluid will be able to satisfy the ionic demand of the particle at the
particle surface. The double layer thickness is therefore the distance from the surface of a soil
particle over which there is an electric potential. This is best demonstrated in Figure 2.2 where a
simple sedimentation test is performed on hydrated sodium montmorillonite. Each tube contains
the same quantity of soil (1 g), but the pore fluid salinity increases from 1 g/l on the left to 256
g/1 on the right. It can be seen that the ionic demand of the double layer for this soil is satisfied in
between salinities of 16 & 64 g/l as after 64 g/l there is no change in sedimentation height with
an increase in salinity. The Figure also shows proof that between the 1 & 16 g/l pore fluid
contents, when an increase in salinity is observed there is a corresponding decrease in double

layer growth — this is evident by the lower sedimentation height.
2.2.3 SoOIL FORMATION

If two fully hydrated clay particles which exist in water are brought closer together, they
will reach an interparticle spacing at which they begin to exert forces on each other. Because
each particle carries a net negative charge, they tend to repel each other. Since this negative
charge on clay particles is balanced by the cations in the double layer, the two particles begin to
repel each other when their double layers overlap one another. This represents the repulsive force
which exists between soil particles and it is directly related to the size of the double layer
(Lambe & Whitman, 1969). By changing the pore water chemistry of a soil-water system, double
layer development will be either hindered or encouraged. Generally, as the pore fluid salinity

increases, the size of the double layer decreases.

An attractive force also exists between two soil particles. This attractive force is the van
der Waals’ force, or secondary bonding force which acts between all adjacent pieces of matter
and it is essentially independent of the characteristics of the fluid between the particles. If the net
force between two clay particles is attractive then the two particles will move towards each other

and become attached — this is known as flocculation. If the net force between the two particles is
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repulsive then they will move away or disperse. When a suspension of clay particles flocculates,
three different modes of particle association may occur: face-to-face, edge-to-face and edge-to-
edge. Face-to-face association leads to thicker and possibly larger flakes whereas edge-to-face
and edge-to-edge associations will lead to three dimensional voluminous card house structures

(Van Olphen, 1977). The various modes of particle association are shown in Figure 2.3.

The structure of a soil once formed consists of interparticle forces and the fabric. The
interparticle forces describe how the shear and normal stresses are transmitted between soil
particles while the fabric of a soil is defined by the orientation and distribution of particles. The
clay mineral illite is distinguished from montmorillonite primarily by the absence of interlayer
swelling in the presence of water. Illite is also not as active as montmorillonite and therefore will
not be as susceptible to changes in pore fluid salinity as montmorillonite. Figure 2.4 shows a
graph of the forces which act on an illite particle in a low salinity environment. As the particles
move further away from each other, different repulsive and attractive forces act to cause either
flocculation or dispersion. It can also be seen from this Figure that illitic particles have very little
repulsive forces associated with them, even in a low salinity environment. This repulsive force is
present at a relatively short distance from the particle and can be easily overcome by the stronger
attractive forces. It is therefore very likely that marine deposits which contain illite as one of its

main minerals, will contain flocs as part of its structure.
2.3 LITERATURE REVIEW

2.3.1 INTRODUCTION

The research presented in this thesis involves both the addition and removal of salt from
soil. Although the effect of salt on soil behavior has been previously studied, the results from this

previous research will be described in three different Sections.

Firstly, the effect of leaching the salt from a soil fabric will be presented. This research
focuses on what happens to a soil in which the natural salts are removed thereby reducing the
electrolyte content of the soil. Extensive research has been performed in this area as it is a more
common issue which confronts Geotechnical Engineers. The issue arises in areas where a marine

soil has been uplifted and is undergoing the process described. The second Section will cover
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what happens when a soil undergoes the addition of a salt to the fabric after the soil has been
deposited. This is a less common scenario and exists in regions where the marine deposit has
undergone further or prolonged burial and now exist in regions where the salinity of the water is
higher than when the soil was deposited. The Gulf of Mexico is one such area and soils at the sea
floor in this location commonly encounter salinities much higher than those that existed when the
soil was originally deposited. Pore fluid salinities of 80 g/l are common but salinity can reach
levels of up to 250 g/1. The third and final section looks at in-situ soil which is naturally high in
salinity. Laboratory testing which was performed on recovered specimens will be examined and

information which is relevant to this research will be identified.
2.3.2 TRADITIONAL LEACHING OF SOIL

The effect of salt on a soil mass has been well studied and researched. This involves
removing (leaching) the existing salt from a marine soil to determine how the soil behavior
changes. One example is a marine clay which has been laid down in a marine environment with a
typical salinity of 35 g/1 or less. Marine deposits frequently undergo uplift so that they rise above
the level of the sea. The result of fresh groundwater percolating through the clay serves to
gradually remove this natural salt from the clay. This process occurs over many thousands of
years. The pore fluid at which a soil exists today can be much different from that at the time of
deposition. This process also happens when artesian pressure is present in the groundwater such
as is the case in areas of Boston. This reduction in the electrolyte content of the water around the
soil particles can reduce the net attraction between them — in other words, leaching of the salt
from the pore fluid can cause a reduction in shear strength (Lambe & Whitman, 1969).
Laboratory experiments such as those described in Lambe & Whitman (1969) had previously
been performed by Bjerrum & Rosenqvist (1956) on artificially sedimented clays. Their
experiments proved that if a soil is sedimented in salt water and the soil is then later subjected to
a hydraulic gradient resulting in the leaching of salt, the undrained shear strength will be reduced
and its sensitivity increased. They also found that if the same clay is deposited in a fresh water,
the shear strength is two to three times as high as the one sedimented in the salt water. The clay
used in this research was an Asrum clay in which the salt had been leached from the soil
naturally in-situ. The clay fraction of the soil was approximately 60 % illite with the remainder

composed of quartz and feldspar. The soil is of very low plasticity and with a liquid limit (wy) of
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28 % and a plastic limit (w;,) of 18.8 %. Some of the results from this research can be seen in
Figure 2.5. Their work shows that for an illitic clay, the addition of salt increases the undrained
shear strength whereby at a given stress, an increase in the shear strength is observed for an

increase in salt content.

Skempton & Northey (1952) also showed that a reduction in the salt concentration in the
pore fluid, caused by leaching clays of marine or estuarine origin, can result in high sensitivities

(or lower shear strength).
2.3.3 ADDING SALT TO SOILS

At MIT in 1961, William Bailey conducted research into the effects of salt on the shear
strength of Boston Blue Clay. He ran isotropically consolidated undrained triaxial tests on
resedimented Boston Blue Clay ranging in salt content from 3 — 35 g/l. As part of his research,
he also leached some Boston Blue Clay and strength tested this soil. In general, he found that soil
which contained more salt (35 g/l as opposed to 3 g/l) had a higher effective stress envelope at
maximum principle stress difference, and that leaching the salt from a normally consolidated salt
samples decreased the shear strength and the strain to failure and increased the excess Au at
maximum obliquity. He also found a 6.5° reduction in the effective stress envelope at maximum
principle stress difference for the leached soil. Again, for an illitic clay, the addition of salt has

been shown to increase the undrained shear strength.

Also in 1961 at MIT, Anwar Wissa performed research on the environmental changes on
the stress-strain properties of kaolinite. He ran a series of triaxial compression tests on
resedimented sodium kaolinite. In contrast to illitic soils, he showed that with an increase in
salinity, a corresponding reduction in undrained strength is observed. He links this change in
behavior with an increase in salinity to the fact that the positive and negative charge on the clay
particle will be reduced meaning that the degree of flocculation decreases as the pore fluid
salinity increases. In fact, Wissa found that kaolinite soils resedimented with distilled water as

the pore fluid were stronger than those resedimented with salt water as the pore fluid.

In 1985, A.S. Stipho conducted research on salt bearing soils from Saudi Arabia. He

conducted laboratory testing on sands and clays using various salt types, up to pore fluid
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concentrations of 200 g/l. Among his findings he found that the compressibility of a salt bearing
clay increased with an increase with salt content and also that with an increase in salt content, a
decrease in void ratio at a given stress was recorded. The salt used for the results quoted was
NaCl. The mineralogy of the soil being tested is not available, however, it has a low plasticity
index (wr = 29 % and w, = 22.5 %) indicating that the clay fraction consists mostly of silt and
large clay sized particles. The liquid limit was also found to drop with an increase in salt content
for all salt types but it is not described how the salt was accounted for in the phase relation
calculations. Another interesting finding of the research is that an increase in cohesion is noted

with an increase in salt contents.
2.3.4 RESULTS FROM IN-TACT MATERIAL

Laboratory tests were run on in-tact marine clay recovered at depths of up to 180 m
below the Caspian Sea in 1996 (Leon A. et. al, 2004). The salinity of the soil at the recovery
depths was around 250 g/l and the soil was described as high to extremely high plasticity clay.
They found the preconsolidation pressures of the soil they tested to be less than the calculated
overburden stress meaning that the soil is not normally consolidated, but is in fact
underconsolidated. Their results can be seen in Figure 2.6 and show clearly that the measured
preconsolidation pressure is much lower than the calculated overburden stress. Interestingly,
these low preconsolidation pressures were attributed to using fresh water as the surrounding fluid
in the oedometer cell. They believe that this in effect caused leaching of the salt from the soil
during the test. To prove this theory, several more oedometer tests were run on recovered
material with different cell fluid salinities and the results show that when the cell fluid salinity
closely matches the pore fluid salinity, a higher preconsolidation pressure is recorded than when

fresh water is used. The results of these tests are shown in Figure 2.7.

This is an important finding in relation to the research performed in this thesis as all one-
dimensional compression testing will be performed on soils with a large range of pore fluid
salinities. It is therefore essential to use cell fluid which matches the pore fluid salinity of the soil

being tested in order to ascertain the correct compression behavior.
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2.4 NORMALIZED BEHAVIOR OF BOSTON BLUE CLAY

The normalized soil parameter concept is based on the empirical observation that the
results of laboratory tests on clay samples having the same overconsolidation ratio, but different
consolidation stresses, and therefore different preconsolidation pressures, exhibit similar
properties (i.e. strength, stress-strain, pore pressure parameters, moduli etc.) when normalized
with respect to the consolidation stress (Ladd & Foott, 1974). This concept has a significant
practical value as it provides a useful framework for comparing and relating the behavioral
characteristics of different cohesive soils and has led to the development of the Stress History
and Normalized Soil Engineering Properties (SHANSEP) design method (Ladd & Foott, 1974).
Moreover, the normalized soil parameter is also the basis of other frameworks of soil behavior
such as Critical State Soil Mechanics (Schofield & Wroth, 1968) and the “simple” clay (Ladd,
1960) as well as analytical soil models such as the Modified Cam Clay (Roscoe & Burland,
1968) and MIT-E3 (Whittle & Kavvadas, 1994).

The SHANSEP method is applicable to uniform cohesive soils that have been
mechanically overconsolidated or are truly normally consolidated and maintain the same basic
structure during loading beyond the in-situ stresses and therefore exhibit behavior that can be
normalized by the preshear consolidation stress level. The method is not intended for use in
cemented, highly sensitive clays or in the drying crust of a soil deposit. The technique can be
used in either drained or undrained conditions but is more usually used to describe the undrained
shear in triaxial compression and extension, and in the direct simple shear tests. The premise of
this method is that the in-situ stress history can be simulated in the laboratory that will provide
accurate predictions of the in-situ soil behavior at different overconsolidation ratios. Therefore
while the actual stresses are different between the laboratory and the field, the SHANSEP
method is able to predict identical behavior for a given overconsolidation ratio. The new stress
history is achieved by one dimensional (K¢) consolidation well past the preconsoldaiton pressure
into the normally consolidated range to some new maximum state of stress — this is shown by
points A or B in Figure 2.8. For overconsolidation ratios greater than unity, the soil is
mechanically overconsolidated by Ko swelling (points C or D). It is assumed that regardless of
the physical mechanisms causing the in-situ overconsolidation, all overconsolidated soil will

behave in the same way.
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Figure 2.9 shows typical results of a SHANSEP test program for AGS plastic marine clay
with three modes of shearing (triaxial compression and extension and direct simple shear). The

results of this data can be represented by the equation:
2L = S(OCR)™ 2.2)

where S is the undrained strength ratio for the normally consolidated clay, and m is the slope of
the regression line. The difference in behavior for the three modes of shearing is a reflection of
the anisotropic nature of soil. Given that all the strength testing performed for this research was
done on normally consolidated clay, the OCR value from Equation 2.2 will remain as 1. Note
that the axial stress in triaxial space now corresponds to vertical stress in the SHANSEP design

procedure.
2.4.1 EFFECT OF STRESS LEVEL ON NORMALIZED STRENGTH

The underlying assumption of the SHANSEP method is that the normalized behavior is
dependent only on the overconsolidation ratio. Therefore, while the preshear stresses used in the
laboratory testing program may be different to the field stresses, the method predicts identical
behavior for a given OCR. The results of work performed by Abdulhadi (2009) indicate that the
normalized properties can have a stress level dependence, at least for resedimented Boston Blue
Clay. Figure 2.10 illustrates the effect of stress level on the SHANSEP parameters S and m for
resedimented BBC in triaxial compression. It is shown that the S parameter decreases
consistently with increasing consolidation stress while the m parameter varies only slightly. A
corresponding decrease in the friction angle is observed with an increase in the consolidation

stress and this is shown in Figure 2.11.
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Typical Typical Specific
Thickness Diameter Surface
Edge View [nm) (nm) (km? /kg)
T
Montmorillonite 3 100-1000 08
lite 30 10 000 0.08
Chlorite 30 10 000 0.08
Kau“nile 50-2000 300-4000 0.015

Figure 2.1 Average values of relative sizes, thicknesses and specific surface area of the most

common clay minerals (Yong & Warkentin, 1975)

Figure 2.2 Sodium montmorillonite at different pore fluid salinities. Saltwater content L-R: 1, 4,

16, 64, 128 & 256 g/l NaCl. (1 g of soil used in each tube)
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Figure 2.3 Modes of particle association in clay suspensions and terminology (a) dispersed and
deflocculated (b) aggregated but deflocculated (c) edge to face flocculated but dispersed (d) edge
to edge flocculated but dispersed (e) edge to face flocculated and aggregated (f) edge to edge
flocculated and aggregated (g) edge to face and edge to edge flocculated and aggregated (Van
Olphen, 1977)
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Figure 2.4 Graph of attractive forces acting on illite soil particles in a low salinity environment
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22 3w rERie T = 221
-_-—-l‘_-—:l;ﬂ:-s b.::L' N
NE
20 AL 2,0
\ \
N}
1‘8 ‘ 1 8 3 T
\& .\"‘ kY

16 LE 16 >
b A\ T \ N
) \ h 2 N[H
@ 14 14 .

\ N
T s - N| \\
=] g EY la
12 12 "‘\ :
b
1,0 1,0
—— 35 fresh
0.8 - —e— 37 frash 08 - --m--35 seawater
—8— 37 saturated — -4 — 35 saturated
—— 37 norm.cons.rem. —— 35 norm.cons.rem.
0.6  — - .vrunl . ——— 0.6 ¥
10 100 1000 10000 10 100 1000 10000
pressure [kPa] pressure [kPa]

Figure 2.7 Oedometer test results from Caspian Sea recovered from two different depths run at

different cell fluid salinities (van Paassen. et al., 2004)
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3 MATERIALS USED IN TESTING
PROGRAM

3.1 INTRODUCTION

During the course of this research, a number of different soils were tested. These included
Boston Blue Clay (BBC), London Clay, several variations of Gulf of Mexico Clay and pure
sodium montmorillonite. Several derivatives of BBC were used and these will be described later
in this Chapter. Perhaps the most important distinction to be made in terms of the soils used is
the fact that BBC has been altered in several different ways for this research, therefore each

derivative has been given a different title and as such, will be treated as a different soil.
3.2 BOSTON BLUE CLAY

3.2.1 RESEDIMENTED BOSTON BLUE CLAY

Boston Blue Clay (BBC) is an illitic glacio-marine clay of low plasticity (CL) and
medium sensitivity. BBC was deposited in the Boston basin about 12,000 to 14,000 years ago
following the Wisconsin glacial period (Kenney, 1964). Natural BBC is present throughout the
Boston area and varies in thickness from 20 — 40 m. While the depositional history and general
characteristics of BBC are similar throughout the Boston area, some variability can be expected
in soil from different locations, and thus in the resedimented BBC specimens derived from these
natural sources. The properties of the clay depends on several factors, for example, the particle

size distribution, the chemistry of the pore fluid and the mineralogy.

The material used in this research is from Series IV which was obtained in 1992 from the
base of an excavation for MIT’s Biology Building (Building #68). Approximately 2,500 kg of
soil was obtained at a depth of about 12 m. This soil had an OCR which varied between 1.3 &
4.3 (Berman, 1993). The processing of this soil is described in Cauble (1996).

Resedimentation of BBC at MIT has produced some 70 recorded batches of testing

material for a variety of projects. Table 3-1 summarizes the index properties reported for these
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batches used in research since 1961 (Series I, II and III). Table 3-2 summarizes research which
ha

was performed on RBBC at MIT since the 1960’s.
3.2.2 BATCHDATA

The properties of BBC vary over the Boston area even though the basic mineralogy of the
clay is thought to be the same. Therefore, each time new material is obtained for
resedimentation, it is necessary to perform several index and engineering tests to verify that the
soil is reasonably similar to all prior source material. Another purpose of this testing is to obtain
basic engineering properties which are needed to characterize any cohesive soil. Table 3-3 lists
the index data for Series IV RBBC used in this research. In general, the index testing performed
is in agreement with previous determinations. The specific gravity, clay fraction and salinity of
the soil are all in agreement with previous researchers, however, in all determinations of the

Atterberg limits for this research, they were found to be consistently higher than previous values.

Figure 3.1 and Figure 3.2 shows the grain size distribution for Series IV BBC powder
obtained from the hydrometer test after Abdulhadi (2009) and Force (1998) respectively. In both
datasets, the soil has a fine fraction greater than 98 % passing the US #200. Abdulhadi
determined the clay fraction to be approximately 56 % while Force found it to be around 58 %.

In general, both distribution curves are in good agreement.

The Atterberg limits were determined a total of 5 times for this researéh; 3 times on
natural RBBC and twice on leached RBBC. The liquid limit for all soils tested was determined
using the fall cone in accordance with BS 1377-3. The plastic limit for all soils was determined
in accordance with ASTM D4318. The Atterberg limits tests were conducted with distilled
water, 1 g/l and 256 g/l pore fluid in order to ascertain whether the salinity would affect the
plastic or liquid limit. It was found that, despite the vast change in pore fluid salinity, the limit
values were not noticeably altered once allowance was made for the salt content. When allowing
for the salt content, it was assumed that salt has a specific gravity of 2.3 and that the mass of
water evaporated after oven drying is proportional to the mass of salt which remains —for

instance, if 10 g of water evaporates after oven drying in a 256 g/l determination, it is assumed
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that 2.56 g of salt remains as a solid in the soil. This mass of salt would then be converted to a
volume which would then be added to the volume of water. An example of this calculation is
shown in Appendix B. A plot of the plasticity chart showing the results of these five
determinations can be seen in Figure 3.3. The limits recorded are slightly higher than those
observed by previous researchers. Figure 3.4 shows results obtained by Abdulhadi (2009) for
RBBC Series IV for comparison. '

Measurement of the specific gravity Gs for series IV RBBC yielded an average value of
2.78 which is the same value obtained by Zriek (1994) and very similar to that obtained by
Sinfield (1994). The specific gravity value for Boston Blue Clay which was used in this research
was 2.78.

The natural salt content of RBBC Series IV was measured as described in Chapter 4 and

was found to be 10.7 grams of salt (NaCl) per liter (g/1) of pore fluid.

The test for organic content by loss on ignition was performed in accordance with ASTM
D2974 and was found to be 1.37 % after constant mass was achieved. This is lower than the

value obtained by Cauble (1996).
3.2.3 CONSOLIDATION BEHAVIOR DURING RESEDIMENTATION

When resedimenting BBC Series IV, the end of primary consolidation varies with the
drainage length of the soil in question. Given that drainage is provided at the top and bottom of
the consolidometer, the maximum drainage length will be half the axial length of the soil column
in question. In general, the time to reach end of primary is longer for the first few increments
while the soil still resembles a slurry. As the stress level increases and therefore the water
content of the soil decreases, the time to reach end of primary also drops. The axial displacement
also reduces as the stress increases and these observations are true for RBBC at all salinities.
Figure 3.6 and Figure 3.7 show these changes for a 64 g/l RBBC soil. These figures show that
the time to reach end of primary varies from around 24 hours when the soil is still a slurry to just
over 3 hours for the final increment. The decrease in time is due to both a reduction in the

drainage height and the coefficient of consolidation c,.
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3.2.4 ENGINEERING BEHAVIOR OF RBBC

This section presents a brief summary of the most important engineering properties of
RBBC available from previous research studies. The purpose of this section is to provide a clear
picture into the behavior of RBBC derived from previous laboratory testing. Only in previous
years has the consolidation behavior up to 10,000 kPa been investigated by Abdulhadi (2009)
and Casey (2011). Before this, previous studies were confined to relatively low stresses up to
1,000 kPa due to mechanical limitations of the testing equipment. This section will therefore
focus on the results from these two researchers for one-dimensional compression behavior, and

from other sources for lower stress triaxial testing.
3.2.4.1 ONE DIMENSIONAL CONSOLIDATION BEHAVIOR

Figure 3.8 from Abdulhadi (2009) shows compression curves for RBBC Series IV for
6’5 up to 10,000 kPa in conventional e-logo’,c space. These curves also demonstrate the
excellent repeatability which is available with RBBC when meticulous testing methods are
employed. The curves in this figure were obtained from the K, consolidation phase of triaxial
testing. The Ky algorithm used for the conmsolidation stage of triaxial testing at the MIT
Geotechnical Engineering Laboratory works by continually adjusting the cell pressure in order to
ensure zero radial strain as the specimen is being strained axially at a constant rate. The
compression curves are characterized by a well-defined yield close to the batch preconsolidation
pressure where the soil changes from overconsolidated to normally consolidated. In the
unloading portion, the slope of the curve is much steeper and becomes even steeper with

increasing OCR (reduction in axial effective stress).

The virgin consolidation line for RBBC is approximately linear with a somewhat constant
slope in the range of stress 200 — 10,000 kPa. At higher stresses the curve displays more of an S-
shape. The value of CR at low pressures is consistent with prior studies on RBBC, e.g. Ahmed
(1990), Sheahan (1991), Seah (1990) and Santagata (1994). The value of CR reported by
Abdulhadi at higher stresses is lower than any value previously quoted. The swelling ratio which
is defined as the average slope of the swelling line in g,-logo’, space, is approximately an order
of magnitude smaller than the CR value. As OCR increases from 1 to 4, the SR increases from

0.012 t0 0.015.
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Figure 3.9 and Figure 3.10 show the variation in coefficient of consolidation reported by
two separate researchers. Although Force (1998) did not go to the same high stress levels as
Abdulhadi (2009), at low axial effective stresses the data compare well. The results in Figure 3.9
and Figure 3.10 were interpreted using the standard linear theory after Wissa et al., (1971). The
value of ¢, was computed from ¢, = k,/my,, where k, and m, are directly measured from test
data. In general, ¢, decreases with an increase in axial effective stress in the recompression or
overconsolidated range and then drops abruptly at 6’p. In the normally consolidated region, ¢,
tends to increase with an increase in axial consolidation stress. Both datasets show ¢, increasing
from a minimum of about ¢, = 20x10™ cm2/sec at 6°,. = 200 kPa (2 ksc) to ¢, = 40x10™* cm*/sec

at 6’5 = 900 kPa (9 ksc).

Figure 3.11 and Figure 3.12 show the variation in axial hydraulic conductivity with void
ratio. The axial hydraulic conductivity decreases with a decrease in void ratio which represents
an increase in axial effective stress. Both researchers used Series IV RBBC and the testing was
performed more than a decade apart. The hydraulic conductivity curves presented by Force are
linear whereas the curves shown by Abdulhadi display a distinct change slope at a void ratio of
about 0.80. The reason these kinks are not present in Forces data is because she did not achieve
high enough stresses to realize such void ratios. There is, however, good agreement between the
data in the overlay range. The axial hydraulic conductivity reduces from approximately k, =

2x107 cm/sec at 6’ac = 200 kPa (2 ksc) to approximately 3x107 cm/sec at 6’5 = 1,000 kPa.

The values of the coefficient of earth pressure at rest (Ko) can be obtained from feedback-
controlled 1-D consolidation in the triaxial shear cell. Figure 3.13 and Figure 3.14 both show the
typical trend of K, with axial effective stress during consolidation from two previous researchers.
These results show that the K value decreases during re-loading to the preconsolidation pressure
o’p and then increases slightly. Once the soil is consolidated well into the virgin compression
region, Ko = Ko, remains fairly stable but there is a definite trend whereby the value increases

with an increase in stress level.
3.2.4.2 UNDRAINED SHEAR BEHAVIOR IN TRIAXIAL COMPRESSION

The undrained shear behavior of RBBC has been well studied by researchers at MIT
(refer to Table 3-2 Overview of previous studies performed using RBBC). The following
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Sections provide a brief overview into the general undrained shear behavior of the material in
one dimensional consolidated-undrained triaxial compression (CKoUC). The results are
presented in normalized form as this provides a very convenient format for presenting and
evaluating clay behavioral characteristics. The background into normalizing data has been
covered in Chapter 2. The following Figures will demonstrate the behavior of NC RBBC during
a CKoUC test and all plots are normalized. The results from these Figures have been verified by
many researchers such as Santagata (1998), Abdulhadi (2009) and Casey (2011).

Figure 3.15 shows the normalized shear stress-strain behavior for both normally
consolidated and overconsolidated RBBC (Series III) after Santagata (1994). It can be seen that
for a normally consolidated soil, there is a distinct peak corresponding to soil failure at very
small strains. A axial strain rate of 0.50 %/hr is used to produce the results in Figure 3.15 which

is the same rate that was used in this research.

The corresponding normalized effective stress paths using MIT stress space are shown in
Figure 3.16. The Figure shows the change in pore pressure development during a test. There is
little pore pressure generation up to a yield point, followed by much greater development
thereafter. Peak shear conditions coincide with a yield condition but the peak point moves further

down the stress path as the consolidation stress increases.

The excess pore pressure and shear induced pore pressures which are generated during a
test are shown in Figure 3.17 and Figure 3.18. The plots show that for a normally consolidated
soil, both the excess pore pressures and shear induced pore pressures continually rise from a zero
value with an increase in axial strain. This indicates fully contractive behavior for an OCR = 1

soil.

Figure 3.19 shows curves of the undrained secant Young’s modulus versus axial strain
for RBBC at various OCR values. As the measurements were performed using external LVDT’s,
the estimates are considered reliable only above 0.01 % axial strain. This figure shows that the
soil exhibits strong non-linearity from the very beginning of shear and that the decrease in
stiffness is particularl’y marked once the soil reaches failure due to the large amount of post peak

strain softening.
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Because the purpose of this research is aimed at investigating the effect of pore fluid
salinity on the mechanical behavior of soil, a simple sedimentation test was performed on all
soils in the testing program whereby a specific quantity of soil was placed in a test tube with pore
fluids of different salinities. This was done to see how the soil would behave in different pore
fluid environments and to give an indication as to where the greatest effects lay in terms of
behavioral changes. Several methods of agitating the soil in the tubes were attempted but the best
results in terms of reaction to variations in salinity were produced when the tubes were mixed in
an ultrasonic bath. This method was employed for all subsequent sedimentation tests. The results
from once such test for natural BBC Series IV can be seen in Figure 3.20. The test shows that for
a wide range of pore fluid salinities, natural BBC Series IV displays little if any visible change in
behavior. The same amount of soil has been used in each tube (5 g) and the soil sediments to
almost the same height for all salinities. This simple test was also performed on leached BBC
and can be seen in Figure 3.21. In this test, an additional tube containing 0 g/1 (distilled water)
was used. Again, 5 g of soil was used in all tubes but this time the sedimentation height is
roughly twice that which was observed for the natural BBC Series IV soil. With an increase in
pore fluid salinity, a very slight increase in sedimentation height is observed indicating a larger
void ratio with an increasing salt content. An interesting observation is that a portion of the fine
fraction in the distilled water tube has not settled out and continues to remain in suspension
occupying all the free water space in the tube. The coarse element of the leached BBC can be
seen at the bottom of the 0 g/ tube. It is believed that this fine faction which has not settled, was
produced when the soil was leached, which in turn deflocculated the soil. With the addition of

just 1 g of salt (per liter) to the pore fluid, the effect is no longer visible.
3.2.5 TERMINOLOGY OF BBC SERIES IV DERIVATIVES USED

Several derivatives of RBBC were used for testing purposes. The RBBC Series IV was
altered in numerous ways in order to derive changes in behavior. These alterations involved
removing the natural salt from RBBC Series IV powder in an attempt to deflocculate the natural
fabric, and also adding a dispersing chemical called sodium hexametaphosphate to a quantity of
RBBC Series IV. These alteration processes are described in Chapter 4. Because of this work, it

is necessary to establish terminology relating to each soil for clarity.
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The BBC powder contained in BBC Series IV will be called natural RBBC Series IV. It
still contains all the same elements as a powder, as it would if it were buried in the ground. The

only processing of this soil has been to air dry and grind it to a powder passing a US#100 sieve.

It was thought advantageous to remove as much of the natural salt from a quantity of
BBC Series IV powder to determine if the mechanical behavior would be altered. This was
performed by washing about 3.5 kg (dry mass) of soil with distilled water in a centrifuge. Each
run of the centrifuge could process 120 g of soil. It was therefore a laborious and time consuming
activity. After the soil was washed once, it was air dried and ground to a powder in order to pass
a US#100 sieve and then processed through the centrifuge a second time. After the second run,
the soil was once again air dried and ground to pass a US#100 sieve. The resulting powder was

then used for resedimentation. This soil will be termed leached RBBC.

Following on from the idea that leaching BBC Series IV powder would disperse the
fabric and structure of the soil, it was decided to completely obliterate any residual flocs for 300g
of BBC Series IV powder using sodium hexametaphosphate. This chemical is used in
Geotechnical laboratory testing as a dispersing agent when performing the particle size
distribution test by sedimentation. It is an established fact that the chemical completely disperses
all existing soil fabric and structure thereby reducing a soil to its rudimentary individual
elements. Because this chemical is detrimental to the behavior of all soils, it is to be used with
extreme caution in a Geotechnical laboratory. Particular care must be taken when testing a soil
which contains the chemical in its pore fluid, such was the case with this soil because of the
process used to create it. Because the name of the chemical is so long, the soil will be referred to

as sodium hex RBBC (sodium hexametaphosphate BBC).
3.2.6 KILLIAN COURT IN-SITU BBC

In June of 2010, samples of in-situ BBC were recovered from the MIT campus under the
Killian Court area. Figure 3.22 and Figure 3.23 identify this location relative to the MIT main
building. The samples were recovered in 7.2 cm (internal diameter) brass Shelby tubes. These
tubes were subsequently x-rayed by Dr. John Germaine at MIT prior to testing in order to
determine if any impurities were present and also to ensure uniform soil specimens are obtained

once the tubes are cut. A total of two tubes were used for this research and were identified as
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B10-T2PA S3 (51 - 53 ft deep) and B10-T2PA S2 (48 — 50 ft deep). A log of the borehole which
these samples were obtained from can be seen in Figure 3.24. This material will be referred to as

in-situ Killian Court BBC.
3.2.7 SCANNING ELECTRON MICROSCOPE IMAGES

Scanning Electron Microscope (SEM) images were taken of natural RBBC Series IV at
different salinities and at different stress levels. The images presented are done with thanks to the
Bureau of Economic Geology at the University of Texas at Austin. All images were taken on

oven dried specimens in the vertical plane — for clarity, this orientation is shown in Figure 3.25.

Figure 3.26 presents two images of natural RBBC Series IV at 4 g/l and at a maximum
confining stress of 100 kPa. The stress represents the soil after resedimentation in a
consolidometer which has been unloaded to an OCR of 4. Figure 3.27 shows natural RBBC
Series IV at the same stress level which was resedimented with 256 g/l pore fluid. At first glance,
it is not apparent what differences, if any exist between the structure or fabric of both specimens.
For this reason, a side by side analysis is conducted in Figure 3.28. In this figure, the 4 g/
images are placed on the extreme left and extreme right of the page and are overlain by a 256 g/
image. The images are demarked by a black border on the 256 g/l image. It can be seen from
these images that both fabrics are very similar despite the large difference in pore fluid salinity.
It is hypothesized that the fabric which is being observed at both salinities is not a function of
their resedimentation pore fluid salinity, but rather as a function of the remaining flocs in the soil
after processing. The fabric of both salinities is therefore said to be the same. This hypothesis

will be further developed in Chapter 5.

Figure 3.29 shows two images of leached RBBC at a pore fluid salinity of 1 g/l and at a
stress of 100 kPa. Figure 3.30 shows two images of the same salinity soil but this time at a stress
of 1,000 kPa. Despite the order of magnitude change in stress level, very little difference can be
seen in the fabric of the soil. Given that both sets of images are at different stress levels, the keen
reader would expect a denser packing of particles (given the associated reduction in void ratio),
as well as more particle orientation. Upon visual examination of both sets of images, this is not
the case. Figure 3.31 shows a side-by-side analysis of both sets of images. 1 g/l images at 100

kPa are placed on the extreme left and right and both are overlain by another image; 1 g/l at a
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stress level of 1,000 kPa. Without demarcation by the central image border, distinction between
all three photos would be very difficult. It is further hypothesized that despite the difference in
stress of one order of magnitude between both image sets, very little if any rearrangement of
particles has occurred. It is proposed that the flocs which are visible in both image sets are
accepting stress and deforming very little — similar to a steel truss and like a steel truss, failure
will occur at some load whereby particles will start rearranging. This stress level for failure to

occur at has been identified in Chapter 5.

Images of BBC which has been dispersed with sodium hexametaphosphate and
subsequently resedimented are shown at different stress levels in Figure 3.32 & Figure 3.33.
Both of these Figures contain images at two different magnifications so a comparison is drawn
between both stress levels in Figure 3.34 & Figure 3.35 at the same magnification. It is apparent
that there is now more of a reduction in void space between different stress levels, however,
images displaying such difference in stress level (100 vs. 10,000 kPa) have not been compared
up to now. Further analysis is performed on images of sodium hex BBC and natural RBBC series
IV in Figure 3.36. It is now evident that dispersion of the fabric has occurred as intended and that

a much denser (lower void ratio) soil is produced at the same stress level in the sodium hex BBC.
3.3 LonNDON CLAY

3.3.1 INTRODUCTION

During this research, access was obtained to a batch of London Clay via a Civil
Engineering contractor whom the author previously worked with. Ward & Burke Construction
Ltd. were constructing a 1.20 m internal diameter open face tunnel in the Hendon area of
London, England during the summer of 2011. Approximately 300 kg of the material they
excavated during this work was shipped to the MIT Geotechnical laboratory for research
purposes. Because of the methods used to excavate this soil, it is not possible to test intact
samples and therefore the soil received at MIT was processed and used for resedimentation. This
is the first instance of London Clay being resedimented and tested at MIT. London Clay in a
similar fashion to Boston Blue Clay is a heavily researched soil insofar as both soil deposits are
home to leading Geotechnical research institutions. For this reason a large bank of data exists on

the properties of the soil. London Clay is, however, notorious for its variability from location to
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location. Although it is often treated as a uniform material, significant variations in strength,
stiffness and consolidation behavior within the London Clay formation are directly linked to a
variable depositional history (Pantelidou & Simpson, 2007). It is fortunate that an extensive and
relatively thorough site investigation program was undertaken for the project from which the soil
was received. Laboratory testing of intact samples was also performed. The results from this
report will be referenced as well as the already existing database of information on London Clay.
Figure 3.37, Figure 3.38 and Figure 3.39 identify the location of the project site. The site is
located off Rosemead and Cool Oak Lane, West Hendon, NW9 7QS. Figure 3.39 give GPS

coordinates which will pinpoint the site exactly.
3.3.2 LONDON CLAY CHARACTERISTICS

London Clay is a stiff heavily overconsolidated marine clay, deposited across the London
and Hampshire Basins of South-East England. It was deposited in the Eocene period around 30
million years ago. The soil is the principal geological formation in the London district and is of
considerable engineering importance to the area. London Clay provides the stratum on which
many large buildings and bridges are founded, and through which a great deal of the local
underground railways are driven. The commonly referenced point for this sedimentary deposit is
its base, the material was deposited from the base upwards, with erosion, re-deposition and other
events continually changing the top of the formation. In some localities the full thickness of the
bed is present and is found to be between 100 and 145 m thick. Under London itself, the
formation has undergone considerable erosion and is now only between 28 & 43 m thick. It
belongs to a type known as “stiff fissured” clay and is slightly laminated. Normally it has a dark
bluish-grey color but in the surface layers, oxidation of ferrous to ferric salts changes its color
from blue to brown. In some regions, this zone of oxidation has been proved to a depth of 13 m
(Cooling & Skempton, 1942). The London Clay retrieved from Hendon was of the oxidized type

and a photo showing the clay as extracted from the ground can be seen in F igure 3.40.

According to King (1981), five sedimentary cycles have been recognized within the
London Clay formation representing an initial marine transgression followed by a gradual
reduction in sea level. At the boundaries between subdivisions, there are abrupt changes in the

coarse-grained content and mineralogy. A typical cycle starts with a bed containing scattered
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glauconitic grains and, in some cases, rounded flint pebbles. This is followed by a sequence of
clays which become progressively more silty and sandy upwards (Pantelidou & Simpson, 2007).
A stratigraphic diagram of what has been described is shown in Figure 3.41. The soil from the
Hendon project was excavated at a depth below ground surface of approximately 6 m. Although
the boreholes from this particular development did not reach bedrock, in a borehole obtained
from the British Geological Survey website which was drilled close by, chalk was encountered at
a depth of 63.1 m below ground surface. Assuming the ground level for this borehole is at a
similar level to the ground level at the tunnel location, this places the soil received to MIT in

Division C from Figure 3.41.

While handling the London Clay in the laboratory, pockets of “clear” sand, pockets of
white sandy areas as well as blue veins were visible to the naked eye. Upon further investigation,
it was determined that these inclusions were quartz' while the blue veiny areas were believed to
be flow channels for ground water through the soil. Figure 3.42, Figure 3.43, Figure 3.44 and
Figure 3.45 show the pictures of the London Clay in its natural state as received to the MIT
Geotechnical Laboratory. The mineralogy of the in-tact soil is shown in Figure 3.46. These data
are not available for the project location at Hendon. The figure shows that London Clay is
composed mostly of quartz and has a large clay fraction. The specific surface area of the London
Clay closest to the Hendon location is roughly 175 m%/g of soil. The particle size distribution
shown in Figure 3.47 is from site investigation (SI) information from the project and shows that
4 % of the soil is above sand size, with the largest particle recorded being 3.35 mm. The
coefficient of curvature and coefficient of uniformity are not available because the Dio and D3
particle sizes are not available. The site investigation curve shows that the soil has a 56 % clay
fraction and this agrees well with a particle size distribution by sedimentation performed at MIT
by Brendan Casey which is shown in figure Figure 3.48. Particle size analysis performed at MIT
does not show the sand fraction which was identified in the SI information because the soil used

at MIT had been ground prior to testing.

The Atterberg limits for London Clay were determined several times for the site
investigation and are shown in Figure 3.49. A plot of the Atterberg limits determined at the MIT
Geotechnical laboratory is shown in Figure 3.50. The liquid limit (wl) was found to be 73.8 %
while the plastic limit (w,) is 30.5 %. This gives a plasticity index of 43.3 %. The soil is classed
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as a clay of high plasticity (CH) using the Unified Soil Classification System (USCS). The soil
plots just above the A line as can be seen in Figure 3.49. As the soil was shipped to MIT in
sealed durable plastic bags, a water content determination was performed. The natural water
content was found to be 31.6 % and although it is acknowledged that this water content may
differ from the natural water content in the, it is in fact slightly higher than water content
determinations shown in Figure 3.52 performed on freshly excavated soil. Upon further
examination of the Atterberg limit data from several locations in London which are shown in
Figure 3.51, it can be seen that the soil received to the MIT Geotechnical laboratory is very
representative of the mechanical behavior exhibited by London Clay. The water content is just
above the plastic limit for the soil and gives a liquidity index (11) of 0.03. The activity of the soil
(A) is defined by Skempton (1953) as the plasticity index divided by the clay fraction (less than
2 um). The activity for London Clay is therefore A = 0.77. Clays with an activity of 0.75 < A <
1.25 are classified as normal. A < (.75 are inactive clays and A > 1.25 are active clays. It is
believed that the activity of a soil is only at best, a crude estimate of likeliness of a soil to prove
troublesome. It is more advantageous to determine the mineralogy of the clay fraction to
determine how a soil is likely to behave. Although a detailed mineralogy of the London Clay
from Hendon is not available, Figure 3.53 presents the mineralogy of London Clay from multiple
locations throughout the London Basin. In general, the dominant mineral is smectite followed by

an almost equal portion of illite and kaolinite with chlorite making up the smallest fraction.

The specific gravity, Gs, of the soil was found to have an average value of 2.80 from
three determinations performed at MIT. This value was used in all phase relation calculations for
London Clay. This value is higher than those obtained in the literature from previous studies on

London Clay such as Cooling & Skempton (1942), and Ward (1959).

The method in which the natural salt content of the soil is measured will be described in
Chapter 4 and was found to be 12 grams of salt (NaCl) per liter (g/) of pore fluid at a water

content of 31 %.

The test for organic content by combustion was performed in accordance with ASTM
D2974 and was found to be 4.12 %. This is much lower than the loss on ignition tests performed

for the SI document. For the SI, the loss on ignition was found to be 7.9 — 9.2 %, however, after

71



examining the appropriate British Standard (BS1377-3) which the SI tests were performed in
accordance with, it was found that the soil is to be initially dried at a temperature of 50°C as
opposed to 105°C for the ASTM standard. For a highly plastic soil such as London Clay, there
may still be moisture present in the fabric of the soil after oven drying to this temperature. It is

believed that remaining moisture has produced the higher numbers quoted in the SI document.

The effect of varying the pore fluid salinity for London Clay can be seen in Figure 3.54.
In this determination, the 128 g/l tube has been replaced with a 0 g/l (distilled water) tube. This
distilled water was used in an attempt to see the full potential of any double layer growth in the
natural soil. Unlike what was observed for the natural BBC Series IV, there is now a clear
difference in sedimentation heights dependent on the pore fluid salinity present. The 16 g/l tube
produces the largest sedimentation height of all salinities which is counter intuitive. One would
expect to see a higher sedimentation height as the salinity decreases. This is not so in the case of
the London Clay under scrutiny. The test was repeated several times changing out the soil and
pore fluid each time in order to eliminate the possibility of experimental error, and the same
results were obtained each time. It is believed that this is the actual response of the soil to
changes in salinity. If we examine the tubes on either side of the 16 g/l tube, it can be seen there
is a trend whereby as you move away from this salinity in either direction, a drop in
sedimentation height is observed. This is attributed to floc interaction. The distilled water tube
does not harbor full double layer development for this soil which indicates that with an
increasing ionic supply (up to a certain level), double layer development is promoted. It is
believed that processing some leached London Clay would indicate if this trend can be altered,

thereby indicating that flocs are indeed responsible for the observed behavior.

Previous published work on London Clay in the Hendon area include Marsland (1974),

Marsland (1977), Skempton (1959) and Tchalenko (1968).
3.3.2.1 CONSOLIDATION BEHAVIOR DURING RESEDIMENTATION

In a similar fashion to RBBC, the time to reach end of primary takes longer for the first
few increments while the soil still resembles a slurry. As the stress level increases and therefore
the water content of the soil decreases, the time to reach end of primary drops. In contrast to

RBBC, the axial displacement increases with increasing stress level as can be seen from Figure
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3.55 and Figure 3.56. These figures show that the time to reach end of primary varies from
around 38 hours when the soil is still a slurry to just over 23 hours for the final increment. It is
worth reiterating that these figures depend on the drainage length. The increase in deformation
with increase in stress level would suggest that there is not yet full particle to particle contact at
the given stress and that a strong double layer or some other chemical effect is partially
supporting the applied load. The fact that this is accompanied by a reduction in time to EOP also
suggests that less pore water is available to initially support the applied load. A theory can be
extracted from these data that even though particle to particle contact is not present, the double
layer of the soil is occupying an increasing volume of the void area thereby reducing the pore
fluid available to support load. It can therefore be assumed that the bound water in the double
layer is not contributing to the flow of water in the pore space. This assumption is in line with

what is stated in Robinson & Allam (1998).
3.3.3 ENGINEERING BEHAVIOR OF RESEDIMENTED LONDON CLAY

This section provides a brief summary of previous work on both intact and resedimented
London Clay. Because the research in this thesis examines the one dimensional behavior of
resedimented London Clay, reference to previous work will only include oedometer test results.
No instances of London Clay being tested via the CRS device were found during the literature

review.
3.3.3.1 ONE DIMENSIONAL CONSOLIDATION BEHAVIOR

The one dimensional consolidation behavior of London Clay has been studied by various
researchers in the past (Ward, 1959; Cooling & Skempton, 1942; Gasparre, 2005). All previous
one dimensional testing has been performed in an oedometer (with the exception of one
dimensional consolidation performed during triaxial testing). It is a typical trait of stiff intact
specimens tested in the oedometer that the preconsolidation pressure is hard to define. This is
because the slope of the reload and VCL are more similar than what is observed in other soils.
This leads to a more gradual change from overconsolidated to normally consolidated behavior.
This transition can span a large axial stress range despite extreme care being taken in sample
recovery. Such examples of this are shown in Figure 3.57, Figure 3.58 and Figure 3.59. Two of

these Figures are from the SI document from the Hendon development and show that the
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preconsolidation pressures for both tests will fall in the 200 — 500 kPa range. Both specimens
were recovered less than 10 m below ground level and are taken from an area which has
undergone extensive weathering and erosion. The soil tested in Figure 3.59 is from the Heathrow
Airport location where it is known that a greater thickness of the natural London Clay formation
still exists. This means the soil recovered will invariably have a larger preconsolidation pressure
given that it would have been closer to the applied load during glaciation of the area. This is
reflected in the preconsolidation pressure seen for the test — approximately 3,000 kPa. The void
ratios at a given stress are relatively small which is understandable given the millions of years of

secondary compression which the soil has undergone.

Figure 3.60 shows compression data from a resedimented London Clay specimen for
research performed at Imperial College in London. For tests performed on resedimented
material, there is a relatively large scatter in void ratio at a given stress level and there is no
apparent batch preconsolidation pressure. The results from Figure 3.60 give larger void ratios at
a given stress than in-tact material. Reasons for these variations are not immediately apparent,
however, the cause could be attributed to different soil mineralogy, different resedimentation

techniques or different testing procedures.
3.4 GULF OF MEXICO SOIL

3.4.1 GULF OF MEXICO — URSA

Resedimented Gulf of Mexico - Ursa (RGOM — Ursa) soil was recovered during the
Integrated Ocean Drilling Program (IODP) Expedition Leg 308. This expedition involved
drilling three cores in the Ursa Basin. The Ursa Basin is located approximately 100 miles south-
east of New Orleans. It is located on a continental slope. A location map of the Ursa Basin is
shown in Figure 3.62 while Figure 3.64 shows a more detailed map of the area where the borings
were performed. The soil used for this research was obtained from core U1322 which is
identified in the Figure. The main reasoning behind the exploration were to analyze slope
stability in the region which could trigger tsunamis and also to explore energy resources in the

arca.
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Atterberg limits were performed in the MIT Geotechnical Laboratory by Brendan Casey.
The liquid limit (w;) was found to be 51.7 % and the plastic limit (wp) 23.7 % - the
corresponding plasticity index is therefore 28 %. The location where GOM-Ursa soil plots on the
plasticity chart is shown in Figure 3.64. The soil is classified as a clay of high plasticity (CH).
Figure 3.65 shows a particle size distribution curve for GOM-Ursa soil performed in the MIT
Geotechnical laboratory. It can be seen that the soil has a clay content of approximately 43 %.
The activity of GOM-Ursa is 0.65 rating it as an inactive clay. Compression data for RGOM-
Ursa were presented by Mazzei, (2007) but are not referenced here because it is believed they
produced abnormally high void ratios at a given stress value. A specific gravity (G;) value of

2.667 was used in the phase relation calculations for GOM-Ursa soil.
3.5 SODPIUM MONTMORILLONITE

Montmorillonite is an ideal medium for the theoretical investigation of how clay minerals
react to a change in salinity of the pore fluid. This fact can be seen in Figure 3.66. This Figure
demonstrates the effect of the pore fluid salinity on double layer growth. At low salinities such as
1 g/l, the ionic concentration in the pore fluid is low and therefore a large double layer develops
around the clay particle; there is very little if any particle to particle contact in the low salinity
tubes. With an increase in salt content, a corresponding reduction in sedimentation height is seen.
This demonstrates that double layer growth is reducing as the salinity increases. In high salinity
water, double layer growth is inhibited and the soil sediments to a much lower height given that
there is more particle to particle contact. At a salinity of 64 g/1, the double layer effect has been
eradicated and all salinities higher than this produce the same sedimentation heights regardless of
salt concentration. For this research, montmorillonite was resedimented to two pore fluid
salinities. These were 1 & 256 g/l. It is now acknowledged that the same results would most
likely have been obtained from a 64 g/l batch as a 256 g/l batch. Large differences in water
content were required for resedimentation at the two extremes. 1 g/l sodium montmorillonite
required a water content of 1,050 % while the 256 g/ soil required 100 % water content. This
represents more than an order of magnitude difference in required pore fluid based on how much

the double layer is allowed to develop.
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3.5.1 ENGINEERING BEHAVIOR OF SODIUM MONTMORILLONITE

This section gives a brief description of the established engineering characteristics of
sodium montmorillonite. Several authors have previously studied the one dimensional behavior
of several types of montmorillonite and other pure clay minerals, however, only results relevant
to sodium montmorillonite tests will be shown here. The Atterberg limits were determined for
this soil. Both the Casagrande Cup (ASTM D2487) and Fall Cone (BS 1377 - 3) method were
used to determine the liquid limit. They gave a liquid limit of 634 % and 505 % respectively.
This is consistent with the trend that a higher liquid limit is observed with the Casagrande Cup
for soils of higher plasticity. Both methods typically agree well for soils with liquid limit values
between 10 and 100 % (Germaine & Germaine, 2009). The plastic limit was found to be 76 %.

3.5.1.1 ONE DIMENSIONAL CONSOLIDATION BEHAVIOR

Figure 3.67 shows one dimensional compression data obtained from previous tests by
Mesri & Olsen (1971,). They show that for tests with very low electrolyte concentration (low
salinity), the void ratios can be very large — up to 34 or 35. With an increase in electrolyte
concentration, a corresponding decrease in void ratio at a given stress is seen. As expected, for
an increase in axial consolidation stress, a decrease in void ratio is recorded. The compression
curves for all electrolyte concentrations reach a common void ratio at a stress level of around
2,800 kPa (60,000 1b/ft?). The void ratio quoted at this stress is approximately 1.0. The curves
display a definite yield point corresponding to a preconsolidation pressure which indicates that
the soil remembers its stress history upon unloading. There is a change of slope in the normally
consolidated range with an increase in stress, and this change is more pronounced for the lower
electrolyte soils. Upon unloading of the soil, the higher electrolyte soils exhibit less of a recovery

in void space than the lower electrolyte tests.

Previous authors who have studied the compression behavior of clay minerals and the
effect of clay mineralogy on compression characteristics have noted that for clays such as
montmorillonite, a decrease in ¢, is recorded with an increase in stress level. This is contrary to
kaolinite and illite whose ¢, values rise with an increase in stress level. Since this research
involved testing montmorillonite at two very different salinities, it is worth noting that the

compressibility of clays is influenced by mechanical and physicochemical effects depending on
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the type of pore fluid. The term mechanical is used to denote short range particle interactions
controlled by the physical properties of the mineral particles namely their strength, flexibility and
surface friction. The term physic-chemical signifies comparatively long-range interactions
between particles, especially through double layer interaction. The virgin compressibility of the
majority of minerals is primarily controlled by mechanical effects, whereas physicochemical
effects control the compressibility of montmorillonite. In very high salinity environments, the
double layer around the particles are suppressed and the compressibility of all clay minerals,
including montmorillonite will be influenced mainly by mechanical effects (Olson & Mesri,

1970,; Sridharan & Rao, 1976; Robinson and Allam, 1998).

As this research tests montmorillonite at salinities in which the double layer is no longer
present, and where it is almost fully present (ref Figure 3.66), it is anticipated that a large
difference will be observed in one dimensional compression behavior based on the differences of
mechanical compression of the grains and physicochemical compression of the matrix. This was
observed during the resedimentation process for montmorillonite at both salinities. High salinity
montmorillonite reached the end of primary consolidation very quickly. This time was very
comparable to most other soils being resedimented. Although the compression data obtained
during resedimentation was poor because of sidewall friction associated with the porous stones,
it was seen that the time to the end of primary consolidation did not change with an increase in
stress level and was almost constant at between 10-15 hours for every increment with no trend
versus stress level. This is further evidence that there was mechanical contact from a very low
stress and that any deformation of the soil is down to mechanical bending and breaking of the
particles. The low salinity montmorillonite provides a glaring contrast to this. The low salinity
montmorillonite was resedimented on the 20" of December 2011, and end of primary
consolidation was not recorded until the middle of May 2012. Even though the end of primary
consolidation was not reached for each load increment, the next load was applied in an attempt to
keep the consolidation process moving. No end of primary event was recorded for any load
increment save the last one. A typical time displacement curve for one such increment can be
seen in Figure 3.71 and Figure 3.72. Figure 3.71 which is plotted in square root of time space
shows the line curving downward with increasing time (square root of time), this indicates a

reduction in the c, value and is consistent with the findings of Robinson & Allam (1998).
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Although data from previous one dimensional testing on montmorillonite was obtained from
oedometer testing, it is believed that the soil has not been tested in the Constant Rate of Strain

device previously as no data could be found in the literature to suggest so.

3.5.2 SCANNING ELECTRON MICROSCOPE IMAGES

Scanning Electron Microscope (SEM) images were taken of sodium montmorillonite at a
stress level of 200 kPa (after resedimentation). As with the BBC images presented in Section

3.2.7, all images were taken on oven dried specimens in the vertical plane.

Figure 3.73 presents images of sodium montmorillonite resedimented to a stress of 200
kPa with a pore fluid salinify of 256 g/l. At this pore fluid salinity it is thought that any double
layer effect has been eradicated by the ionic concentration, therefore purely mechanical contact
between soil grains dominate the soil behavior. Shrinkage cracking is evident in both images
presented in Figure 3.73. Even though the soil has had any double layer effect killed off and can
exist as a relatively stable soil while saturated (as a slurry), issues can still arise upon drying of
the soil. Figure 3.74 & Figure 3.75 show comparisons between the fabric of sodium
montmorillonite and RBBC at similar stress levels. Figure 3.74 presents a comparison with
natural RBBC Series IV while Figure 3.75 compares sodium montmorillonite with sodium hex
BBC. Both comparisons are made at the same magnification and despite what looks like a more

open fabric in both BBC soils, they exist at a lower void ratio than the sodium montmorillonite.
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Year | Rescarcher | Series | Source G wi wp Ip Clay Frac. Sakt
| Baich I qu_ql (L)
1961 | Bailey Ia MIT [ 277] 300 | 175 | 125 40 23
1139 347 | 177 | 170 35
1963 | Jackson 362 | 195 | 167 16.7
1964 | Vanallyay S4 326 | 195 | 131
SS 333 | 204 | 129 3s 16.8
$6 328 | 203 | 125 16.0
1965 | Ladd. RS. | Db 277 | 45 2 23 16
1965 | Preston | Si 277 | 456 | 234 | 222 35 24
1966 | Braathen $2 277 | 454 | 231 | 223 22
{ 1967 | Dickey 345 | 239 | 196
[ 1970 | Kinner 100 278 | 435 | 196 | 239 50
150 435 | 196 | 239
200 381 | 178 | 203 52 8
300 397 | 216 | 181 10
400 394 | 213 | 181 52 10
800 415 | 195 | 220 48 16
900 412 | 187 | 225 s4 16
1000 411 | 195 | 226 58 16
1100 20 | 206 | 214 16
1200 02 | 186 | 216 48 16
Miol 40.7 | 196 | 211 52
M104 403 | 196 | 207
M107 413 | 196 | 217
M200 923 | 185 | 238 52
M400 398 | 189 | 209 47
1971 | Ladd et al. 160 | 278 381 | 178 | 203 8
1300 421 | 221 | 200 16
_ 1500 438 | 206 | 232 16
1984 | Bensari 1] 105 275 | 4716 | 233 | 243 16
| i 1275 471 | 249 | 222 16
1985 |  ONeill 105-112 | 278 | 413 | 221 | 192 $2 16
1989 |  Seah m | 200-207 | 278 | 452 | 21.7 | 23.5 58 16
1991 | Sheahan 210,214, 456 | 214 | 242
216
| 1993 | Cauble (217218 | 278 | 370 | 213 | 157
1994 | Santagata 219-220 404 | 209 | 195

Table 3-1 Index properties of RBBC from Series I - I1I (after Cauble, 1996)
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Testing

Series Year Researcher Topic Peiforiined
I 1961 Bailey Iqir’;"]:cgtt ﬁf salt concentration on undrained shear i

1963 Jackson Thixotropy Triaxial
1964 Varallyay  Influence of stress system on undrained strength Triaxial
1965 Ladd Use of pressure transducers to measure soil pressure
1965 Preston Sample disturbance Triaxial
1966 Braathen  Disturbance effects on undrained strength Triaxial
1967 Dickey Development of plane strain device Plane strain device
1967 Rixner Behavior in plane strain at OCR 1,2 & 4 Plane strain device
1968 Bovee Behavior in plane strainat OCR 1,2 & 4 Plane strain device
1970 Kinner Behavior of strip footings during undrained loading Model footing tests

I 1982 Germaine  Cross-anisotropic behavior at OCR 4 DSC, Triaxial
1984 Bensari Stress-strain and yielding behavior Triaxial
1985 O'Neill Anisotropy of thixotropic clay DSC, Triaxial
1986 Fayad Volumetric and undrained behavior Triaxial
1987 Malek Behavior under cyclic loading DSS

I 1988 Walbaum  Investigation of sample disturbance DSS
1988 Shaaliai ::)g:;z:ﬁlon of computer controlled triaxial Triaxial
1989 DeGroot IIBehavior in undrained multidirectional DSS at OCR DSS
1990 Ahmed Normalized behavior in DSS DSS
1990 Seah Anisortopy at OCR 1 DSC
1991 Ting Performance of sand drains Model Testing
1991 Sheahan Time dependent materials Triaxial
1992 Ortega Computer automation of DSS DSS
1993 Cauble Cyclic and post cyclic behavior in simple shear DSS
1994 Santagata E;Iil:életant}::i ;ftza;:;plmg disturbance in soft clays Triaxial

v 1994 Sinfield S:éﬂ;ile::rm of sampling and effects on compression CRS, Triaxial
1996 Cauble Behavior of model suction caisson Model Caisson
1998 Santagata  Pre-failure behavior Triaxial
1998 Force Strain rate selection in triaxial tests CRS
2000 Gonzalez  Investigation of CRS consolidation CRS
2009 Abdulhadi  Stability of Boreholes Triaxial, Model BH
2009 Moniz Normalized behavior in triaxial extension Triaxial
2011 Casey Significance of end restraint in triaxial testing Triaxial
2011 Adams Measurement of hydraulic conductivity in CRS CRS
2012 Marjanovic  Shear wave velocity BGT:;;;‘:EGM
2012 Horan Effect of salt on normally consolidated behavior CRS, Triaxial

Table 3-2 Overview of previous studies performed using RBBC
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Y wl wp Ip Clay Salt
ear | Researcher | Batch (%) (%) (%) Gs Fraction @
(%)
1994 Zriek powder 46.4 225 239 2.78 60.1
1994 Sinfield powder 47 23.8 23.2 2.79
402 46.8 224 244
403 472 233 23.9
1996 Cauble powder 2.81
401 46.7 21.8 249
404 47.4 21.9 25.5 10.4
405 45.2 22.1 23.1 10
406 45 22.6 224 57.6 12.5
407 44.6 23 21.6 57.8 13.1
408 447 239 20.8 58.7 10.1
409 454 24 21.4 56.8 13
410 46.6 25 21.6 13.4
411 46.7 24.5 22.2 56.9 10.2
413 45.5 243 21.2 9.7
414 46.3 24.3 22 12
415 46.1 24.7 214 10.5
416 46.7 24 22.7 12.9
417 47.2 24.5 227 13.2
1998 Santagata 418
419 47.8 233 24.5
1998 Force 420 452 233 21.9
2009 Abdulhadi | powder 46.5 235 23 2.81 56 11.1
2012 Horan powder : 49.6 254 24.2 2.78 56 10.7
telpore | 5006 | 236 26.56
water
256 g/l
POFe:'ater 46.8 24.4 22.4
e | 43 24.7 24.6
256 g/l
pore;ater 474 25.6 21.8

1 - Atterberg limits performed with distilled water

* - Atterberg limits performed on Series IV BBC powder with pore fluid at the salinity shown

# - Atterberg limits performed on Series IV BBC which had been leached twice in a centrifuge, with pore
fluid at the salinity shown

Table 3-3 Index properties of BBC Series IV (extended from Santagata, 1998)
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Wel Moisture Dry Saturated Porosity
Borehole Sample Depth Density Content Density  [Moisture cmem| ‘
Number Number (m) Mg/m* % Mgim* % %
BH1 D3 150 - 1.95 1.99 24.39 1.60 254 40.7
BH1 D8 750-795 195 29.09 151 292 441
BH2 D4 3.00- 345 193 3133 147 311 456
BH2 Do 750-795 195 2779 152 285 435
BH2 D16 16.45 - 16.55 195 2723 153 283 433
BH2 D20 2245-2255 2.01 2537 161 253 405
BH3 B1 0.50 Test Cankelled - Unsuitabi¢ material
BH3 D8 450-4.95 1.90 2868 148 306 452
BH3 D12 10.50 - 10.95 1.98 27 82 155 276 427
BH3 D13 12.00 - 12.45 194 30.00 148 300 447
BH4 D3 150 - 1.95 195 28.85 151 202 44.1
BH4 D7 6.00 - 6.45 1.96 2747 155 274 425

Table 3-4 London Clay properties determined from laboratory testing from West Hendon

development (West Hendon development, SI document)
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GEOLABS
PROJECT NAME : LAKESIDE DEVELOPMENT, WEST HENDON
Project Number: 48310110
PROJECT NO: GEO /15830
| Water | Water —
BH Sampie Depin pH Toisl |Watersoubie] Tots | Solbie | Sowtie | Magnesium| Organic Loss
No. (Acid-soluble)| (2-1 estract) | Suiphur | Chioride | Nitrate Content on ignition
(m) a4 04
e]) (-2)] (%) (mpt) 1_(mgh) | (mp1) %) =
BH1 B2 1.00 77 oo 0240 oo | <so <D - - -
BH1 D3 1.50-1.98 - - - - - - - 10 70
BH1 D 3.00-3.45 - - - - - - - 02 78
BH1 DS 4ED-495 73 o.s 5B 028 &0 36 ™ - -
BH1 D11 10.95- 1108 7.9 o 23 os7 <0 <0 - = =
BH1 p13 14.00 - 14.45 76 o.18 18 086 <0 <0 - - -
BH1 D17 20.00-2045 TE o1 1.7 037 <50 2D - = =
BH1 D13 | 2400-2445 73 0.4 14 043 <50 <D - - -
BH1 D22 27.00-27.45 73 .18 13 076 <50 <20 - - -
BH1 - 29.50 - 30.00 75 o 15 D80 <50 <20 - - -
B2 D17 18.00 - 18.45 13 [ %14 13 040 <50 <20 - - =
B3 B (1] . - - = - — - 34 10
B 3 D& 3.50-3.88 - - - - - - - D2 78
BH: B 0.50 7.8 oon4 DoTe DOo37 <0 <0 - - -
BHs B2 1.00 - - - - - - 18 68
B D& 485-508 76 12 58 041 & 23 &80 - -
B p11 9.95- 10.05 76 12 62 14 58 <D 700 - -
P8 0.4D - 0.50 7% 1.1 011 D023 <0 <D - - -
TFE - 100-120 - - - - - - - 0s 92
TP1D = C4D-045 79 om7 D083 D012 <0 <20 - - -
P12 - 100-120 78 oDit 035 o4 17 <D - -
Checked and
ritais: -
Date: 30/07/2010
| SUMMARY OF CHEMICAL TESTS ON SOIL

Table 3-5 Summary of results from chemical tests performed on London Clay from West

Hendon development (West Hendon development, SI document)
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Figure 3.1 Results of grain size analysis for series [V BBC powder (Abdulhadi, 2009)
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Figure 3.2 Results of grain size analysis for series [V BBC powder (Force, 1998)
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Figure 3.3 Plasticity chart for 5 determinations on natural and leached BBC (corrected for salt)
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Figure 3.4 Plasticity chart showing data for RBBC Series IV (Abdulhadi, 2009)
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Figure 3.5 Mineralogy of Boston Blue Clay — bulk sample on left, < 2 micron on right
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Figure 3.6 Axial displacement versus root time for RBBC Series IV at different stress levels
(data from RS175, RBBC at 64 g/, consolidometer diameter 4.4 cm, initial height 12.9 cm, final
height 7.8 cm)
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Figure 3.7 Axial displacement versus log time for RBBC Series IV at different stress levels (data
from RS175, RBBC at 64 g/1)
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Figure 3.8 1-D compression behavior in e-log space for NC and OC RBBC from triaxial testing
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Figure 3.9 Coefficient of consolidation versus stress level for RBBC from CRS testing

(Abdulhadi, 2009)
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Figure 3.10 Coefficient of consolidation versus stress level for RBBC from CRS testing — Note:
10 ksc ~ 1 MPa (Force, 1998)
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Figure 3.11 Void ratio versus hydraulic conductivity for RBBC Series IV from CRS tests
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Figure 3.12 Void ratio versus hydraulic conductivity for RBBC Series IV from CRS tests
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