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ABSTRACT

The thesis research had two main purposes, an introductory and a principal study.
The introductory study examined how the MFT card-house structure is formed and
determined what chemicals in the MFT pore water contribute to the formation of the
structure. Examination of the clay structure using a Scanning Electron Microscope
suggested that bicarbonate, sodium hydroxide, bitumen and the strongly .bound organic
matter may contribute to the formation of the card-house structure. Sodium naphthenates
appeared to have no effect on the structure. High temperature used in the bitumen
extraction process appeared to enhance the structure, and the addition of laboratory grade
gypsum (LGG) strengthened the structure.

_ The principal study examined the effects of varying clay contents (<2pm) in MFT
on the segregation and consolidation behaviour of composite tailings (CT). Standpipe
tests performed on tailings with 36%, 55%, and 70% clay content MFT treated with
900g/m’ of LGG showed that the clay:water ratio at the segregation boundaries were
0.085, 0.090, and 0.118 respectively. It is found that tailings with lower clay content
MEFT required higher solids content to form CT. A unique segregation boundary which
relates the initial void ratio, clay mineral fraction of tailings, and clay to clay-water
(C/(C+W)) ratio was generated for all the test samples. The initial consolidation
behaviour of CT was found to be more dependent on the bitumen content in the MFT
than the MFT’s clay content. It was found that the higher the bitumen content, the lower

the initial consolidation rate of CT.
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1.0 INTRODUCTION

1.1 Problem Statement

The oil sands tailings discharged from the Syncrude Canada Limited (SCL)
bitumen extraction plant is a segregating mix. The mix is the separation of fine grained
material from the sands when discharged into a conventional disposal area. The fine
grained material which is referred to as the fine tailings consists mainly of silt, clay,
water, various chemicals and residual quantities of bitumen. Through self-weight
consolidation, the freshly deposited fine tailings achieves a void ratio of approximately 6
(30% solids content) during the first two years. The denser fine tailings (void ratio < 6) is
referred to as mature fine tailings (MFT).

It is not environmentally acceptable to discharge this waste into neighbouring
river systems, therefore it is stored on site in the vicinity of the extraction plant. There
are presently approximately 400 million cubic metres of MFT in storage on the oil sands
leases. Many issues surround the method of storage of MFT and the eventual reclamation
of sites chosen to store MFT. Geoenvironmental issues include the management of this
immense volume of waste product, and the chemicals in tailings water that has both
adverse acute and chronic effects on aquatic organisms and wildlife in areas surrounding
the storage site.

The fluid-like nature of MFT can be explained by its unique clay structure called
the card-house structure. The structure which develops is a function of the pore water
chemistry, specifically the pH levels of the pore water, and the amount of mineral

surfaces exposed. Consequently, the vast amount of fine tailings generated, combined



A MRl WY S Ty et o Sy WOERRCATIAf § TP s o g W - rap

Lalas 2 20NY

e i ik an e o o

tJ

with the slow consolidation process of the MFT, create a challenging task for waste
management and land reclamation.

One of the mine waste management techniques is to create a nonsegregating
mixture or composite tailings (CT) that will accelerate the dewatering process resulting in
a higher consolidation rate of the fine tailings. A nonsegregating tailings can be achieved
by increasing the solids content (includes all soil minerals), fines content (particles that
are < 45um in size), changing the grain size of the fine tailings or by adding chemicals.

In a CT, the types and amount of chemicals used, and the amount of fines content in the
tailings can affect its segregation and initial consolidation characteristics. Whether or not
a CT can be created also depends on the amount of clay minerals in the fine tailings or
MFT reacting with the added chemicals.

Previous experiments performed by Suncor Oil Sands Group (SOSG) have shown
that the nonsegregating boundary of CT mixed with 600 ppm of agricultural grade
gypsum is equivalent to a clay mineral:water ratio of 0.1 (SOSG, 1996). The parameter
clay mineral describes the amount of clay mineral surface area found in fine tailings
obtained from methylene blue testing, and water describes the amount of water in the CT.
Their report stated that CT with a clay mineral:water ratio greater than 0.1 will not
segregate. However these findings required further investigation and verification to
examine the effects of the varying amount of clay content in the tailings on the
segregation and initial consolidation behaviour of CT. This is the topic of the thesis, and

the objectives of this study are described in the following section.
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1.2 Research Objectives
The purpose of this research work, herein identified as the principal study, was to
examine the effects of varying amounts of clay content in MFT on the segregation and
initial consolidation behaviour of CT. In order to comprehend the interactions between
the chemical additives and the clay particles in CT that affect the aforementioned
behaviour, it was necessary to first study the interactions between the clay minerals and
various pore water chemistry in the MFT. Thus, the introductory study examined how the
MFT card-house structure is formed and determined what chemicals are responsible for
the structure formation. The study involved the use of a Scanning Electron Microscope
(SEM) to qualitatively examine the structure of MFT. The objectives of this introductory
study were:
1. to justify that the clay structure of the cryogenically treated samples prepared for a
SEM are not artefacts of the preparation method,
2. to identify and examine the organic and inorganic compounds in the MFT pore water
that are responsible for the structure that develops in MFT, and
3. to examine the effects of gypsum and the processing temperature on the structure of
MFT.
The principal objectives of the thesis were:
1. to qualitatively examine the laboratory grade gypsum (LGG) treated MFT structures at
different clay contents and compare the structures to the untreated ones,

2. to examine the CT structures,
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3. to verify if the clay:water ratio of 0.1 is a valid boundary in describing the segregation
behaviour of CT by performing standpipe tests on tailings with varying clay content in
MFT, and

4. to study how varying clay contents in MFT affect the segregating and initial

consolidating behaviour of CT.

1.3 Scope of Thesis

A SEM was used to examine the clay structures of MFT, CT and kaolinite
slurries. Before examining the clay structure, the problems related to the cryogenically
prepared SEM samples were identified. This thesis discusses these issues and explains
that careful preparation of the slurry samples does not produce large ice crystals that may
distort the clay structure of the samples. Experiments were carried out to compare the
structure of a kaolinite clay-water system to a finely ground Ottawa sand-water system
with the same chemicals and concentrations. Evidence provided by other researchers
who argue that the frozen structure observed by the SEM is not an artefact of the
preparation method is also presented. The examination of MFT structure is then
presented considering that the cryogenic preparation process has successfully preserved
the clay structure of the slurry samples.

In order to analyse the effects of these MFT pore water chemicals on the MFT
card-house structure, a simplified MFT model, kaolinite clay slurry, was used. The
HCOj5", NaOH, or sodium naphthenates were added to the kaolinite clay-water system to
examine the type of clay structures that would formed. MFT samples were also prepared

by isolating the bitumen and the strongly bound organic matter in the MFT solids to
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examine its effect on the MFT card-house structure. Furthermore, the influence of
processing temperature on the structure of MFT were examined by comparing the
structure of a heated kaolinite clay-MFT pore water slurry to an unheated one.

The effects of LGG on the MFT clay structure were studied to assist in the
understanding of how a CT is formed. This was done by comparing the structure and the
thixotropic strength of MFT treated with LGG to the untreated ones. The structures of
both LGG treated and untreated MFT that had 36%, 55%, or 70% clay contents were also
studied. The effects of varying clay content in MFT on the segregation and initial
consolidation behaviour of CT were then studied by performing standpipe tests on

tailings that consisted of MFT with 36%, 55% or 70% clay content.

1.4 Organisation of Thesis

Chapter 2 gives a brief description of geological events contributing to oil sands
formation followed by the review of the oil sands operation at Syncrude Canada Limited
(SCL). The geotechnical and the chemical properties of MFT, and the reclamation
techniques used in the fine tailings management are then reviewed.

Chapter 3 pertains to the examination of MFT structure using a SEM. It contains
a literature review, experimental procedures and sample preparation, and a discussion on
artefacts. This is followed by a discussion on the effects of the pore water chemistry on
the clay structure, and then concludes with engineering applications of these findings.

Chapter 4 begins with a literature review on the deposition problem of the fine

tailings, and an overview of the composite tailings (CT). The review is followed by the
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experimental procedure and experimental design which presents a flow chart illustrating
the approach of the experimental program. The results of the material properties,
sedimentation tests, and the SEM micro-graphs of CT clay structures are reported. The
discussion includes the material properties, the characteristics MFT and CT clay structure
at different clay contents, the effects of the varying clay content on the segregation
boundary, and the initial consolidation behaviour of CT. The engineering application of
these findings are summarised in the next section followed by a summary that highlights
the major findings of the study.

The final chapter, Chapter 5, summarises the findings of this research and makes

recommendations for future work based on this study.



2.0 OVERVIEW OF OIL SANDS OPERATION AND TAILINGS
MANAGEMENT

2.1 Oil Sands Operation at Syncrude Canada Limited

Oil sands are sandstone deposits which contain a very heavy hydrocarbon,
bitumen. The oil sands deposits in Alberta occurred in the early Cretaceous age. Parent
material for these sediments originated in the Rocky Mountains to the west and the
Canadian Shield to the east. In northern Alberta, most of the sediments were transported
and deposited in a fluvial environment while some occurred in a marine environment.
Marine water conditions covered most of Alberta due to the merging of the Boreal and
the Gulfian Sea which were created by more active tectonic events in the early
Cretaceous.

The oil sands are found in the McMurray Formation. This formation is overlain
by varying thickness of non-oil bearing marine shales and underlain by limestone. Figure
2.1 illustrates a simplified cross-section of the geology at the Sycrude Canada Limited
(SCL) site. The McMurray Formation was created in a drainage basin where alternate
deposition of estuarine and fluvial deposits resulted in a number of distinct layers. The
clay minerals in the upper and lower McMurray Formation are predominantly kaolinite
and illite, although a large amount of smectites are found in the upper formation whereas
the vermiculite and mixed-layer clays are found in the lower formation. Consequently,
the oil-bearing sands in this deposit have a great variability in their compositions and

properties.
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The Athabasca deposit located in northern Alberta is presently the largest known
oil sands deposit in the world. It is estimated that this deposit can yield approximately
600 billion barrels of bitumen but only about 60 billion can be recovered by surface
mining. Presently, SCL and Suncor Oil Sands Group are operating in the Athabasca oil
sands deposit. The locations of these oil sands operations are shown on Figure 2.2.
These companies use the open pit mining technique to retrieve the oil sands ore. At the
SCL mine site, approximately 30m of overburden must be removed before the oil sand is
mined. As shown on Figure 2.3, draglines excavate the oil sand from an open pit, and the
mined oil sands are dumped to form windrows. Bucketwheels then load the oil sands
onto belt conveyors which transfer the sands to a surge pile and dump pockets. From
there, the oil sands are fed into tumblers in the extraction plant at a uniform rate.

The Athabasca oil sands are commonly found to be water-wet and are illustrated
in Figure 2.4. The bitumen is not in direct contact with the sand but separated by a thin
film of water. Hot water floatation is therefore a suitable method for recovering the
bitumen from the minerals. In the process plant, the bitumen extraction process is called
the Clark Hot Water Extraction process. The bitumen is separated by digesting and
conditioning the oil sands with added caustic soda and hot water. Figure 2.5 illustrates
the extraction operation. The oil sands, hot water and caustic soda are fed into a tumbler
and the material is mixed for 4 minutes at about 80°C. The slurry is then removed from
the tumbler and mixed with hot water while the large particles are removed by screening.
The diluted slurry is transported into settling vessels where the bitumen floats as the
primary froth and the sands settle as the primary tailings. The middle portion of the

settling vessels, referred to as the middlings, consists of suspended fines and some
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bitumen. Both the sand and middlings are treated again to recover more bitumen. The
waste is then discharged as total tailings into the settling basins. SCL currently processes
approximately 150x10° tonnes of oil sand annually and from this yields approximately
74x10° barrels of Sweet Blend Crude Oil (List and Lord, 1997).

The Southwest Sand Storage Facility was developed in 1991 as a sand storage
facility, while the fine tailings and water are transported back to the settling basin,
Mildred Lake Settling Basin (MLSB) for consolidation (List and Lord, 1997). Figure 2.6
illustrates the plan view of both storage area at the SCL oil sands processing site.

The deposition behaviour of total tailings is classified as a segregation process.
Upon deposition, the coarser grained material separates from the finer grained material
forming dykes and beaches while the finer material flows into the pond. The fine grained
material, referred to as fine tailings, consists mainly of silt, clay, water, various chemicals
and residual quantities of bitumen. This mixture has a pH ranging between 8 and 9.

Once the fine tailings has been deposited into the pond, it begins to consolidate under
self-weight. When the fine tailings has achieved a void ratio of approximately 6 (after
two years), the consolidation process slows down considerably (FTFC, 19954), and itis
referred to as mature fine tailings (MFT). The released water at the top of the pond is

returned to the extraction plant for further reuse in the extraction process.
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2.2 Characteristics of MFT

2.2.1 Geotechnical Properties

The clay minerals found in the fine tailings come from clay bands in the
McMurray Formation. The clays are predominantly kaolinite which makes up to 80% of

the clay minerals (FTFC, 1995a). The other clay minerals are illite, smectite, chlorite,
and mixed layers.

A typical range of grain size distribution of the MFT is shown on Figure 2.7. The
grain size analysis shows that the material consists of mostly silt and clay size minerals.
From this figure, the clay size material ranges from 40% to 60% of the MFT.

Since the MFT material is mainly silt and kaolinite clay, the properties of a low
plastic clay would be expected. However, the presence of the bitumen appears to have an
effect on the characteristics of the MFT. Scott and Dusseault (1982) found that the liquid
limit of a MFT sample dropped from 65% to 50% after the bitumen was extracted from
the MFT. This suggested that the bitumen can be treated as a solid because bitumen is at
least 10° times as viscous as water, and it cannot be considered a mobile phase with
respect to the fluid being expelled (Scott et al., 1985). The higher the amount of bitumen
and fine grained material, the higher the Atterberg limits. The MFT liquid limit range
from 40% to 75% indicates that the material is intermediate to highly plastic. The plastic
limit ranges from 10% to 25%. Figure 2.8 shows the plasticity characteristics of various
mine waste sludge. The geotechnical parameter that quantifies the mass of bitumen in

MFT is called the bitumen content. It is expressed in percentage and defined as:
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M
Bitumen content (%), b = Mb x100% 2.1

M, and M, represent the mass of bitumen and the total mass of solids respectively. Mass
of solids includes the bitumen, fines and sands of the tailings. The bitumen content in
MFT typically ranges from 2% to 10% (FTFC, 1995q).

The solids content is a term used for quantifying the amount of solids in a sample

of MFT. The formula is written as follows:
. M,
Solids Content (%), s = Y3 x100% , 2.2)

where M, and M are the mass of total mass of solids and the total mass of tailings
respectively. The solids contents of MFT can range from 25% to 60% but usually occur
at about 30%. The initial void ratio of MFT based on the solids content ranges between
1.7 and 7.5. It is written as:

. ) G (100% - )
Initial Void Ratio (e;) =———;—- 2.3)

The specific gravity of the solids (mineral plus bitumen) in the MFT is defined as Gj; ,
and the solid content as 5. A G,, value of 2.5 was used in the above formula to calculate
the void ratio. A specific gravity formula based on a weighted average of the bitumen

and the mineral particles is:

M,+M,
=M, M, @4
G, G

G, and G, are specific gravity of bitumen and minerals respectively. The remaining

parameters have been identified above.
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The fines content of MFT has been defined as the amount of mineral that is finer
than 45um (<#325 sieve). The average fines content of MFT is approximately 90%.

The fundamental geotechnical behaviour of SCL’s MFT were characterised by
Suthaker (1995). She found that the compressibility of MFT was dependent on its initial
void ratio. The change in void ratio was the largest at low effective stresses until the
stresses increased to 100kPa after which the void ratio became constant. Suthaker (1995)
has also shown that the hydraulic conductivity of MFT is independent of the initial void
ratio but is dependent on the bitumen content. In that study, hydraulic conductivity
decreased as the bitumen content increased. This was confirmed by Scott ez al. (1985)
that the bitumen-clay-water system was at least 10 to 100 times less permeable than the
equivalent material without bitumen. They explained that the bitumen blocked pore
throats, and therefore increased the tortuosity of the flow paths decreasing the hydraulic
conductivity.

MET also exhibits a thixotropic behaviour. A geotechnical definition of
thixotropic behaviour is given by Mitchell (1960) as: a process of softening caused by
remoulding followed by a time-dependent retumn to a harder state at a constant water
content and constant porosity. Water content is defined as the mass of water divided by
the mass of total dry solids of tailings. Banas (1991) found that the oil sands tailings is a
highly thixotropic soil that has higher relative thixotropic gain in strength than other
typical clay minerals. The effect of thixotropy in the tailings was found to be highly
dependent on water content; the lower the water content, the higher the thixotropic
strength. Banas (1991) also showed that the rate of hardening was the highest in the first

several hours after mixing for all water contents. The undrained shear strength doubled
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within 6 hours and then the rate of strength gain decreased with time. Suthaker (1995)
showed that the rate of thixotropic strength gain was also dependent on the water content
of MFT. A sample with a 100% gravimetric water content increased in strength from
500Pa to 2450Pa after 460 days. For comparison, a MFT with 233% water content

gained from 160Pa to 600Pa after 460 days.

2.2.2 Water Chemistry Properties

2.2.2.1 Organic Compounds in MFT Pore Water

The organic material in the MFT can be divided into three categories: residual
bitumen, soluble compounds, and mineral-associated compounds. At SCL, 0.3 t0 0.5
percent weight of the tailings stream is bitumen. In general, the bitumen content of MFT
varies from 2% to 10% depending on the depth of the MFT in the containment pond.
Majid et al. (1990) found that the bitumen extracted from the MFT was lower in molar
mass and asphaltene content than the bitumen extracted from the oil sands. They
concluded that the asphaltene are tightly bounded to the clay particles in the tailings and
therefore cannot be easily extracted.

Soluble organic compounds are defined as the organic compounds that dissolve in
water during the hot water extraction process (Kasperski, 1992). These compounds in the
MEFT are mostly polar organics such as humic and fulvic acids. Other compounds are
phenols, alkyl phenols, polyphenolic aromatics, and polycyclic aromatic hydrocarbons.
The soluble organic compounds also include the natural surfactants, naphthenate and

sulfonates (FTFC, 199556). The acid form of naphthenate is called the naphthenic acids.
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These acids are a natural component of bitumen that are liberated from the bitumen
during the Clark extraction process. The addition of NaOH during the extraction process
accelerates the release of naphthenic acids into the process water. It was found that the
concentration of naphthenic acid in the slurry correlated to the amount of NaOH added
during the extraction process (FTFC, 19955).

The naphthenic acids are also responsible for the toxicity in the process water.
These acids in the process water do not exist as an acid but as sodium salts called sodium
naphthenates. The naphthenic acids can be extracted with methylene chloride by
lowering the pH to 3. At pH of 3, the naphthenates are in its acid form and also soluble in
methylene chloride (FTCT, 1995c¢). The concentration of naphthenic acids in the MLSB
are approximately 112 ppm (FTFC, 1995b).

Ignasiak er al. (1985) defined the mineral-associated compounds as organic matter
that are strongly adhered to the minerals and cannot be extracted using toluene or
dicholoromethane. Infrared spectroscopy indicated that the compounds consist of
carboxylic acids, polymeric phenols, alcohols, chelated ketones in the humic acid
fraction, and mostly phenolic and carboxylic acids in the fulvic acids similar to the same
fractions from soil (Kapserski, 1992). Furthermore, Yong and Sethi (1978) reported fine

fractions (<44pum) containing an average of approximately 4% amorphous Fe;03, and less

than 0.1% amorphous Al;O3 and SiOs.
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2.2.2.2 Inorganic Compounds in MFT Pore Water

The inorganic compounds found in MFT come from three sources: oil sand
connate water, water from the Athabasca River, and chemicals added during the Clark
extraction process (Kasperski, 1992). Connate water is defined as the pore water found
between the oil sand grains in the McMurray formation. Table 2.1 lists the cations and
anions which the FTFC (1995b) has categorised as the major inorganic constituents the
Syncrude MLSB. The concentrations of these inorganic constituents vary depending on
the sampling location. The most abundant cation is Na *. The connate water in Syncrude
oil sands has about 1.7 to 5.8 g/L of NaCl and small amounts of K*, Ca®*, Mg”* and
SO4>. The high concentration of Na” in the tailings water is also due to the addition of
NaOH during the extraction process. The most abundant anion in the tailings water is
HCO; which also comes from the oil sands connate water and the Athabasca River. The
secondary source of HCOj5’ is the adsorption of CO, during the aeration process in the

plant and, to a lesser extent, the absorption via the surface into the tailings pond.

2.3 Tailings Management Techniques

The objective of the reclamation program is to acquire a self-sustaining
environment that is geotechnically stable, requires minimal maintenance, and can exist
with the neighbouring and regional environment. Due to the immense volume of tailings,
the reclamation program should also be efficient and cost effective. It is therefore
favourable to use natural processes such as freezing and thawing, evaporation,

evapotranspiration, infiltration of water, and vegetation to consolidate the fine tailings.
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The reclamation program developed for SCL mine tailings can be divided into
three categories: dry landscape, wet landscape, and wetlands. The dry approach involves
a dewatering process wherein the water content in the tailings is significantly reduced
producing a solid deposit that is strong enough to be capped with soil (FTF C, 19954).
The land will be reclaimed as a land surface. Some examples of the dry landscape
techniques used in the oil sands tailings management are: cyclic freeze-thaw
consolidation, composite tailings, drainage/infiltration, evaporation, and
evapotransporation.

Composite tailings is presently implemented at the SCL to increase the
consolidation rate of the oil sands tailings. The MFT has a weak fluid-like structure
which cannot support the sand grains within its clay matrix. Hence, chemicals are added
to alter the clay structure of MFT to form a nonsegregating mixture with the sands. At
SCL, this mixture is termed as the composite tailings (CT). The sand grains create an
internal surcharge within the MFT which accelerates the self-weight consolidation
process of MFT. The chemicals that are found to be successful in forming CT are lime,
sulphuric acid and lime, phosphogysum, and agriculture grade gypsum. Further
densification of MFT can be enhanced by evaporation during the summer season, and
freezing-drying in the winter season.

The purpose of wet landscape reclamation technique is to create a productive
aquatic ecosystem that can exist with the surrounding landscape and the climatic
conditions. The wer landscape method disposes the MFT as a fluid over which a layer of
water is placed. The principle of the wet landscape approach is based on the rheological

properties of MFT. Its low permeability, high density and relatively high viscosity are



o — e vy o

conducive for the water capping plan. The layer of water should have a sufficient depth
to isolate the fine tailings from the surrounding environment. The proposed capping
depth is at least Sm. The potential sources of water include local rivers, runoff, drainage
water from the dry landscape reclamation method, and or process-affected waters.

It is anticipated that within one to two years of capping, the concentration of the
organic compounds released from the MFT into the surface water will be reduced to a
level that is not acutely toxic to the aquatic organisms (FTFC, 1995¢). Gully and
MacKinnon (1993) explained that the water released from the MFT into the overlying
water will not be detrimental to the ecosystem because the rate of water release is slow
enough for natural detoxification to occur. The natural build up of detritus layer between
the MFT and the water cap will provide a barrier for potential mixing in the above layer
of water and the biological degradation active zone for the MFT below. Figure 2.9
illustrates the cross-section of a wet landscape.

The use of both natural and constructed wetlands have been used to treat polluted
waters including domestic wastewater, agricultural and urban storm runoff, acid rock
drainage, mine waters, industrial discharges, and landfill leachates. In tailings
management, they function as a buffer zone between the deposited tailings and the
adjacent environment. The wetland will receive water discharging from dry landscape via
groundwater discharge as a part of the hydrological cycle, and from the lake system via
infiltration to the surrounding land surfaces (Gully and MacKinnon, 1993). Itis also
possible to utilise wetlands as a primary water treatment system for CT release water.

The wetland is therefore an integral component of the dry and wef landscape techniques.
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Nevertheless, the implementation of all the above reclamation methods requires
careful consideration of the ecological compatibility with the surroundings, and its long-
term environmental impacts. Hence it is imperative to evaluate and monitor their

performance to ensure that no adverse effects will result in the devastation of the regional

ecosystem.



Table 2.1: Major inorganic ions in a water sample from Syncrude’s MFT (Mikula et
al., 1996a).

Components mg/L
Ca> 3-6
Mg 2-4

Na* 450-500
K" 9-12

F 7

Ccr 140-160
SO 2-10

HCOs5 950-1050
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Figure 2.1: A simplified cross-section of the geology near the Syncrude Canada Limited

mine site (Dusseault et al., 1984)
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Figure 2.2: Map showing the locations of the Athabasca oil sands deposits and the
Syncrude and Suncor extraction operations (Shaw et al., 1996)
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Figure 2.4: A model of the Athabasca oil sands (Shaw et al., 1996)
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3.0 EXAMINATION OF MFT MICROSTRUCTURE USING
SCANNING ELECTRON MICROSCOPE

This is an introductory study which examines the fundamental colloidal behaviour
of MFT. The purpose of this study is to better comprehend how the MFT structure is
formed, and what chemicals are responsible for the MFT structure formation. Ina
nonsegregating mixture, the MFT structure is strengthened by chemical addition such as
gypsum or lime. Hence the study of the MFT colloidal behaviour would assist in the
understanding of the clay-water chemistry interactions in CT that can affect its

segregation and initial consolidation behaviour.

3.1 Literature Review

3.1.1 Flocculation and Dispersion of Clays in Colloidal Solution

In soil chemistry, a colloidal system is a mixture of small clay particles, water and
electrolytes in which the clay particles settle slowly. Clay particles have large surface
areas which are influenced by the force fields interacting between the minerals, and
between the minerals and the electrolytes. The combined effects of the surface force
interactions and the small particle size create a variety of interparticle attractive and
repulsive forces. Consequently, the flocculation and dispersion characteristics, volume
change, and the strength properties of the clays in suspension are influenced by these

interparticle forces.
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In a colloidal solution, a clay will adsorb a specific type and amount of cations to
balance the charge deficiency of the solid particles. The amount of cations which may be
exchanged on a clay is called the cation exchange capacity (CEC) and is usually
expressed as meq/100g or cmol(+)/Kgm of dry soil. The processes which determine the
CEC of clay are: isomorphous substitution, broken bonds, and replacement (Mitchell,
1993). Isomorphous substitution is defined as the process in which cations in the clay
lattice are replaced with cations of lower valences during mineral formation resulting in a
net negative charge on the clay particle. Common examples of cation replacements are
AL** for Si*" in the silica tetrahedral sheets, and Mg®* for AI’* in the octahedral sheet.
The type of clay which is not significantly affected by isomorphous substitution is
kaolinite. In kaolinite, broken bonds are the major source of the exchange capacity
(Mitchell, 1993) as exchange sites are present along particles edges and on non-cleavage
surfaces. Cation exchange by replacement involves the hydrogen of an exposed hydroxyl
to be replaced by another type of cation.

There are two major classes of hydrous colloidal systems, the hydrophobic and
hydrophilic colloids (van Olphen, 1977). These terms are commonly used when
describing the wetting surface properties of the clay particles. A hydrophobic colloid has
a surface that is preferentially wetted by oil in competition with water even though the
colloid can be wetted by water. A hydrophilic colloid behaves contrary to a hydrophobic
colloid. The hydrophobic and hydrophilic colloids are distinguished by their sensitivity to
the addition of salts. A hydrophobic colloid is more sensitive to salts and will flocculate

in their presence.



The flocculation and dispersion of a colloid solution can be explained using the
diffuse double layer theory. In an electrolyte solution, the cations are attracted to the
negatively charged clay surface resulting in a higher concentration of cations near the clay
surface. However, the cations try to diffuse away from the clay surface in order to
equalise the concentration in the solution. The charged surface and the distributed cations
in the adjacent phase are together termed the diffuse double layer. Based on this model,
the theory states that the thicker the diffuse layer, the less tendency for the clay particles
in suspension to flocculate. The thickness can be affected by the cation valence,
dielectric constants of the pore fluids, temperature, and the ionic strength of the solution.
In a flocculated colloidal system, its diffuse layer is suppressed by multivalent
exchangeable cations, increased dielectric constant of the pore fluid, decreased
temperature, and/or increased ionic strength of the solution.

The pH of the colloidal solution can also determine whether the clay particles are
in a dispersed or a flocculated state. In an alkaline solution, a stable suspension or
dispersion of clay particles is caused by:

1) the dissociation of hydroxyl ions in clay particles causing the particles to be more
negatively charged;
2) the amphoteric clay particles being ionised negatively.

The exchangeable sodium ratio (ESR) is another method commonly used to
evaluate the state of a colloidal system. ESR is calculated based on the Gapon Equation
(a cation exchange equation) that relates the cation composition of the solution phase to
the composition of the adsorbed phase (Dudas, 1996). The concept of the Gapon

Equation is illustrated as follows:



(Ca,, - X)+ Na~ =(Na—X)+-;—Ca2’ 3.1)

%
X in the equation represents the clay particles and the symbol, *“ - 7, indicates the
adsorption of the Na* or the Ca”" ion to the clay particles. The free ions, Na™ and Ca™,
represent the ions in the solution phase. In applying the Gapon Equation, the relative
amount of exchangeable Na* adsorbed to the clay particles is empirically related to the
concentration of the cations in the solution by the Gapon exchange coefficient, K. This
equation is written as follows:

[Na- X] K [Na]
[(Ca—X)+(Mg-X)] ¢ \/[Caz’ + Mg*]

3.2)

where the “[]” brackets represents the concentration of the ions within the solution. The
concentration of the adsorbed cations is expressed in meq/100g or mmol/L. Hence the
relationship between the ESR and the sodium adsorption ratio (SAR) for the associated
liquid phase is written as:

ESR = K; (SAR) (3.3)

and, SAR = [Na] (3.4)

‘/[Caz‘];[Mgz*]

The value of K which is determined through laboratory tests is approximately 0.015
(mmol/L)'”2 for Western Canadian clays with a SAR less than 30 and decreases as SAR
increases above 30 (Dudas, 1996).

If a colloidal solution has an ESR greater than 0.1, it is identified as a potentially

dispersed system if the ionic strength is low. Under this condition, the diffuse double
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layer thickness is increased. If the ESR is less than 0.1, the colloidal solution is
considered as flocculated system with a compressed diffuse double layer thickness. In a
clay system that has compressed diffuse double layer thickness, the clay particles have
higher attraction forces than repulsion forces. As a result, this causes the clay particles to

coagulate forming an aggregated or a flocculated clay system.

3.1.2 Theories Developed to Explain the Structure of MFT

The structure of MFT is a highly dispersed system (Babchin et al., 1991) with a
card-house like structure (Mikula et al., 1991). van Olphen (1977) described a card-
house structure as a three-dimensional formation with clay particles aligned in a edge-fo-
face and edge-to-edge pattern. The particles in the colloidal system remain dispersed due
to the balanced internal charges in the system. It is balanced because the forces of
attraction and repulsion that exist between the particles are in an equilibrium state. The
high water holding capacity of MFT may be explained by this card-house structure. This
type of clay particle arrangement exposes more mineral surfaces resulting in a higher
degree of water to mineral bonding (FTFC, 1995/).

The card-house structure is also referred to as a gel structure. van Olphen (1977)
explained that a gel is a homogeneous system displaying some rigidity and elasticity
which occurs in certain clay soils, and that plate-like particles such as kaolinite may
associate as a rigid card-house structure. He also explained that the rigidity of gel will
depend on the number and the strength of the particle links within the continuous

structure.
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Preliminary studies by Mikula et al. (1991) suggested that the MFT structure was
based loosely on the card-house type structure. Babchin et al. (1991) conducted an
experiment to study the structural units that are responsible for the dispersed state of fine
tailings, and they proposed that the card-house/chain-like structure is caused by the
combination of internal dipole-quadrupole nature of the kaolinite particles illustrated on
Figure 3.1.

The structure of MFT has found to be dependent on the pH of the pore water.
Mikula et al. (1993) measured the rheological parameters of MFT at a pH less than 7 and
at a pH greater than 10. Their results show that at these pH values, the MFT has a highly
flocculated structure. At the intermediate pH values, the MFT structure has a card-house
like dispersed structure. They also found that the elastic modulus, G’, of the MFT was
the lowest at pH values ranging from 8 to 10, which indicate a dispersed clay system.
This pH dependence indicates that the dispersed state of MFT at a pH of about 8.5
corresponds to the pH where the concentration of bicarbonate (HCO3) is at a maximum.

Mitchell (1993) explained that a clay-water system with an ESR greater than 0.1
will generally exhibit a dispersed clay structure. Since the ESR of MFT ranges between
0.6 to 0.7 calculated using the Equations (3.3) and (3.4) with the concentrations of Na’,
Ca®*, Mg?" listed on Table 2.1, the MFT clay structure can also be described as a highly
dispersed structure.

The MFT structure has also found to be dependent on the organic matter found in
the tailings. Majid et al. (1990) postulated that the insoluble organic matter or the
strongly bound organic matter found in the MFT imposed a hydrophobic character on the

clay surfaces allowing interparticle bridging of residual bitumen to set up a weak gel
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structure. Kotlyar and Sparks (1990) confirmed that this organic matter acted as a surface
active agent (surfactant) which modified the hydrophilic character of the clay surfaces
rendering them hydrophobic. This hydrophobic nature allowed the bitumen to adsorb
onto the clay surfaces resulting in a gel formation and a reduced bitumen recovery.
Another class of organic matter found in the oil sands tailings are the natural
surfactants, naphthenates and sulfonates, which are produced during the Clark extraction
process. These surfactants also have a strong affinity for clay particles. The adsorption
of natural surfactants on to the clay particles produces a higher negative charge on the
clay surfaces and the particles are bulky or fuzzy (FTFC, 1995¢). Highly negative charged

particles produce stable suspensions or dispersion of clay particles (Mitchell, 1993).

3.1.3 The Functions of a Scanning Electron Microscope (SEM)

SEMs have been used extensively in examining biological specimens such as
cells, muscle tissues, insects, and microbial organisms. Other types of material such as
soil, rock, metals, and fibre have also been examined using the SEM. Its popularity is
mainly due to the fact that the SEM can produce clear, three-dimensional images at high
magnifications. A light microscope or a transmission electron microscope can only
produce two dimensional images because these instruments have very limited depths of
field. Moreover, ranges of magnification are limited for light microscopes.

There are four principal parts of a SEM: an electron-optical that produces the
scanning electron probe, a sample or specimen to be observed, a detection system, and the

display system. Figure 3.2 illustrates a schematic description of the SEM column. The
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electron beam originates from a high negatively charged tungsten cathode heated by a
controlled current in the electron-optical compartment (illustrated on the top left corner of
the Figure 3.2). The emitted electrons are accelerated from the cathode through a grid
and then through an anode that is at ground potential. A system of magnetic lenses
demagnify the electron beam. The demagnified electron beam is then passed through a
deflection yoke to move the beam across the sample in a raster pattern. As the primary
electron beam strikes the sample, secondary electrons are emitted from the sample as a
result of its bombardment by the fast primary electrons. The bombardment of the primary
electrons also emits backscattered electrons and photons. The primary electrons,
secondary electrons, backscattered electrons and the photons are then collected by a
detector to produce images shown at the bottom left side of Figure 3.2. This is why a
SEM can provide three dimensional images. It records both the primary electrons passing
through the specimen and the secondary electrons along with the backscattered electrons
and photons. The images are then displayed through a cathode ray tube shown on the
right side of Figure 3.2. The envelope of the impinging beam is like a sharp needle and
therefore the instrument can achieve greater depth of field than the conventional light
microscopes. The electron beam can penetrate the sample up to 50 angstroms (Everhart
and Hayes, 1972).

The resulting image from the scanning is formed by a time sequencing technique
similar to the one used in commercial television. However, there are two major
differences. The picture produced on a television is composed of 525 lines, and a SEM
image varies from 100 to more than 1000 lines. Secondly, the rate of scan in a SEM is

much lower than the scanning rate used in a television because it is more difficult to focus
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the electron beam onto an area that is only 100 angstroms in diameter. Hence, the beam
must dwell on the area for a longer time to build up a secondary electron signal that is

strong enough to create an image.

3.1.4 Issues on Artefact Observed in Cryogenically Treated Slurry Samples

The SEM sample preparation technique commonly used for slurries is the freeze-
fracturing method. The samples are required to be frozen because of the high vacuum
applied in the SEM column during the time of observation (Braybrook, 1997). The slurry
samples are frozen rapidly in a matter of seconds at an extremely low temperature. An
example of the agent used for freezing samples is liquid nitrogen. The sample is then
fractured to expose the internal structure of the sample before being observed.

The observed structure of any clay slurry sample is only valid if the structure in
the solid frozen state is a replica of the structure in the semi fluid-solid state. Artefacts
are features which are not naturally present in the original sample but occur due to the ice
crystal formation. Ice crystals can form during the freezing and/or the sublimation
processes. At a slow freezing rate, the ice crystal formation tends to push the clay
particles and solutes into eutectic phases (Mikula ez al., 1991). They are frozen later to
produce features which are not part of the original sample structure. If the sublimation
process proceeds at a temperature warmer than -40°C, artefacts can be produced due to
recrystallization of the pore water (Braybrook, 1997). Ice crystals will form regardless of
the freezing rate, however, the faster the freezing rate, the smaller the ice crystals, thus the

less influence of the ice crystals on the clay structure.
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Erol et al. (1976) examined the influence of different freezing rates on the
structure of sodium montmorillonite clay-distilled water system using a SEM. They
compared the structures that were frozen at three different rates. The first process
involved freezing a sample at -160°C in 15 to 20 seconds. In the second process, a
sample was frozen within 3 to 4 minutes at a temperature of -129°C. The third sample
was placed in a freezer at -17°C for 24 hours. The sample that was frozen at the coldest
temperature exhibited the smallest pore spaces and the clay particles were more uniformly
distributed. The structure of the third sample had the largest pore spaces with thicker
stacks of tightly packed clay particles. This experiment shows that at a warmer
temperature, the ice crystals are allowed to grow to a larger size. The formation of larger
ice crystals pushes the clay particles together resulting in larger voids. At a lower
temperature, the ice crystals were formed more quickly and they were not large enough to
push the clay particles together, therefore a finer clay structure was produced.

In this study, a similar exercise was conducted with a kaolinite clay-water system.
The results are presented and discussed in Section 3.3.2 to show that the observed
structure in the MFT is not an artefact of freezing. Only then will the effect of pore water

and clay mineralogy on the MFT structure be addressed.
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3.2 Experimental Procedures and Sample Preparation

3.2.1 Index Tests

The materials tested in this study were MFT, kaolinite clay, and finely ground
Ottawa sand (silica flour). The MFT was collected from the Mildred Lake Settling Basin
at SCL in 1994. The barrel of MFT was identified as SY-22.

The hydrometer test for the MFT was done according to ASTM D422-63 except
for a slight modification. Only 2.5g of dispersing agent, Calgon, was used with the MFT
sample because a dispersing agent, NaOH, has been added to the oil sands during the
extraction process. Hence, the MFT would not require the same amount of dispersing
agent as stated in the ASTM. Previous hydrometer tests performed on MFT found that
only 2.5g of Calgon (based on 50g of dry MFT solids) was adequate and the results are
reproducible (Hereygers, 1997). Note that each of the hydrometer tests were conducted
with wet MFT solids. The wet mass of the sample was initially calculated using its solids
content and was equivalent to 50g of dry MFT solids. This calculation is shown in
Appendix 1.

The hydrometer test for the kaolinite clay and the silica flour were carried out
according to the ASTM D422-63. The amount of dry solids used was also 50g. All of
the hydrometer tests were run for 48 hours which were sufficient to measure the particle
size distribution of interest in this study.

The Atterberg limits tests were performed according to ASTM D4318-84. The
Atterberg limits of an air-dried MFT sample were compared to that of a centrifuged MFT

sample. The purpose of this exercise was to determine if the Atterberg limits of the MET
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would be affected by the increased concentration of electrolytes in the air-dried MFT soil
mass.

For the air-dried MFT sample, approximately 1 litre of MFT was placed in a
ventilated oven for two days during which the sample was stirred occasionally to prevent
a top crust of dry material from forming. The temperature of the oven was set at
approximately 26°C. Once the desired water content was achieved, the sample was then
divided into two portions for the liquid and plastic limit tests. Another sample of MFT
was centrifuged at 7000 rpm for about 7 hours at 22°C. The centrifuge machine was a
Sorvall RC-5B model manufactured by Dupont Instrument. Only the liquid limit test
could be done on the centrifuged MFT because the sample did not achieve a low enough
water content for the plastic limit test. This centrifuged MFT soil sample was then left to
evaporate the excess pore fluid from the soil surface.

The Atterberg limits tests were performed on kaolinite clay with two different
types of pore water, distilled water and saline water with 0.6M of NaCl which was chosen
arbitrarily. This was to examine the effects of different pore fluid chemistry on the
Atterberg limits of kaolinite clay. Since the kaolinite clay was dry initially, fluid was
added to the kaolinite clay until the desired consistency was achieved. The Atterberg
limits tests then proceeded according to ASTM D4313-84.

The bitumen content of MFT was measured using the Soxhlet extraction process
in which the bitumen was extracted by toluene. Approximately 500g of a wet sample was
weighed and dried to obtain its total dry mass. The oven was set at 110°C and the sample
was left for 16 hours. The dried sample was then transferred into a pre-weighed timble,

and the total mass was obtained. In the Soxhlet apparatus, the solvent was condensed and
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the distilled water was continuously separated in a trap where the water was being
retained in the graduated section. The solvent was then recycled through the apparatus to
dissolve the bitumen contained in the MFT sample. The final mineral mass was dried,
weighed, and the mass of bitumen was calculated by the difference from the mass of the
dry MFT sample at the start of the test. Equation (2.1) was then used to calculate the
bitumen content.

For the solids content determination, the wet sample of MFT was first weighed
and then dried in the oven for 16 hours at 110°C before determining the mass of the dry
sample. The solid content was then calculated using Equation (2.2).

The specific gravity test procedure outlined in ASTM D854-83 was slightly
modified to determine the specific gravity of MFT due to the contained bitumen. Instead
of applying a vacuum to the sample, the MFT sample in an Erlenmeyer flask was boiled
for approximately for 1.5 hours to release the trapped bitumen. The sample was then
cooled to room temperature. The mass of the MFT and the flask were recorded. The
flask was then emptied and washed clean with distilled water into a pre-weighed
aluminium tray to dry in an oven. The formula used to calculate the specific gravity of

this test was:

Ws

Gp = , (3.5)
& u’s"'Wb+w-Wb+w+s

W, is the mass of dry soil of MFT, Wj.., is the mass of flask and water at the temperature
of the soil, and Wj..-s is the mass of the flask, water and sample. Both equation (2.4)

and (3.5) should give similar results.



X-ray diffraction test was performed by the AGAT Laboratories in Calgary,
Alberta to determine the mineralogy of the MFT. Norwest Laboratories in Edmonton,
Alberta carried out the CEC test and the water chemistry analysis. The ESR of MFT was
calculated using the Gapon Equation (shown in Appendix 1) given the concentrations of

Na~, Ca** and Mg?" ions of MFT pore water in Table 3.4.

3.2.2 Cavity Expansion Test

Suthaker (1995) found that the cavity expansion test was successful in estimating
the thixotropic strength of fine tailings. The cavity expansion test was then used in this
study to measure the thixotropic strengths of a MFT sample and a MFT sample treated
with laboratory grade gypsum (LGG).

Clear plastic containers of about 1.5L and 150mm high were used to store the
MFT samples. The MFT with LGG sample was prepared by initially stirring the MFT
with a hand-held cake mixer for 5 minutes. Prior to the mixing of LGG, the powder was
weighed and wetted with 2 to 3mL of distilled water before being added to the MFT. The
sample was then stirred for another 5 minutes to thoroughly mix the LGG into the MFT.

These samples were left for 48 hours before being tested for their strength. This
was to allow the samples to gain their thixotropic strength so that the short term
thixotropic strength of the chemically treated and untreated MFT samples could be
compared. A suitable time frame was chosen based on the rate at which the thixotropic
strength of the MFT increased. Suthaker (1995) showed that the thixotropic strength of

the MFT with 233% water content gained only 20Pa between the second and twentieth



day. The sample with 300% water content gained only about 10Pa. The water content of
the MFT used in this study was 268%, hence the strength gain would not be expected to
be significant after adding the LGG. Thus, the 48 hours waiting period was chosen for
these samples.

The following is a brief description of the cavity expansion test procedure. A
detailed description of the theory, equipment set-up and the test procedures have been
described in detail by Suthaker (1995). Figure 3.3 shows the set-up of the cavity
expansion apparatus. A transducer was connected to the signal conditioning board which
was connected from the computer to its data acquisition board. A steady flow of distilled
water travelled in the nylon tubing which joins the cavity expansion needle to the valve
located at the top of the syringe pump. The pump was set to deliver distilled water at
4mL/hour during the test. The transducer was then saturated with distilled water by
turning the pump on to allow the water to run through the transducer. This procedure was
repeated a few times during the test to ensure the bubbles in the transducer were removed.

The samples were poured in the plastic containers 48 hours prior to the cavity
expansion test to a height of 7Smm. This was done because the apparatus was set such
that the tip of the needle would penetrate to 25mm below the surface of the sample when
it was lowered into the samples. After the needle was inserted into the MFT sample, the
pump was turned on to expand the cavity (water bubble) from the tip of the needle at a
constant rate until the MFT yielded. The test was repeated in different areas of the
sample to obtain an average shear strength of the MFT. The computer recorded the time

and the pressure as the bubble expanded in the sample.
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3.2.3 Slurry Samples Preparation Procedures for a Scanning Electron Microscope

A total of twelve samples were prepared for the SEM, and three of these samples
were used to address the issues of artefacts. All samples were approximately 150mL to
200mL. The void ratios, pH, and the contents of the samples are listed on Table 3.1. To
obtain a clay medium similar to the MFT, the kaolinite clay slurries were prepared to
approximately the same void ratios as the MFT. The void ratios of each sample were
calculated based on the measured solids contents. The solids contents of the MFT in this
study was 27.3%, therefore the slurry samples were prepared accordingly. Appendix 1
shows a sample calculation.

Samples 1, 2, and 3 were MFT, kaolinite clay mixed with deionized water, and
kaolinite clay mixed with MFT pond water respectively. The MFT pore water was
obtained by centrifuging a MFT sample for 6 hours. Samples 4, 5, 6 and 7 were
chemically treated with NaHCO;, NaOH, sodium naphthenates and LGG respectively.
Both NaHCO3, and NaOH were laboratory grades purchased from Chemistry Store at the
University of Alberta. Syncrude Research Centre provided the sodium naphthenates
solution which had been extracted from MFT pond water.

Sample 8 was prepared by removing the pore water of the MFT and replacing it
with deionized water. Approximately 400mL of MFT sample was centrifuged at 8000
rpm for 7 hours at room temperature. The same centrifuge machine was used as
described in the Atterberg limits tests. The supernatant was decanted and the pore water
was replaced with deionized water which was then mixed with the centrifuged MFT soil

to obtain a void ratio of 6.6. This process was repeated again to further dilute the MFT
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pore water. The final supernatant was analysed to ensure that the MFT pore water was
sufficiently diluted. The water chemistry results are presented in Section 3.3.

Sample 9, a slurry of kaolinite clay and MFT pond water, was heated to the same
processing temperature as used in the Clark Hot Water Extraction process. The sample
was heated on an electric hot plate to a measured temperature of 80°C. Once the
temperature was reached, the sample was removed and cooled to room temperature
(22°C).

Sample 10 and 11 were prepared with the same chemicals and concentrations,
5000ppm of NaOH and 106ppm of LGG. These concentrations were obtained using the
Gapon equation. This equation was used as a guideline to predict the approximate
amount of NaOH and LGG that would result in a dispersed clay structure. The
calculation and assumptions made are found in Appendix 1.

Sample 12 was a MFT sample that was frozen at a slower freezing rate during the
SEM preparation process. The clay structure of this sample was compared to the
structure of a similar sample that was prepared at a rapid freezing rate. The preparation
processes are described in Section 3.2.3.1.

All the aforementioned samples, except for Sample 7, were stirred or shaken for 5
minutes and left undisturbed for 24 hours before being observed under the SEM. Sample
7 was prepared according to the procedure as described in the cavity expansion test. The
pH of all the samples were measured immediately after agitation. The pH meter was an

Accumet pH meter 50 model. It was calibrated before any readings were recorded.
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3.2.3.1 Freeze-drying Method

The freeze-drying method was used to prepare the slurry samples for the SEM.
The SEM was a JEOL model, JSM.6301FXV located in the Earth Science Building at the
University of Alberta.

Before freezing, each sample was shaken or stirred to resuspend the particles. The
prepared samples were then left for at least 5 minutes before a sub-sample was obtained.
A square tube (Smm inside width) or a drinking straw (3mm L.D.) was inserted into the
container to collect the sub-samples. The tube or straw was then inserted directly into a
cup of liquid nitrogen slush which had been cooled to its freezing point of -208°C in a
cryosystem model, Emitech K1200. The time to freeze the samples was approximately 1
to 2 seconds.

A 20mm long rectangular copper box was used to hold the frozen slurry samples.
The frozen samples were quickly placed vertically in the box filled with glue. The
samples were then frozen in place by submerging the copper box and the glued samples
into the liquid nitrogen. The frozen samples were fractured while in the liquid nitrogen to
expose their internal structure; this process is known as a freeze-fracturing.

These samples underwent a sublimation process in the SEM optical vacuum
chamber to remove the ice from the surface of the samples. The surrounding temperature
of the chamber was maintained below -40°C to prevent ice recrystallization on the sample
surface (Braybrook, 1997). The final stage involved “sputter” coating the samples with

gold. The gold coating can penetrate up to a depth of 100 angstroms into the samples.
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During observation, the samples were placed in the SEM column on the observation stage
with a chamber vacuum set at 6x107 torr and a temperature at -157°C.

In the slow freezing process, a sample of MFT was collected in a drinking straw.
A small cork was used to plug one end of the drinking straw and the sample was left in a
freezer for 30 minutes at a temperature of approximately -15°C. The sample was then
inserted in a cup of liquid nitrogen slush to preserve the clay structure developed at the
ambient temperature of -15°C. The next step was to fracture the sample while in the

liquid nitrogen, and the remaining preparation procedures proceeded as described above.

3.3 Results and Discussion

The intent of this study was to develop an understanding of the colloidal
behaviour of MFT. This was done by identifying the aforesaid chemical constituents in
the pore water of MFT that are responsible for forming the card-house structure, and to
examine the effects of gypsum addition, and elevated temperature on the MFT structure.

The MFT, kaolinite clay, and Ottawa Sand (silica flour) were used in this study.
The purpose of using the kaolinite clay-water slurry was to examine the influence of MFT
pore water chemicals individually or in combination on its clay structure. The results
infer the effects of these chemicals on the MFT structure. Kaolinite clay was chosen
because it is the most abundant clay mineral found in MFT, however the kaolinite clay-
water system was not designed to recreate a MFT.

Silica flour slurries were prepared to determine if pore water chemistry would

cause the formation of the same card-house structure as seen in the MFT during the SEM



haladbii ol bl eahd A At bl D S

48

sample preparation process. This would determine if the structure was an artefact of the
preparation process. The results of this experiment are reported in Section 3.3.2.
Three-dimensional images of the clay structure produced by the SEM are
presented. The following sections will discuss the soil material properties, the issues
related to artefacts, and the effects of pore water chemistry on the MFT and kaolinite

clay-water structure.

3.3.1 Material Properties

The X-ray diffraction test showed that approximately 32% of clay minerals
contained in the MFT sludge are kaolinite, 17% are chlorite, 26% are illite, and 4% are
mixed-layers clays. This sample has less amount of kaolinite clays then expected as it has
been reported in literature (FTFC, 1995a) that 80% of the clay minerals in MFT are
kaolinite clays. This may be due to experimental errors in the X-ray diffraction test and
more samples are required for testing to verify the accuracy of the above obtained data.

The grain size distribution of the MFT, kaolinite clay, and silica flour (also
referred to as Ottawa Sand) are illustrated on Figure 3.4. It shows that 95% of the MFT
passed through the #325 sieve (45 pm), and approximately 55% of the material was clay
size (<2 um). The grain size analysis of kaolinite clay indicates that the clay had 100%
fines content (<45um) and 60% of the mineral were clay size. The figure also shows that
the sand has 100% fines content and only 15% of the mineral was clay size.

The liquid limits of the air-dried MFT sample and the centrifuged MFT sample

were 47.6% and 48.7% respectively. The plastic limit of the air-dried sample was 21.4%.
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Since the sample could not reach a low enough water content by centrifuging, the sample
was air-dried for the plastic limit determination. The plastic limit was found to be 22.8%.
It was concluded that the two dewatering processes had little effect on the measured
Atterberg limits. The results of the Atterberg limits are also listed in Table 3.2.

Although the X-ray diffraction test showed that the MFT clay minerals consisted
of only 32% kaolinite clay, other evident contradicted this finding. The Activity of this
particular MFT was calculated to be 0.47. This indicated that the minerals of MFT were
mainly kaolinite clays. The cation exchange capacity (CEC) of kaolinte clay ranges
between 5 and 15 meq/L (Mitchell, 1993). The measured CEC of the MFT was found to
be 11.5 meq/L, and this result suggested that the clay minerals in MFT are predominantly
kaolinite clay.

An Atterberg limits test was also performed on kaolinite clay with two different
types of pore water, distilled water and saline water. The purpose of this test was to
examine the effects of different pore fluid chemistry on the Atterberg limits, and to verify
if the limits were affected by the different chemicals which were added to the kaolinite
clay slurry for the SEM. The results are listed in Table 3.2. The test results showed that
the Atterberg limits of the kaolinite clay were not affected by different pore water
chemistry. Since kaolinite clays have little isomorphous substitution and the permanent
charge is very small, the clays do not respond actively to the change in the pore fluid
chemistry. Hence, it is also expected that the Atterberg limits of the chemically treated

kaolinite clay slurry for the SEM examination would be similar to the Atterberg limits

found in the above test results.
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The measured solids content, bitumen content, water content, specific gravity, and
the pH of the MFT are tabulated in Table 3.3. These results were found to be in the
expected range that was typically reported in the literature.

Table 3.4 lists the results of MFT pore water chemistry analysis. For comparison
purposes, the water chemistry analysis was only done on the ions which are considered as
“major ions” according to FTFC (1995b). Hence, an equivalence balance between the
anions and the cations were not calculated. The analysis showed that the pH of the MFT
is 8.6 and the most abundant cation and anion are the Na" and the HCO5’ respectively.
Compared to the concentrations given in Table 2.1, the water analysis of the MFT in this
study gave reasonable results. The difference in the results may be due to the variation of
water chemistry in different MFT samples.

Given the concentrations of Na*, Ca®*, and Mg?" ions, the ESR calculated based
on the Gapon Equation was 1.1 which suggested that the MFT has a highly dispersed
structure. However, this ESR is overestimated because the SAR of the MFT is 73 and the
ESR was calculated using K 0of 0.015 (mmoV/L) . Recall that this coefficient is used
for soil that has a SAR less than 30 and K, decreases as the SAR exceeds 30. Since this
study does not require the exact ESR of the MFT, the aforementioned ESR gives an
sufficient indication that the MFT has a dispersed structure. The dispersed structure of
MET is evident in the SEM micro-graph discussed in Section 3.3.3.

In order to obtain an accurate ESR of MFT, it is necessary to determine K
through laboratory testing. This testing is beyond the scope of the thesis and therefore the
experimental program for future work is briefly described in the Recommendations,

Section 5.3.



3.3.2 Is the Observed Clay Structure an Artefact of the SEM Preparation Procedure?

Prior to the examination of MFT structure, it was imperative to verify whether or
not the observed slurry clay structures shown on the micro-graphs truly represented its
unfrozen structure. The authenticity of the structure is dependent on the freezing rate
which depends on the freezing methodology, and the size of the sample which affects the
freezing rate.

Figure 3.5a and b illustrate the MFT structure prepared by fast freezing and slow
freezing respectively. Fast freezing involved freezing of sample in cooled liquid nitrogen
(-208°C), and slow freezing referred to the process in which the sample was frozen at
-15°C. Figure 3.5b shows that the clay particles were pushed together by the large ice
crystals seen in the spacing between each stack of clay particles. This experiment showed
that the faster the freezing rate, the smaller the ice crystals which formed within the
sample. Thus, the liquid nitrogen slush at -208°C and a small diameter sample tube were
used for SEM preparation process.

The main concerns suggesting that an observed structure of a slurry sample was
an artefact of freezing are as follows:

1. The spacing between rows of clay particles are much larger than can be accounted for
based on the double layer theory. The theory states that the electric double layer
thickness of kaolinite rich clays is about 10 angstroms. Figure 3.6 shows the typical

structure of MFT where the spacing is observed to be 50,000-90,000 angstroms (5-9

um).



2. Electrolytes in the pore water of the MFT or kaolinite clay-water system may cause the
ice crystals to form in a certain pattern that forces the clay particles to align in the same
direction.

The first concern stated that the spacing between aligned clay layers was too large
according to the electric double layer theory. The author agrees with this statement and
adds that the spacings observed on the micro-graphs are not representative of the electric
double layer thickness. The theory proposed by Babchin et al. (1991) described the
formation of the card-house structure as being due to the internal dipole-quadrupole
interactions of kaolinite clay. Further investigation of the internal dipole-quadrupole
theory requires the expertise of a clay mineralogist which is beyond the scope of the
thesis. Note however, that many of the cross-links between the clay layers were
unintentionally removed during the fracturing and sublimation processes. When the
frozen sample was fractured, some of the weakly bonded cross-linking clay particles may
have been plucked off. Similarly, these clay particles could also have been removed by
the applied vacuum in the SEM chamber. As a result, the clay particles may appeared to
aligned mainly in a face-to-face chain-like pattern and less in a edge-to-face pattern.
There are examples, however of these cross-linking particles throughout the image which
inferred the card-house structure as suggested by Babchin et al. (1991) and Mikula er al.
(1991).

The second issue was resolved by comparing the structure of a kaolinite clay
slurry (Sample 10) to a silica flour slurry (Sample 11) which were prepared with similar

chemicals and concentrations. The preparation procedures have been described in
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Section 3.2.3, and the assumptions made in the calculation to obtain the chemical
concentrations are presented in Appendix 1.

Figure 3.7a and b compare the structures between the kaolinite clay and the silica
flour slurries. If the observed particle alignment was due to the influence of water
electrolyte on the ice crystals growth pattemn, it should be reflected in both kaolinite and
silica flour samples with similar pore fluids chemistry. Comparing the structure of
kaolinite clay slurry to that of silica flour slurry, the kaolinite clay slurry exhibited a
dispersed structure that is similar to that of MFT. The structure of the silica flour slurry
with the same water chemistry remained unchanged. This experiment indicates that the
electrolytes in the pore water did not cause ice crystals to distort the structure of the
slurries during the freezing process, otherwise, both of these silica flour and kaolinite clay
slurries would have had the same structure.

Other evidence which suggested that the cryogenic electron microscopy is useful
for probing the MFT structure were presented by Mikula ef al. (1996a). They used a
confocal microscope to examine the structure of an unfrozen MFT sample. Figure 3.8
shows that the orientation or structuring of the clay component was similar to that
observed in the cryogenic sample prepared for SEM. This suggests that the structure of
the slurry sample was not affected by the freezing process since a similar structure has
been observed in a unfrozen sample.

In another test conducted by Mikula et al. (1996a), two samples of MFT were
sheared in a blender to destroy the floc structure. The first sample was allowed to sit for a
short time before it was frozen rapidly, and the other sample was frozen immediately after

the disturbance. The specific time periods were not reported for the tests. The method of



preparation involved freezing the sample in a liquid nitrogen slush and then freeze
fracturing them to expose the internal structure. The details of the preparation method are
described in Mikula, er al. (1991). The structure in the first sample showed a slightly
disoriented card-house structure, while the structure of the latter sample was completely
disoriented. By leaving the first sample undisturbed for a short time, the clay particles in
the MFT were allowed to move towards an equilibrium between the attraction and
repulsion forces thus forming the card-house structure. However, this sample was frozen
before an equilibrium was fully achieved, thus achieving the semi-oriented structure
presented in Figure 3.9. In the second sample, the clay particles did not have the time to
equilibrate and reorient themselves, therefore the particles appeared to be scattered
(Figure 3.10). This showed that the clay structures in the liquid state was preserved in the
solid state. Furthermore, if the freezing process creates artefacts, both samples would

have had the same clay structure when observed in the SEM.

3.3.3 Effects of Various Pore Water Chemicals on the MFT Structure

Section 3.1.2 reviews the theories developed by several researchers explaining the
formation of MFT structure. The formation of MFT structure involved the interactions
between the clay particles and the chemicals associated with the MFT. The suggested
inorganic chemical that is responsible for the formation of the MFT structure is HCOs’,
and the organic chemicals are the bitumen, strongly bound organic matter and the
surfactants. The structures were examined directly using a SEM to better understand how

these chemicals are responsible for the MFT structure. Following the discussion of the
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effects of the pore fluid chemistry on the slurry structure, the observed particles settling
behaviour of these slurries are described.

Initially in this study, a sample of MFT, kaolinite clay with deionized water, and
kaolinite clay with MFT pond water were prepared. The structures of these three samples
were then observed using SEM and then compared. In Figure 3.6, the typically observed
card-house structure of MFT is evident. van Olphen (1977) stated that a card-house
structure is a three-dimensional formation with clay particles aligned in a edge-to-face
and edge-to-edge pattern. Although the described patterns are evident in the MFT
structure, the clay particles were also oriented in a face-to-face fashion forming parallel
alignment of the clay particles. This structure is classified as highly dispersed. Figure
3.11 shows the kaolinite clay mixed with deionized water and Figure 3.12 shows the
structure of kaolinite clay mixed with MFT pond water. A typical flocculated structure
can be seen in kaolinite clay slurry mixed with deionized pore water. When mixed with
MFT pond water, a card-house structure was observed; it has a similar but more
aggregated structure than that of the MFT shown in Figure 3.6. These results indicates
that the pore water chemistry likely plays a major role in the formation of the card-house
structure in MFT, thus further investigation of the chemicals affecting the formation of
the structure observed in the MFT was essential.

The effects of these chemicals on the MFT structure can be inferred using the
kaolinite clay-water system. Kaolinite clay was chosen because according to past
literature, it is the dominant clay mineral in MFT. The experiment was therefore carried
out by examining the kaolinite clay slurries structure with the addition of inorganic

chemicals such as NaOH and HCOj;". The effects of sodium naphthenates on the
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kaolinite slurry structure was also examined. In another test, the pore water in MFT was
replaced by deionized water to observe if the remaining organic chemicals, bitumen and
strongly bound organic matter, is also responsible for the card-house structure observed
in the MFT.
The effects of HCO'3' on the structure of kaolinite clay is shown in Figure 3.13.
This structure is similar to the MFT structure shown on Figure 3.6. It is evident that the
addition of HCO;5 produces wider spacing between aligned clay particles in the kaolinite
slurry than with the addition of MFT pond water (Figure 3.12). This suggests that:
1) presence of HCOj;™ in the MFT pond water may contribute to the formation of the MFT
card-house structure;
2) the structure of MFT may be due to the pH level of the MFT colloidal system
(typically 8.5) at which the formation of the card-house structure occurs;
3) The card-house structure may be affected by Na" dissociated from the added NaHCOs.
It appeared that the presence of HCO3 may contribute to the formation of the
MFT card-house structure. Mikula et al. (1993) reported that the high degree of
dispersion of MFT was related to the HCO5' content of the pore fluid. HCOj;™ in a water
system exists only between a pH of 8.3 to 10.8 (Sawyer et al., 1994), and the least
desirable properties of MFT are usually around 8.5 which is also the pH commonly
measured in MFT. The least desirable properties of MFT include the poor consolidation
behaviour and the MFT card-house structure. However, their findings could also explain
that the pH in relation to the existence of HCO3;" may have an influence on the clay
structure instead of the chemical constituent, HCO;". The first two issues require further

research which is discussed in Section 5.3.2.
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Thirdly, the card-house structure may be caused by the Na~ ion dissociated from
NaHCO;. Mikula et al. (1991) created a model slurry system, which consisted of
koalinite clays in a 455ppm of Na” and 165ppm of CI solution, to simulate the actual fine
tailings. The observed clay structure exhibited randomly distributed clay particles which
indicated that neither the Na* nor the CI” were responsible for the card-house structure
formation.

The Clark extraction process uses NaOH and hot water to improve the separation
of bitumen from the oil sands. NaOH is a dispersing agent and may also have an effect
on the clay structure of MFT. The influence of NaOH on the MFT can therefore be better
understood by examining the type of structure formed in a kaolinite clay-water system
after the addition of NaOH. In this experiment, 140ppm of NaOH was added to the
kaolinite clay-deionized water slurry; the observed structure is presented in Figure 3.14.
Compared to a mixture with only deionized water (F igure 3.11), a slight parallel pattern
of clay particles was observed but not nearly to the extent when HCO5™ was added. The
NaOH made the pore fluid highly alkaline (pH = 12.3) producing more negatively
charged clay particles. This combination of an alkaline solution and negatively charged
clay particles resulted in a stable suspension with a slightly dispersed structure. Thus
NaOH appeared to cause a slightly dispersed structure in kaolinite clay slurry. This result
infers that NaOH added during the bitumen extraction process increases the pH of the
processing water which may contribute to the formation of the MFT card-house structure.

The natural surfactants, naphthenates and sulfonates, produced during the Clark
process also have a strong affinity for clay particles and can cause higher negatively

charged clay particles (FTFC, 1995d). Sodium naphthenates, provided by Syncrude, were



extracted from the MFT pond water which has about 100ppm naturally. The chemicals
was then mixed with kaolinite clay to examine if they would cause the kaolinite clay
particles to form a card-house structure. The SEM micro-graph shown in Figure 3.15
indicates that this surfactant had little effect on the arrangement of the clay particles since
a random flocculated system can be seen. This suggests that sodium naphthenates, by
themselves, may not be responsible for the formation of the card-house structure
observed in the MFT.

A test was performed to examine the effects of the bitumen and the strongly
bound organic matter on the structure of MFT. A sample of MFT was centrifuged to
separate the pore water from the solids, and the pore water of the sample was replaced
with deionzied water. This process was repeated once more to ensure that the MFT pore
water was diluted. The water chemistry analyses of the original MFT pore water and the
diluted MFT pore water are listed on Tables 3.4 and 3.5 respectively. The pH and
especially the concentration of Na”, SO.>, CI" and HCO5 ions were considerably
reduced, and the concentration of Ca?*, Mg®* and K" ions increased slightly. The ESR of
this sample calculated based on the Gapon Equation was 0.05. According to Mitchell
(1993), an ESR of 0.05 will produce a flocculated clay-water system. However a card-
house system was observed as shown in Figure 3.16. This suggests that the bitumen and
the strongly bound organic matter appeared to be also responsible for forming the card-
house structure of MFT. This observed structure can be explained by the theory proposed
by Majid, et al. (1990) that the strongly bound organic matter imposed a hydrophobic
character on clay surfaces allowing interparticle bridging by residual bitumen to set up a

weak gel structure. However, it is also possible that the low concentrations of HCO5’



(83mg/L) that remained in the pore water was sufficient to form the structure or the pH of
this sample may have created the structure. Further investigation of this issue is
discussed in Section 5.3.2.

The structure of MFT after the addition of LGG is shown on Figure 3.17. Both
Figures 3.6 and 3.17 exhibit a card-house structure, however the latter figure shows a
more crowded, less organised and agglomerated network of clay particles. This may be
explained by the replacement of Na" ions by the Ca”* ions which reduced the diffuse
double layer thickness of clay particles moving the system to a less dispersed state. The
measured thixotropic strengths of the two day old MFT with and without gypsum were
420Pa and 165Pa respectively. The output data of the cavity expansion test is shown on
Figure A-1 and A-2 in Appendix 1 with a sample calculation. Thus the addition of
gypsum produced a finer and stronger clay structure in the MFT.

The structure of a kaolinite mixed with MFT pond water at 80°C is shown in
Figure 3.18. In comparison to the card-house structure of unheated MFT pore water
(Figure 3.12), the heated structure has a larger spacing between aligned clay particles.
Heating the sample caused the spacings to approximately increase from approximately
Sum to about 10um. Mitchell (1993) explained that in a clay-water system, an increase
of temperature in the system will increase the diffuse double layer thickness as illustrated
in the following equation:

1 goDkT]

2n,e*v?
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1
In this equation, X is related to the thickness of the double layer and is shown to be a

function of the dielectric constant of the solvent (D), temperature (7), electrolyte
concentration (n,) and the cation valence ( v). ¢,, e and k are the permittivity of the
medium, electronic charge (1.602 X 10"'° coulomb), and the Boltzmann constant (1.38 X
102 J°K™") respectively. Provided that all the other parameters remain constant, an
increase in temperature of the medium will increase the double layer thickness causing
the clay-water system to have a less tendency to flocculate. This action was probably the
cause for the change in the observed structure although the increased spacing between the
clay alignments displayed in Figure 3.18 should not be interpreted as the double layer
thickness. This experiment suggests that the hot water used in the extraction process of
the oil sands combined with the aforementioned chemicals enhances the structure of

tailings creating a highly dispersed MFT structure as seen on Figure 3.6.

3.3.4 Settling of Clay Particles Observed on the SEM Samples

Standpipe tests were not performed on the aforementioned kaolinite clay or MFT
slurries to examine the effects of pore water chemistry on the initial consolidation
characteristics of MFT because the topic is beyond the scope of the thesis. However,
during the sample preparation for the SEM, observation of the settling particles were
made.

It was observed that the clay particles in kaolinite slurries mixed with deionized
water, MFT pond water, or HCOj5’ settled within the first 2 to 3 hours after mixing

leaving a clear layer of water atop the settled clay particles. Similar behaviour was also
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observed in the heated kaolinite sample mixed with MFT pond water. The kaolinite clay
mixed with NaOH and deionized water did not settle as quickly; 3 hours after mixing,
most of the clay particles appeared to have settled but the water remained cloudy. This
behaviour was also observed in the kaolinite clay mixed with the sodium naphthenates
solution.

In the MFT sample, identified as Sample 8 in Table 3.1, most of the clay particles
settled within 10 minutes after stirring but the water remained muddy. In a LGG treated
MEFT sample, only a thin layer of clear water was observed 48 hours after stirring.

From the above observation, it is concluded that the card-house structure of MFT
is not solely responsible slow long-term consolidation rate of MFT. Although the card-
house structure was most evident in the kaolinite slurry mixed with HCO3 or MFT pond
water, their particle settling behaviour were unaffected by these chemicals compared to
MFT. The NaOH and sodium naphthenaes in the kaolinite clay-deionized water system
acted as dispersing agents causing the particles to repel each other and prevented them
from settling. This infers that the these chemicals would also have a similar effect on the
MEFT.

Recommendation for future study of the effects of the above pore water chemicals

on the consolidation characteristics of MFT is discussed in Section J5.3.2.

3.3.5 Engineering Applications

The overall consolidation rate of MFT may be accelerated if the dispersed MFT

card-house structure is destroyed. MFT with a flocculated structure would be expected to



consolidate much quicker than MFT with the dispersed card-house structure because a
flocculated structure opens up more flow paths for the pore water to escape to the surface.
Furthermore, the card-house structure of MFT exposes more mineral surfaces resulting in
a higher degree of water to mineral bonding (FTFC, 1995f). In understanding what
chemicals are responsible for the formation of the MFT structure, the water chemistry of
the MFT pore water may be altered to destroy the dispersed card-house structure. The
application of this study in aid of increasing the overall consolidation rate of MFT are

listed in the following:

1. In the discussion, it was suggested that HCO;™ may contribute to the formation of the
MFT card-house structure. It was also suggested that the pH value of 8.5 may cause
the formation of the structure instead of the HCOj;". If the HCOj’ is responsible for the
formation of the card-house structure, it is possible to destroy the MFT card-house by
increasing the pH of MFT above 10.8 or decreasing the pH below 8.3 to convert the
HCO5 to CO3* or H,COs respectively. If the pH of MFT system is responsible for the
formation of the structure, the structure may be destroy with the modification of the
pH levels as suggested above.

2. The addition of NaOH accelerates the release of naphthenic acids (natural surfactants)
into the process water. Previous studies by other researchers hypothesised that the
natural surfactants are responsible for the slow settling behaviour and toxicity of MFT
(FTFC, 1995¢). Hence, if the use of NaOH is reduced or excluded, the above effects
on the MFT may be lessened.

3. It was found that the MFT structure might be formed in the presence of bitumen and

the strongly-bound organic matter. Re-extracting the bitumen from the MFT may



prevent the formation of the card-house structure as observed in the SEM micro-
graph.

4. The micro-graph of the heated kaolinite clay-water system displayed larger spacing
between rows of aligned clay particles causing the system to be even more dispersed.
This indicated that the high processing temperature used in the bitumen extraction
process increased the spacing between each clay alignment in MFT structure. It is
suspected that by lowering the temperature of the processing water, the observed
spacing in MFT structure may be smaller, thus generating a less dispersed structure.

S. The use of LGG in MFT is advantageous because the chemical strengthens and
produces a more aggregated structure so that it can hold the sand grains forming a
nonsegregating mixture. The sand grains act as an internal surcharge resulting in a

rapid initial consolidation of MFT.

3.4 Summary

A Scanning Electron Microscope was used to examine the effects of HCOj5’,
NaOH, organic matter, sodium naphthenates, laboratory grade gypsum, and the
processing temperature on the structure of MFT. A simplified clay-water model of MFT
using kaolinite clay slurry was created for the purpose of studying the behaviour of the
clay particles under the influence of various chemicals. It was not designed to recreate
MFT although a remarkably similar card-house structure was formed using kaolinite clay.

The possibility of the observed structure being an artefact of the cryogenically
treated slurry sample was examined. Experiments performed in this study showed that

the freezing temperature and the agents used in the freezing process produced a fast
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enough freezing rate to inhibit large ice crystal growth. It was found that large crystals
formation can distort the original clay structure when the sample is frozen slowly.

In another experiment, the structure of kaolinite clay slurry was compared to that
of silica flour slurry. The purpose of this test was to determine if the water chemistry in
the slurry pore water can cause the formation of artefacts. Both of these slurries were
prepared with the same chemicals and concentrations. It was found that the kaolinite clay
slurry structure exhibited a card-house structure similar to that of MFT. The silica flour
structure displayed randomly distributed particles. If the pore fluid electrolytes cause the
ice to form in a certain pattern that forces the particles into a card-house formation, one
would expect the silica flour to display a similar structure as the kaolinite clay slurry.

Thus it was concluded that the observed structures in the clay-water slurry and
MET were not artefacts of freezing. These results were supported in the studies by
Mikula ez al. (1996) where confocal microscopy observed similar MFT structure and
redevelopment of the structure with time after disturbance was not evident.

The effects of inorganic compounds on the structure of MFT were analysed. The
result suggests that HCO5™ in the MFT pore water may contribute to the formation of the
MEFT structure. The HCO3™ mainly comes from the connate water in the oil sands and
from the adsorption of CO, during the aeration process in the plant. HCOj exits at a pH
level between 8.3 and 10.8. However, it is possible that the pH of the MFT (typically 8.5)
may have caused the formation of the card-house structure.

The NaOH (added during the Clark extraction process) had a lesser effect on
kaolinite clay-water system than the HCO3". The addition of NaOH increases the pH of

the processing water which may enhance to the formation of the observed MFT structure.
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The organic compounds that were examined are the sodium naphthenates,
bitumen and the strongly bound organic matter. The addition of sodium naphthenates did
not affect the structure of the kaolinite clay-water system. The kaolinite clay-water
system retained a flocculated structure. It appears that this surfactant is not responsible
for the dispersed structure of MFT. It was observed that both the bitumen and the
strongly bound organic matter in MFT also have an effect on the dispersed card-house
structure even though the ESR calculated for the sample indicated that a flocculated
system should be present. This inferred that the bitumen and the organic matter may also
be responsible for the formation of the MFT card-house structure with little influence of
the water chemistry.

The effects of laboratory grade gypsum, and the processing temperature on the
structure of MFT were also examined. The addition of gypsum to MFT did not change
the structure but made it finer and much stronger.

The processing temperature used in the Clark Hot Water Extraction process is
80°C. The high temperature used in the extraction process combined with the organic
and inorganic chemicals enhanced the card-house structure of MFT. The width of the
spacing between the aligned clay particles of a preheated kaolinite-HCOj; slurry sample
doubled compared to an unheated one. Hence, if the temperature of the processing water
is lowered during the extraction of bitumen from the oil sands, the spacing between the
clay alignment of the MFT would expect to be smaller.

The Gapon Equation was used to calculate the ESR of MFT. Although the ESR
(1.1) was overestimated, for this study, it gave sufficient indication that the MFT is a

highly dispersed structure. This structure was observed in the SEM micro-graphs. In
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order to obtain an accurate ESR, it is necessary to determine the Gapon exchange
coefficient, K, through laboratory tests.

Standpipe tests were not performed on the kaolinite slurries or the MFT samples
because it was beyond the scope of this thesis. However, the particles settling behaviour
of these samples were observed. These observations inferred that the slow long-term
consolidation rate of MFT is not controlled solely by its dispersed card-house structure.
The kaolinite clay slurries composed of MFT pond water or HCOj" exhibited a card-
house structure similar to the MFT structure, however the particles of these samples
settled in 3 hours leaving a clear layer of water similar to the sample of kaolinite clay
with only distilled water. Both the NaOH, and sodium naphthenates caused the clay
particles in the kaolinite clay slurries to settle slowly. The water remained cloudy after
most of the solids have settled to the bottom of the container. This indicates that these
chemicals, along with other chemicals in the MFT, may cause the slow long-term
consolidation of MFT.

The engineering application of these findings had been discussed. Several
suggestions were made on altering the water chemistry of MFT to prevent the formation

of the MFT dispersed card-house.
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Table 3.1: Samples prepared for scanning electron microscopy.

Sample| Solids Pore Fluid Void pH [Modification
Ratio

1 MFT |MFT pore water 6.6 8.3 |none

2 Kaolinite |deionized water 8.7 6.9 |none

3 Kaolinite [MFT pore water 8.7 8.3 [none

4  |Kaolinite |deionized water 8.7 7.7 |added bicarbonate (995ppm)

5 | Kaolinite |[deionized water 6.6 12.0 |added NaOH (140ppm)

6 | Kaolinite |sodium 6.6 7.0 lextracted from tailings water

naphthenate
solution

7 MFT |MFT pore water 6.6 8.5 |added CaSO, «2H,0
(2500ppm)

8 MFT |deionized water 6.6 n/a [removed pore water by
centrifuging

9 Kaolinite [MFT pore water 9.3 8.5 |heated to 80°C

10 | Kaolinite |deionized water 6.6 12.3 |added NaOH (5000ppm),
CaSQ4 ¢ 2H,0 (106ppm)

11 silica | deionized water 6.6 12.3 jadded NaOH (5000ppm),

flour CaS04 ¢ 2H,0 (106ppm)
12 MFT |[MFT pore water 6.6 8.3 [slow freezing preparation
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Table 3.2: The results of Atterberg limits of MFT samples and kaolinite samples.

MFT Kaolinite

Air-dried Centrifuged Distilled water Saline Water
LL(%) 47.6 48.7 42.1 43.3
PL(%) 21.4 22.8! 25.1 22.5

'semi air-dried sample

Table 3.3: MFT properties.
Solids Content, S (%) 273
Bitumen Content, b (%) 3.26
Water Content, w (%) 263
Specific Gravity, Gg; 25
pH 8.6

Table 3.4: MFT water analysis.

Components mg/L
Ca* 1.2
Mg* 1.1
Na* 450
K* 8.26
cr 225
SO 34.8

HCO; 665



Table 3.5: MFT water analysis of diluted pore water.

Components

C a2+
Mg*
Na"
K

Ccr
SO*
HCO;

1.4
4.6
36.2
13.1
6.6
11.4
83

69
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Figure 3.1: a) Repulsion and attraction forces between platelike clay particles represented
as quadrupoles;
b) Cardhouse structure due to quadrupole interactions;
¢) Chain spatial arrangement of dipole;
(Babchin et al., 1991)
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Figure 3.2 : A schematic of a scanning electron microscope column (Braybrook, 1997)
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Figure 3.5: a) MFT exposed to fast freezing rate
b) MFT exposed to slow freezing rate

(Magnification at 200X: == 10 microns)
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Confocal micrograph of a MFT sample that was unfrozen and observed

Figure 3.8
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the confocal optical technique (Mikula et al., 1996a)
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structure and allowed to sit for only a short time before rapidly frozen

Figure 3.9: Electron micrograph of a MFT sample that was vibrated to destroy the floc
(Mikula et al., 1996a)
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Figure 3.10: Electron micrograph of a MFT sample that was vibrated and then frozen
immediately (Mikula et al., 1996a)
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4.0 EFFECTS OF VARYING CLAY CONTENT ON COMPOSITE
TAILINGS BEHAVIOUR

4.1 Literature Review

4.1.1 Fine Tailings Deposition Problem

The deposition behaviour of a hydraulically transported slurry can be classified as
segregating or nonsegregating. Stahl (1996) defined segregation of a slurry as the
tendency of the solid fraction in the slurry to settle and create a concentration gradient
within its mass. On the contrary, a nonsegregating mixture maintains a uniform
distribution of the solids (fines and sands) throughout its mass. Whether or not a slurry
will segregate depends on the type of carrier fluid, the type and amount of chemicals
added or which occur naturally, and the grain size distribution of the solids (Stahl, 1996).
The deposition behaviour of Syncrude total tailings is classified as a segregating mix
because its fine grained material separates from its coarse grained material when
deposited into the containment basin. The segregating characteristics of the total tailings
are due to its grain size distribution, high void ratio, and the high energy deposition
environment.

The total tailings stream from the Syncrude processing plant has two distinct types
of material: clay shale fines, and the oil sands. The combination of these soil materials in
the parent oil sands ore results in a gap graded grain size distribution illustrated on Figure
4.1. This tailings stream consists of approximately 20% fines and 80% coarse grained

material ranging from 0.5mm to 0.001mm in size. The fines usually refers to any solids
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in the tailings that is less than 44um, however for practical purposes, the fines content in
this study will define as any solids that pass through the #325 sieve (<45um).

The SCL pipelines that transport the total tailings from the extraction plant flow at
full capacity (Scott et al., 1993). Consequently, the fast flowing and mixing of the
tailings cause a turbulent flow which entraps air as the tailings exits the pipelines into the
settling basin. Air entrainment causes the fine material to segregate from the coarser
material. This contributes to the segregation behaviour of the total tailings.

The amount of fine material captured or retained in the coarse material (tailings
sands) depends on the soil composition of the tailings and the method of deposition. Due
to the deposition method and the soil characteristics of total tailings stream described
above, only one-third to one-half of the fine material is captured in the tailings sands
(Scott et.al, 1993). Caughill (1992) explained that the fine tailings, after deposition,
undergoes three zones of settling: a constant rate period, a first falling rate period, and a
second falling rate zone. In the constant rate period, the freshly deposited fine material
will settle by hindered settlement at a solid content of 8%. Hindered settling is defined as
the mutual interaction among the particles where particles of different size and shape may
agglomerate and settle at the same rate (Pane and Schiffman, 1997). Over time, effective
stress begins to develop in the first falling rate period. In the second falling rate zone, the
self-weight consolidation of the material dominates. The MFT (solids content in excess
of 30%) would take more than several decades to fully consolidate under self weight
consolidation due to its thixotropic strength and its low permeability (Scott et.al, 1993).
Consequently, a large volume of MFT will accumulate over the production life of an oil

sands operation. Since the MFT is toxic to the environment, it must be contained within
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the storage facility which will need to be reclaimed for lease-closure of the mining

operation.

4.1.2 Slurry Property Diagram

The Slurry Property Diagram (SPD) shown on Figure 4.2 is a convenient tool for
analysing and describing the numerous properties and characteristics of the fine and
coarse material in the tailings. It is a ternary diagram that shows the relationship between
the tailings solids content, the fines content (particles <45um in size), and the ratio of
fines content to fines content plus water content (F/(F+W)). The water content is
obtained by subtracting the solids content from 100%. The solids content is plotted on
the left axis, the fines content at the bottom axis, and the F/(F+W) ratio on the right axis.

A tailings with a specific amount of fluid, fines material, and coarse material
(sands) will plot as a point on the diagram. As this tailings consolidates, it will follow a
constant fines content path. The F/(F+W) describes the amount of fine particles and
water between the pore spaces of sand particles. The increase of F/(F+W) ratio indicates
a decrease in the hydraulic conductivity of the tailings.

The possible range of total tailings stream generated by SCL is plotted on Figure
4.2. The solids contents range from 35% to 62%, 9% to 35% for fines, and they lie
between the 10% to 20% F/(F+W) path. The segregating/nonsegregating boundary (also
referred to as the segregation boundary) divides the nonsegregating mixes from the
segregating ones. Above this boundary, the coarse particles will settle from the fines

producing segregated mixes. Below the boundary, no appreciable settling of coarse
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particles through the fines takes place (Caughill ef al., 1993). The boundary is fairly
distinct as the slurry will change from a segregating mix to a nonsegregating mix with
only a small change in solids content. Note that the total tailings stream plots above the
segregation boundary which indicates that presently the tailings is a segregating mix. In
order to prevent segregation in the tailings, it is necessary to increase its fines contents or
solids contents.

The sedimentation/consolidation boundary (liquid limit) indicates the completion
of the sedimentation stage followed by the self-weight consolidation stage of the tailings.
The liquid/solid boundary defines the undrained shear strength required for the slurry to
achieve a solid state. The sand matrix/fines matrix boundary defines the state at which
the mix will change from a fines-water slurry containing sand grains to a sand matrix. In

a sand matrix, the sand grains are in contact with one another and the fines-water slurry is

contained in the voids between the sand grains.

4.1.3 Composite Tailings Background

Syncrude Canada Limited (SCL) has undertaken a research and development
study to reduce the amount of fine tailings and MFT generated during future production.
Their objective is to incorporate the fine material into the tailings sands to form a
nonsegregating mixture which will accelerate the dewatering process resulting in a higher
consolidation rate of fine tailings. In order to form a nonsegregating mixture, it is
necessary to either increase the solids content, increase the fines content, or change the
grain size of the fine tailings. This is described on the SPD as depicted in Figure 4.2. For

example, spiking of the Syncrude tailings sturry with MFT was found to nearly double the
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amount of fine material captured in the tailings sand deposit (Morgenstern and Scott,
1994).

Previous researchers have experimented to determine the effect of adding
chemicals such as hydrochloric acid, sulphur dioxide, polyacrylamides, CaCla, MgSO,,
and CaO on oil sands tailings. They found that some of these chemicals added to the fine
tailings or MFT can also achieve a nonsegregating tailings stream. Their work has been
summarized by Caughill (1992). Composite tailings (CT) is therefore used as a method
to reduce the volume of fine tailings and MFT by chemically altering the colloidal
behaviour of the tailings to form a nonsegregating tailings. The concept of CT is not to
build a structure (e.g. a shallower beach), but to deposit the tailings in a containment area
(Morgenstern and Scott, 1994). The addition of chemicals would accelerate the fine
tailings consolidation process and form a reasonable thickness with time. When the
consolidated tailings becomes a competent soil mass, it will be reclaimed as part of a dry
landscape.

The success in producing CT depends on the solids and fines content of the
tailings stream. At SCL, the three main types of tailings streams suitable for CT
production are: the total plant tailings stream, a combination of the primary tailings and
MFT, and a combination of MFT and the underflow of hydraulically cycloned plant
tailings (FTFC, 1995g). Prior to the adding of sands, the chemicals are uniformly mixed
with the fine tailings and MFT. When an adequate amount of chemical is added to form a
nonsegregating mix, the clay matrix of the tailings is rendered stronger by the chemical
admixture such that the sand particles can be held within the clay slurry. The sand

particles act as an internal surcharge that aids in compressing the clay structure of the
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tailings. Due to the compression of the clay structure, the pore fluid is forced out of the
dead end pores, and opens up larger flow paths for the free pore fluid to escape from
within the sand matrix. Hence, the hydraulic conductivity of the fine tailings is increased
resulting in a higher consolidation rate.

The University of Alberta conducted standpipe tests to evaluate the performance
of CT with various chemicals. The standpipe tests were performed using 1L graduated
cylinders. The purpose of these tests was to determine the segregation boundary of the
tailings treated by the chosen chemicals, the optimum chemical dosage required to form
CT, and to examine the consolidation behaviour of the CT. Hundreds of these standpipe
tests were run and a procedure for adding chemicals to form CT was developed. The
chemicals which have been proven most successful in preventing segregation are
quicklime (CaQeH;0), sulphuric acid (H,SO), and gypsum such as phosphogypsum and
agriculture grade gypsum.

The efficiency of these chemical additives in forming CT varies when used with
different types of tailings. The following lists some of the combinations of Syncrude
tailings and the chemicals which have been tested and proven to be successful (FTFC,
1995g):

® quicklime with primary tailings

W quicklime with primary tailings spiked with MFT

® sulphuric acid with primary tailings

B gypsum with primary tailings and MFT

B sulphuric acid and quicklime with primary tailings
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B sulphuric acid and gypsum with primary tailings

For CT to be implemented successfully in the field, it must first form a
nonsegregating mixture and undergo a fairl& rapid initial consolidation. The results of
lime (CaO) will be briefly discussed to illustrate the influence of chemicals on the
segregation boundary and the consolidation behaviour of CT. The segregation property
of the CT is first discussed followed by the consolidation behaviour.

The difference between a segregating tailings and a nonsegregating tailings is
distinguished by the amount of fines captured within the sand matrix of the CT.
Morgenstern and Scott (1994) have definedaCT as a deposit in which 90% of the fines
are retained in the sands of the CT. A segregating mix is defined as a deposit in which
less than 50% of the fines are retained, and partially segregating mix lies in between 50%
and 90% (Morgenstern and Scott, 1994). The optimum dosage of CaO required to
produced a CT is 1250g/m’ for all types of tailings (Scott, et al., 1993). This means that
for | cubic meter of tailings, 1250g of dry quicklime was added. The segregation
boundary of Ca0 is shown on Figure 4.3. A distinct boundary between the segregating
mixes and the nonsegregating mixes is apparent. Compared to the segregation boundary
of an untreated tailings, the new boundary was shifted upward from the untreated tailings
boundary by the use of CaO addition as depicted on Figure 4.4. The addition of CaO to
the fine tailings or MFT improved the segregation behaviour of the untreated tailings by
increasing the range of solids contents at which a nonsegregating mix can be produced
regardless of the fines contents.

Different amounts of chemical dosages can also affect the segregation boundary of

CT. Standpipe tests performed on CT treated with phosphogypsum at the University of



T T TR TS s T ma

Alberta showed that with a dosage of 600g/m’, the CT plotted at a lower position on the
SPD than that of a CT treated with 1000g/m’ phosphogypsum as depicted on Figure 4.5.
The experiment showed that with a lower chemical dosage, the CT has a weaker tailings
clay structure than that with a higher dosage. Hence, at the same fines content, the CT
with a lower chemical dosage will require a higher solids content to produce a
nionsegregating mix. Similar findings would be expected for CT treated with CaO.

The solids contents of CT usually range from 40% to 60%. At such a high solids
content, hindered settling theory cannot be used to explain the initial settling behaviour of
the particles in CT. The two stages of consolidation are: initial consolidation, and long
term self-weight consolidation (FTFC, 1995g). The initial consolidation of a CT would
start almost immediately after deposition leaving a clear layer of water on the surface of
the tailings. During this stage, the self-weight forces transfer from the sand grains to the
clay particles of the fine tailings and the tailings undergoes a significant amount of
volume reduction as the pore fluid is pushed out of the clay medium. The tailings-water
interface usually drops significantly during the first 24 to 48 hours after deposition, and
the initial consolidation completes within a period of several days to a few weeks (Liu ef
al., 1996). The vertical effective stress at this stage is about 1 to 2 kPa. The long term
self-weight consolidation then begins as the sand grains become in contact with one
another and form a sand matrix. As the soil skeleton compresses and expels pore fluid,
the effective stress of CT increases. Overtime, the CT becomes a competent soil which
can be disposed of as a part of a dry landscape.

The rate and amount of initial consolidation depends on the amount and type of

fines, and the amount and type of chemicals added to CT (Liu et al., 1996). Figure 4.2
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can also be used as a guidance in determining the possible combinations of solids and
fines contents to form CT. As the fines content of a CT increases, the hydraulic
conductivity and the initial void ratio of the CT decrease resulting in a slow initial
consolidation. Experiments have shown that when the fines content of CT exceeds 25%.
the rate of consolidation in the CT decreases considerably (FTFC, 1995g). As the void
ratio of CT continues to decrease due to long term self-weight consolidation, this will
further decrease the hydraulic conductivity hence reducing the rate of overall
consolidation. The rate of the initial and long term self-weight consolidation of a CT is
also dependent on the hydraulic conductivity of the fine tailings or MFT. Since the
hydraulic conductivity of MFT is affected by the bitumen content, a MFT that has a
higher bitumen content will result in a lower hydraulic conductivity and consequently a
lower overall consolidation rate of CT.

The consolidation behaviour of CT is also affected by the different chemical
dosages. Scott er al. (1993) carried out two standpipe tests with different dosages of
CaO. Both of the tests produced nonsegregating mixes and were observed to have a fairly
uniform solids and fines content throughout the standpipes. The test with a higher CaO
dosage resulted in a rapid initial consolidation but exhibited little long term
consolidation. The second standpipe test carried out using a lower dosage of CaO not
only underwent a rapid initial consolidation but also resulted in greater long term self-
weight consolidation (Scott et al., 1993). Hence the optimum dosage must produce a
nonsegregating mix with a rapid initial consolidation and reasonably fast long term self-

weight consolidation.
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The rate and amount of initial consolidation also depends on the mixing procedure
and mixing time (Liu et al., 1996). The standpipe tests conducted with CaO showed that
as the mixing time increased from 5 minutes to 30 minutes, the initial consolidation rate
of the CT increased (FTFC, 1995g). However, the shorter mixing time appeared to yield
CT with a faster long term self-weight consolidation rate. It may be more favourable to
choose a shorter mixing time to encourage a faster initial consolidation rate. As CT is
deposited in layers, it is important that the water from the initially deposited layer of CT
is quickly released before a following layer is deposited. This would prevent the water
from being trapped in the previous layer of CT.

Since CT has a high water content such that it can be transported hydraulically, it
should be discharged in a low energy environment so that segregation of the mixture will
not occur (FTFC, 1995g). Air entrainment during the deposition process causes some
segregation of the fine material out of CT (FTFC, 1995g). Experiments have shown that
the vertical, submerged discharge method is effective in both dispersing energy and
preventing air entrainment. Horizontal discharge was found to be ineffective because it
caused hydraulic jumps resulting in high turbulence and segregation of CT. Furthermore,
it was recommended that the thickness of CT is placed in thin layers to reduce the
drainage path during the consolidation stages.

The water initially released from the CT shows a certain level of acute toxicity
and therefore needs to be treated before being discharged into the environment (FTEC,
1995h). Due to natural detoxification, no acute toxicity was measured after the water had
been in storage for a period of time which was determine based on the number of trout

and daphnia which survived in the water after three to six months. However, the
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reduction of chronic toxic level is still currently being researched. Treatment options
include the process of initial, passive, biological detoxification of the CT release water in
holding ponds, and then releasing the water into another pond for a season until the water
has met the discharge requirements (FTFC, 1995h). The water can then be discharged
through natural wetlands where further detoxification of chemicals in the discharged
water occurs. This is to ensure that toxic level is reduced when the water enters the

neighbouring off-lease environment.

4.2 Definitions
The terminology used in the Experimental Program and Design section are

defined in the following and the sample calculation for the terminology are shown in

Appendix 1:

1. Fines accounts for all the particles finer than 45um. In this experiment, approximately
95% of a fine particles in a CT comes from MFT and 5% comes from the sands.

2. Sands are being referred as the sand that make up the solids content of CT. This is
calculated by subtracting the fines content from 100%.

3. Sands to Fines ratio (SFR) is the ratio of the percentage of Sands to the amount of
fines in CT.

4. Clay:water ratio or clay mineral:water ratio defined by SOSG (1996) represents the
total percentage of available clay mineral surfaces in the CT solids divided by the total
percentage of water in CT. They have used methylene blue testing to determine clay

mineral surfaces. In this thesis, the clay:water ratio was not determined using
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methylene blue test. The method in which clay:water ratio is calculated for this thesis

is described in Section 4.3.4.

5. Clay:sand ratio is the total percentage of clay size material in the CT solids divided by

the Sands in the solids content of CT.
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The terminology used in the Results section are defined as follows and the sample

calculations are also shown in Appendix 1:

1.

The Actual Fines and Solids are defined as the actual amount of fines and the total
solids in the CT. This was obtained from the solids and fines content testing. The
samples were collected during the process of making CT for standpipe test. The

procedure for standpipe test is described in Section 4.3.5.

. CMF(%) stands for Clay Mineral Fraction which is the amount of clay mineral

contained in CT. It is the fines content of CT multiplied by the total amount of clay

size material contained in both the MFT and sands.

. F/(F+W) is the ratio of fines content to the sum of fines content and water content in

CT. Water content is calculated by subtracting the solids content from100%. As
described in Section 4. 7.2, the F/(F+W) describes the amount of fine particles and

water between the pore spaces of sand particles.

. C/(C+W) is the ratio of total clay minerals in CT to the sum of total clay minerals and

the water content in CT. The total clay minerals is the CMF multiplied by the solids
content. The C/(C+W) ratio describes the amount of clay size particles and water in

the voids between the sand particles in a CT.

. SIrepresents the Segregation Index (SI) of CT. The index describes the segregation

behaviour of the CT and reflects the percentage of fines (particles < 45um) not
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captured in the CT. A SI value that is less than 10% indicates that the tailings is a
nonsegregating mix. The formula derived by Suthaker (1997) is found in the
Appendix.
6. Fines captured is the amount of fines (<45um) retained within the sand matrix. It is
calculated by subtracting the SI from 100%.
Note that the clay content in clay:-water and clay:sand ratios does not have the same
definition as the clay content defined for C/(C+W). The clay content in C/(C+W) is
defined as the total clay sized material found in both MFT and sands, but the clay content

in clay:water and clay:sand ratios only considers the clay size material in MFT. This will

be explained in Section 4.3.4.

4.3 Experimental Procedures and Design

The success in creating a CT is also dependent on the amount of clay minerals in
the fine tailings or MFT reacting with the added chemicals. Previous experiments
performed at Suncor Oil Sands Group have shown that the segregation boundary of CT
mixed with 600ppm of agricultural grade gypsum is equivalent to a clay mineral:-water
ratio of 0.1 (SOSG, 1996). The method of determining this ratio is explained in Section
4.3.4. Their experimental results stated that all the CT with a clay:water greater than 0.1
will not segregate. However this ratio requires further investigation and verification.

The investigation of this proposed clay:water ratio required standpipe testing on

MFT with different clay contents (particles <2um). Hence, the purpose of this study was
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to examine the effects of varying MFT clay content on the segregation and consolidation
behaviour of CT.

The chosen clay contents were initially 25%, 55%, and 75% of the MFT fraction
which in this study are termed as the low clay content MFT, MFT-55 or 55% clay content
MFT, and the high clay content MFT respectively. The procedures of material
preparation, the material index testing, and the standpipe tests are described. This is
followed by a description of the flow chart which illustrates the strategy of experimental

program for determining the segregation boundary through standpipe testing.

4.3.1 Material Preparation

The MFT identified as SY-22 was used in this study. The index test procedures
and the characteristics of this tailings have been described in Sections 3.2./ and 3.3./
respectively. Recall that the hydrometer test performed on this MFT showed that 55% of
the MFT was clay size material (<2pm).

The low and high clay content MFT were obtained by separating the clay size
material (<2pum) from the silt size material (>2um) of the 55% clay content MFT. The
method of separation was based on the concept of a hydrometer test. In a hydrometer
test, water is added to the solids to achieve a solids content of approximately 5%. At
such a low solids content, the coarser particles will settle by gravity at a faster rate than
the fine particles. In the procedure used in this study, when the silt size material had
settled to the bottom of the container, the clay size particles remained in the liquid were

removed, leaving the silt size material in the container.
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Prior to the separation process, it was estimated that up to 15 standpipe tests
would be performed for each clay content, and each set of tests required approximately
12L of tailings at about 30% solids content. A separation test trial was conducted with
200mL of MFT-55 to determine the amount of clay size material that the MFT could
yield. It was found that after 24 hours, 54% of MFT-55 material was still in suspension.
Based on this preliminary test, approximately 80L of MFT-55 were used.

Four barrels of 75.6L (20gallons) were used for the separation process. For each
barrel, the MFT release water from Syncrude settling basin (pond water) was added to
20L of MFT-55 to achieve a solids content of approximately 5%. The calculation for the
required amount of pond water for this separation process is shown in the Appendix.
After adding the pond water to the tailings, it was stirred for about 5 minutes with a
shovel to thoroughly suspend the particles. Two samples were collected for solids
content determination. According to the hydrometer test done on the MFT-55, the clay
size particles of the MFT would begin to settle after about 9 hours. Figure 4.6 shows the
general layers of the settling solids. Layer 1 consisted mostly of the unsettled clay size
particles with a high water content. The interface layer, Layer 2, contained silt size
material with about 60% clay size particles. The bottom layer had up to 70% silt size
material and a solids content of approximately 25%. Shortly after 9 hours, Layer 1 was
siphoned into a barrel, Layer 2 into another barrel, and Layer 3 was poured into a 20L
plastic pail. More pond water was later added to the tailings in Layer 2 to repeat the
separation process.

The solids content of the tailings in Layer 1 was approximately 4%. Since a solids

content of approximately 28% is required for the standpipe tests, the excess water in
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Layer 1 was removed by filtering the water through a filter paper with an applied vacuum
of approximately 508mm Hg. The filter paper manufactured by the Micron Separation
Inc. has pore sizes of 0.22um. These pore sizes are large enough for the electrolyte to
flow through while filtering out the soil particles without increasing the ionic
concentration of the pore water. An evaporation process was not implemented because
this method would increase the concentration of electrolyte in the pore water which may
affect the colloidal behaviour of the clay slurry.

The filter paper trimmed to the desired size was glued on a perforated acrylic
plastic tube with a thin piece of geofabric illustrated on Figure 4.7. Silicone gel was then
used to seal the edges of the filter paper. The inner diameter of the tube is approximately
70mm and the thickness of the plastic is about 2mm. The base of the tube was plugged
with a #12 rubber stopper and then sealed with silicone gel. The purpose of the geofabric
was to protect the filter paper from directly contacting the perforated tube, to provide
extra support for the filter paper, and to increase the surface area of the filtration.
Without the geofabric, the filter paper would tear more easily, and the filtration area
would only concentrate at the perforation in the tube resulting in a reduced filtering
surface area.

Six to nine filtering tubes were inserted into the 75.6L drum of tailings (Layer 1)
and the filtering tubes were connected to the vacuum with a nylon tubing (6mm outer
diameter). The pond water was drawn into the tube when the vacuum was applied. The
filtered water was either recycled for another separation process or discarded.

The filter paper required cleaning when the MFT soil collected on the surface. As

the water content decreased, the hydraulic conductivity decreased, hence the filtering
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process took approximately 2.5 months to obtain a approximately 16L of clay slurry with
a solids content of 30%. After the desired solids content for each clay content was
achieved, the slurry was stored and sealed in 20L plastic pails to prevent evaporation of

the pore fluid.

4.3.2 Index Tests

The clay contents of each slurry was determined through hydrometer tests
performed according to ASTM D422-63 with a slight modification. The modification has
been described in Section 3.2./. Similarly, each hydrometer test was carried out with wet
slurries that had an equivalent dry mass of 50g. Each hydrometer test was terminated
after 48 hours because it was sufficient to determine the clay contents of each slurries.

The Atterberg limits tests were performed on both the low clay content MFT, and
the high clay content MFT according to ASTM D431 8-84. Approximately 1L of both
MET were collected and air-dried in a ventilated oven at 26°C for approximately 48 hours
or until the desired water content was achieved. The samples were stirred occasionally to
allow the slurry to dry uniformly, and to prevent it from overdrying. Each sample was
then divided into two portions for the plastic and liquid limit tests. Following the
Atterberg limits tests, the dried samples of both the low, and the high clay content MFT
obtained from the liquid limit test were used for Soxhlet extraction to determine the

bitumen content of both slurries. The Soxhlet extraction procedure has been described

Section 3.2.1.
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The solids content tests performed on these MFT samples were also described in
Section 3.2.1. The specific gravity of these MFT samples were obtained from using
equation (2.4) which is based on the amount of bitumen contained in the MFT.

The water chemistry analysis along with the cation exchange capacity tests were
done at Norwest Laboratories in Edmonton, Alberta. The ESR value of each MFT were
calculated based on the concentrations of Na”, Ca®*, and Mg?*. Methylene Blue tests,
which quantifies the amount of clay minerals in soil material based on the exposed clay
surface area, were performed by McMurray Resources (Research and Testing) Limited in
Fort McMurray, Alberta.

The sand used in making CT was obtained from the beach at the Mildred Lake
Settling Basin in SCL. The sand was delivered to Edmonton in several 250L barrels (45
gallons) but only 18L of sand was used. The sand was first sieved through a #14 sieve
and inspected for clumps of clayey soil to ensure that no additional clay size particles
were added to the MFT when making CT. The sand was thoroughly mixed with a shovel,
and a sample was collected for grain size distribution test. For the grain size distribution,
the sand was sieved through a series of sieves #20, #40, #60, #80, #100, #120, #140, and

#200. The particles that passed through the #200 sieve were collected for a hydrometer
test. The purpose of this test was to obtain the grain size distribution, and to determine
the amount of clay size particles left in the sand.

The solids content of the sand was determined according to the procedure
described in Section 3.2.1. The fines content of each pail was determined by washing the
sample through a #325 sieve with tap water. The retained solids were dried in an oven

for 16 hours at 110°C. The total dry solids in the sand was calculated from the average
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solids content obtained from the solids content test. The mass of fines (<45um) in the
sand is the difference between the total dry solids and the dry solids retained in the #325
sieve. The fines content is the mass of fines divided by the total dry solids. A sample

calculation is shown in Appendix 1.

4.3.3 Slurry Samples Preparation Procedure for SEM

The samples that were prepared for SEM observation are listed on Table 4.1. The
method of preparation has been described in Chapter 3, Section 3.2.3. Similarly,
approximately 100mL of samples were collected and left undisturbed for two days except
for the CT samples which was left undisturbed for 14 days. This was to observed the
structure after it underwent consolidation for 14 days. The CT samples were collected
during the preparation process in the standpipe tests and it is described in the Section

4.3.5.

4.3.4 Experimental Program for Standpipe Tests

The purpose of this experimental program was to strategically choose the solids
and fines contents that would produce a segregation boundary through standpipe testing.
Recall the experimental results of SOSG (1996) stated that all the tailings with a
clay:water ratio greater than 0.1 were nonsegregating mixes. They have obtained the
ratio by performing methylene blue tests on the fine tailings samples used in previous test
study shown in Figure 4.8. This test study was to determine the segregation boundary for

tailings treated with 600ppm of agricultural grade gypsum. The data at the segregation
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boundary shown in Figure 4.8 was then recomputed on a clay mineral basis as shown in
Figure 4.9 (SOSG, 1996). Unfortunately no methylene blue test data was provided to
show how the clay:water ratio was obtained. However, it was found that by assuming the
fine tailings with a clay content of 45%, similar results as shown in Figure 4.9 were
obtained using the following equation:

(avewater ratio = o 41
clay:water ra. 100—S 4.1)

C represents the clay content of a fine tailings, and F and S describe the fines and solids
content of a tailings respectively. Similarly, the clay:water ratio of the tailings in the
experimental program were calculated according to equation (4.1).

In this experimental program, the proposed solids and fines contents for creating
CT ranged from 35% to 60%, and 10% to 30% respectively. The clay:water ratios for
each clay content MFT were calculated based on these proposed solids and fines contents.
A sample calculation of the clay:water ratio is shown in the Appendix. Five tailings
samples with clay:water ratios ranging from 0.05 to 0.3 were initially selected to
determine if the clay:water ratio segregation boundary was 0.1. Subsequent tests were
conducted to refine the previously established segregation boundary or to re-establish
another boundary if the experiment results did not agree with the clay:water ratio
segregation boundary of 0.1. Figure 4.10 shows the Experimental Program strategy in a
flow chart format. The flow chart illustrates two possible routes in which the experiment
could proceed. The first route depended on whether the standpipe tests will produce a
clay:water ratio segregation boundary of 0.1. Ifthe clay:water ratio was not equal to 0.1,

the experiment would be directed to the second route.
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The only varying parameter in this study was the clay content of MFT, therefore
the LGG dosage of each CT was maintained at 900g/m3 . This dosage was chosen based
on the results of standpipe tests carried out with agricultural grade gypsum by Suthaker
and Scott (1996a). Through standpipe testing, they found that the optimum dosage to
obtain CT was 9()Og/m3 . The main difference between the LGG, and agricultural grade
gypsum is the amount of CaSO, that is contained in these chemicals. Approximately
95% of LGG is CaSOj4 while agricultural grade gypsum has approximately 85% (Mikula,
19965). The LGG treated CT would not be expected to have a significant difference in
the standpipe test results, compared to that of the agricultural grade gypsum treated CT,

since the difference in CaSO, between these chemicals is only 10%.

4.3.5 Standpipe tests

The masses of MFT, sand, and pond water required for standpipe tests were
calculated for 1.2L of CT. The extra 200mL of CT was used for solids and fines content
tests, methylene blue tests, and for CT microstructure observation using a Scanning
Electron Microscope (SEM). The purpose of performing solids and fines content tests
was to verify that the correct amount of sand, MFT, and pond water were added according
to the Designed solids and fines contents.

The MFT was first stirred thoroughly for at least 5 minutes. For each standpipe
test, the sand, MFT, pond water were weighed and mixed together in a SL plastic pail.
The ternary mixture was then stirred using a blade mixer shown on Figure 4.11. The

blade mixer was connected to a hand held drill. This type of mixing blade has a small
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area of contact with the soil mixture and therefore provides high shearing of the mixture
during stirring (Caughill, 1992).

The stirring speed was adjusted such that the entire soil mixture was suspended
during stirring. The stirring time was exactly 5 minutes, during which two 50mL samples
were collected for solids content test, and another two for fines content tests.
Immediately after the samples were collected, the LGG powder was dissolved in 2 to
3mL of pond water and poured into the soil mixture. This was to prevent the powder
from solidifying, and to encourage well mixing of LGG in the soil mixture. The pH of
the soil mixture was recorded two minutes after the LGG was added. Only selected CT
mixes were collected for SEM observation. The amount of samples collected were
approximately 100mL.

Immediately after stirring, the CT was poured into a 1L graduated cylinder
(900mm in height), and its initial tailings height, time, and other observations of the CT
were recorded. The cylinder was covered to prevent evaporation during the test period.

As the CT consolidated with time, the height of the soil-water interface, time, and
the consolidating characteristics of the CT were recorded every half hour for the first two
hours followed by every hour for the next three hours. After the first day of the test, the
observations were recorded three times a day for 14 days. The test was carried out for 14
days because it was sufficient for examining the segregation and initial consolidation
characteristics of the tailings.

All the samples collected for the solids and fines contents tests were weighed
prior to the tests. The solids content tests were carried out according to the procedure

described in Section 3.2.1. The fines content tests were obtained by washing the
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collected tailings samples through a #325 sieve with tap water. The particles that
remained in the sieve were dried in the oven at 110°C for 16 hours. The total dry solids
in CT was calculated from the average solids content obtained from the solids content
test. The mass of fines in the CT is the difference between the total dry solids and the dry
solids retained in the sieve. The fines content is the mass of fines divided by the total dry
solids. A sample calculation has been shown in the Appendix.

Upon the completion of the standpipe tests, the released water of each test sample
was siphoned and discarded. For each sample, the entire cylinder of tailings was sampled
for solids and fines content determination which alternated with depth. Layers of samples
of approximately S50mL were scooped into a pre-weighed aluminium dish, and the
elevation of the collected samples were recorded. A sample calculation of the fines

content is shown in the Appendix.

4.4 Results

4.4.1 Material Properties

The hydrometer tests showed that the low clay content MFT had 36% clay size
material, and the high clay content MFT contained 70%. The low clay content will also
be referred to as 36% clay content MFT, and the high clay content as 70% clay content
MFT. These clay contents were acceptable for the standpipe tests even though MFT of
25% and 75% clay contents were initially planned. The grain size distribution of the low
clay content MFT, MFT-55, and the high clay contents MFT have been plotted on Figure

4.12. The figure indicates that approximately 100% of the MFT soil particles were finer
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than 45um. The grain size distribution of the beach sand is shown on Figure 4.13. This
figure shows that about 91% of the material was sand size, 5% was silt size, and the
remaining 4% was clay size.

Table 4.2 lists the solids, fines, and clay contents for the low, high, 55% clay
content MFT, sand, and the pond water. It also lists the bitumen contents of the
aforementioned MFT. The specific gravity was obtained using equation (2.4) which is
based on the bitumen content of the MFT. This equation gave a specific gravity of
approximately 2.5 for each MFT. The specific gravity of the sand obtained from
Suthaker (1997) is approximately 2.6.

The Atterberg limits test resuits for the aforementioned MFT are tabulated on
Table 4.3. Table 4.4 lists the results of cation exchange capacity (CEC), methylene blue
tests, and the ESR for both 36%, and 70% clay content MFT. The ESR was calculated
using the Gapon equation which has been illustrated in the Appendix and discussed in
Section 3.1.1.

Table 4.5 shows the results of CMF obtained from hydrometer tests and
methylene blue test. These results showed a slight discrepancy in the CMF between the
two tests. The CMF of the 36% and 70% clay content MFT presented the largest
difference compared to the 55% clay content MFT. The difference in these results will be
discussed in Section 4.5.1.

The water chemistry analysis, electric conductivity (EC), and the ionic strength (I)
of the 36%, MFT-55, and 70% clay content MFT are listed on Table 4.6. The data shows

that the 36% and 70% clay content MFT have a much higher concentration in Ca®* Na",
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Mgz’, and HCO5". The ionic strength of each MFT was calculated using the following

equation derived by Griffin and Jurinak (1973):
I (moles/L) =0.0127 EC 4.2)

The difference in the aforementioned chemical concentrations and its effect on the MFT

card-house structure of MFT will be discussed in Section 4.5.1.

4.4.2 Scanning Electron Micro-graphs of CT

The structure of the MFT at the aforementioned clay contents, and the effects of
LGG on the three MFT structures were observed. The resulting structure of CT mixes
were also examined. The SEM used in this study was the same equipment described in
Chapter 3. Three sets of samples (Table 4.1) were prepared for SEM observation:

1. 36%, 55% (MFT-55), and 70% clay content MFT
2. LGG mixed with the above mentioned MFT
3. CT samples (treated with LGG) with 36%, 55%, or 70% clay content MFT.

Figures 4.14a and b show the clay structure of MFT at 36%, and 70% clay content
respectively. The 36% clay content MEFT structure has thinner rows of clay particles with
spacings between clay alignment averaging at approximately Sum. The cross-linking clay
particles appeared to be randomly distributed between each row of clay particles. The
70% clay content MFT structure has thicker rows of clay particles. The cross-linking clay
particles are also randomly distributed. The spacing between clay alignments were not

measured because the micro-graph does not show a plan view of the structure that can be
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accurately measured. However, the spacing observed appeared to be similar to that of
36% clay content MFT structure. The structure of MFT at 55% clay content presented in
Figure 3.6 (Chapter 3) showed thick alignments of clay particles with spaces averaging at
about 5um. This structure appeared to be quite similar to the 70% clay content MFT
structure.

The effects of LGG on the structure of MFT at the aforementioned clay contents
were examined using the SEM. Figures 4.15,4.16, and 3.18 (Chapter 3) show the
structures of 36%, 70%, and 55% clay content MFT treated with 2500g/m’ of LGG
respectively. The structures of the latter two samples appeared to be more aggregated
than that of the 36% clay content MFT.

The final set of SEM micro-graphs displays the structures of CT prepared for the
standpipe tests. Figures 4.17,4.18, and 4.19 present the CT structures at 36%, 55%, and
70% clay content MFT respectively. Notice that the magnification of these micro-graphs
are 200 times so that the arrangement of sand particles can be better observed. These
figures show the embedded sand grains within the clay matrix, and the grains did not
appeared to be in contact with each other. The clay structures of each micro-graph
possessed distinct rows of clay particles as seen previously in the structure of the
untreated MFT samples. Furthermore, the rows of clay particles of the CT with 36% clay
content MFT were thinner compared to the CT with 55% or 70% clay content MEFT.

These are better illustrated in figures 4.20, 4.21, and 4.22 respectively at a magnification

of 500 times.
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4.4.3 Standpipe Tests Results for Tailings with 36%, 55%, and 70% Clay Content
MFT

Table 4.7 tabulates the calculated clay:water ratios using equation (4.1) for the
36%, 55%, and 70% clay content MFT. It shows a matrix with the solids content listed
on the left and the fines content, SFR, and Sand are listed across the bottom. From this
table, the solids and fines content were chosen for standpipe tests. The selection
procedure has been described in Section 4.3.4.

Morgenstern and Scott (1994) have defined a CT with 90% of fines captured or
greater as a nonsegregating mix, and a CT with a 50% of fines captured or less as a
segregating mix. In this study, the segregating mix is classified as any tailings that has a
fines captured less than 90%. During the standpipe tests, a distinct MFT-sand interface
were observed in mixes with fines captured less than 90%, hence the modification in the
definition. Somewhat segregated mixes are tailings with fines captured greater than 90%
but their solids contents profiles and the observed consolidating behaviour during the test
suggested that the tailings had segregated.

During the standpipe tests, it was observed that the segregated tailings usually
developed a layer of foam after the tailings was being poured into the cylinders. After the
first few hours of the test, the segregated tailings exhibited three distinct layers which
composed of release water, MFT, and sand. By inspection, the nonsegregating mixes
usually had a uniformly distributed soil mass with a layer of water at the surface of the
tailings. As the pore water escaped to the surface of the CT soil mass, several channels or
flow paths were seen throughout the column of soil, and dome shaped soil mounds

formed on the surface of the soil mass.



Table 4.8 tabulates the summary data of 12 standpipe tests carried out with the
36% clay content MFT. The table includes the data for the Design and the Actual fines
and solids content of the tailings, CMF, initial and final void ratios, F/(F+W), C/(C+W),
clay:sand ratio, and clay:water ratio. Table 4.9 lists the resulting Segregation Index, and
the percent fines captured for each tailings. These parameters were used to determine if
the tailings had segregated.

The clay:water ratio segregation boundary of the tailings with 36% clay content
MFT is plotted on Figure 4.23. It shows the clay-water ratio boundary at 0.085
separating the segregated mixes from the non-segregated ones. Figure 4.24 illustrates a
distinct segregation boundary plotted on a non-triangular SPD. The boundary followed
along the F/(F+W) path at approximately 19%. The solids contents profile of each
tailings has been plotted on Figure 4.25. In order to compare the profiles, the solids
contents were plotted against the normalised height, H/Hf, which is defined as the
sampling height divided by the final height recorded on the last day of the experiment.
CTs were identified by their fairly vertical line while the segregated mix has a bi-liner
profile. Figure 4.26 illustrates the initial consolidation behaviour of tailings as the self-
weight consolidation progressed with time. Here, the elapsed time was plotted with the
normalised height, H/Ho, which is defined as the consolidating height divided by the
initial height of the tailings recorded at the beginning of the test.

The summary data of the 13 standpipe tests results obtained for the tailings with
55% clay content MFT are tabulated on Table 4.10 with the same headings as Table 4.8.

Table 4.11 summarises the Segregation Index, Fines Captured, and the status of the

segregating behaviour.
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The clay:water ratio segregation boundary for 55% clay content MFT illustrated
on Figure 4.27 indicated that the ratio is 0.09. The segregation boundary plotted on a
non-triangular SPD in Figure 4.28 shows a distinct boundary at a F/(F+W) of
approximately 16.5%. The solids content profiles of each standpipe tests were plotted
with normalised heights and solids contents (Figure 4.29). Similarly, the normalised
height was defined as the sampling height divided by the final height. The sedimentation
progress of the tailings with 55% clay content MFT is plotted on Figure 4.30. For
comparison purposes, the consolidating heights were converted to the normalised height
of H/Ho.

Tables 4.12 and 4.13 summarise the 13 standpipe tests results obtained for the
tailings with 70% clay content MFT. The tables list the same parameters which have
been identified above. Figure 4.31 plots the clay:water ratio segregation boundary at
0.118. The boundary was set at 0.118 instead of 0.1 because two segregated samplies
were plotted near 0.118 whereas only one non-segregated sample was plotted on 0.1.
Hence the 0.118 is a better representative of the segregation boundary than 0.1. Similar
to the other two sets of results (36% and 55% clay content tailings), the segregation
boundary of the 70% clay content tailings is better illustrated when graphed on a non-
triangular SPD shown on Figure 4.32. The boundary lies along the F/(F+W) contour line
at approximately 15%. Figures 4.33 and 4.34 illustrate the solids contents profiles and
the initial consolidation behaviour of the tailings respectively.

The segregation boundaries of all the tailings with 36%, 55%, and 70% clay
content MFT are plotted on Figure 4.35. It is evident that the segregation boundary of the

tailings with 70% clay content MFT plots the highest on the SPD and the 36% clay
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content plots the lowest. Figure 4.36 shows the same results plotted with initial void ratio
on the y-axis instead of solids content. The contour lines of the F/(F+W) and the
segregation boundaries plot as straight lines when void ratio is used compared to that of
Figure 4.35. Figure 4.37 summarised all the tailings results by plotting a ternary diagram
which contains initial void ratio on the y-axis, CMF on the x-axis, and the contour lines
of C/(C+W). This diagram illustrates a unique segregation boundary for CT treated with
900g/m’ of LGG based on the clay mineral fraction in the tailings, and the initial void
ratio. C/(C+W) indicates the amount of clay particles and water contained in the pore
spaces of tailings.

Figure 4.38 compares the segregation boundaries of LGG treated tailings and
agricultural grade gypsum treated tailings. The segregation boundary of the tailings
treated with agricultura] grade gypsum were performed by Suthaker and Scott (19965),
and the tailings has approximately 55% clay content. The dosage for both of these
chemicals was 900g/m3 . The result showed that both chemicals produced similar

segregation boundaries and this is further discussed in the following section.

4.5 Discussion

4.5.1 Material Properties

Prior to the analysis of the standpipe test results, it was necessary to confirm that
the intent of varying the clay content in the tailings was fulfilled. The clay contents of the
MFT determined by hydrometer tests were 36% and 70%. This was acceptable for the

standpipe tests even though the experimental program was designed for clay contents of
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25% and 75%. Methylene blue testing was also performed on both MFT and CT samples
to determine their clay contents. For the MFT samples, methylene blue test results listed
in Table 4.4 show a slightly higher amount of clay minerals compared to the hydrometer
test results. For the CT samples, the results of methylene blue test compared to the clay
mineral fraction (CMF) calculated based on hydrometer test were quite inconsistent.
These results are shown in Table 4.5. The difference in the results obtained by
hydrometer test method and methylene blue test method may be due to the difference in
the level of sensitivity in detecting the amount of clay minerals in MFT. Whether or not
one test method is more precise than the other has yet to be confirmed. Since hydrometer
testing has been vastly used to reliably characterise the grain size distribution of soil
samples, and the exact methodology for calibration of the methylene blue test are
unknown, this study will rely more on the test results obtained by the hydrometer test.

Plasticity of a soil mass is mainly determined by the amount and the nature of the
clay minerals present in the soil mass. The plasticity results of the 36%, and 70% clay
content MFT confirmed that the latter MFT has a higher amount of clay mineral. This is
confirmed by the CEC test. The CEC of the low clay content MFT was only 6.8 meq/L
compared to the CEC of 14.3 meq/L for the high clay content MFT. Compared to the
36%, and 70% clay content MFT, the results of Atterberg limits, CEC test showed that
the 55% clay content MFT had an intermediate amount of clay minerals. The separation
process has proven to be successful and hence the analysis of the standpipe tests could
proceed as planned.

The difference in bitumen content between the low and the high clay content MFT

listed in Table 4.2 was approximately 0.9%. The higher bitumen content found in the
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36% clay content MFT may be due to the adhesion of the bitumen to the larger soil
particles surfaces than the finer particles of the 70% clay content MFT. As mentioned in
Section 2.2., the bitumen content has an effect on the plasticity characteristics of MFT.
The higher the bitumen content of MFT, the higher the Atterberg limits. This effect was
not observed in both of these MFT because the difference in bitumen content was too low
to cause an effect. The plasticity characteristics of these MFT were mostly controlled by
the differences in their clay content. The specific gravity calculated using equation (2.4)
for the low, and high clay content MFT were 2.53 and 2.52 respectively. They are close
to the anticipated specific gravity of 2.5 since the specific gravity of the 55% clay content
MFT was also 2.5.

The water analysis of the 36% and 70% clay content MFT showed an abundant
concentration of Na*, and HCOj3". The ions in the latter MFT had a higher concentration
compared to the 36% clay content MFT except for the Ca®* and SO,* (Table 4.6). In
comparison to the water analysis of the 55% clay content MFT, the concentration of all
the ions except perhaps SOy found in the 36%, and 70% clay content MFT were much
higher than expected as shown in Table 4.6. The increase in these concentrations may
have occurred during the separation process of MFT-55 because the MLSB pond water
with higher concentrations of anions and cations than that of the MFT pore water was
used. Unfortunately a water chemistry analysis of the pond water was not performed
because it was discarded.

Further investigation of the ionic strength of all three MFT showed that the 36%
clay content MFT had the highest ion activity while the 50% clay content MFT had the

lowest. The ionic strength is introduced to assess the combined effect of the activities of
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several electrolytes in the solution, and the ion activity describes the reactivity in a
chemical reaction (Tan, 1993). The water chemical analysis therefore showed that the
pore water of the 36% clay content MFT has the highest amount of reactivity which is
directly related to the high chemical concentrations. However, the difference in ionic
strengths between the MFT does not seem to affect their clay structure. The ESR of 1.04,
1.1, and 1.56 indicated that all the 36%, 55%, and 70% clay content MFT respectively are
highly dispersed and this is evident in their SEM micro-graphs presented in Figure 4.14a,
3.6 (Chapter 3), and 4.14b. It is concluded that the difference in ionic strengths in all the
above MFTs do not appear to have an effect on the structure of MFT.

As explained in Section 3.3.1, the ESR of the above MFTs are overestimated
because K; 0f0.015 (mmol/L)"D’ was used in the calculation. For this study, the ESRs
gave sufficient indication that the MFTs’ structures are dispersed as shown in the SEM
micro-graphs. In order to accurately predict the ESR of MFT, it is necessary to determine

K_ through laboratory testing. The testing were not performed because it is beyond scope

of the thesis.

4.5.2 Composite Tailings Micro-structure Examination

The 36%, and 70% clay content MFT exhibited a similar card-house structure to
that of a 55% clay content MFT shown in Chapter 3. The chemical that was found to be
mainly responsible for the card-house structure in MFT was HCO5'. Other chemicals

which appeared to have an effect on the card-house structure were, NaOH, bitumen and

the strongly bound organic matter.
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The effects of LGG on the structure of MFT were examined in Chapter 3. It was
found that the LGG treated MFT had a card-house structure that was more aggregated
compared to an untreated MFT structure. The similar structure was also observed in the
36%, and 70% clay content MFT that were treated with 2500gjm3 of LGG. The
replacement of Na® by the Ca?" introduced via LGG compressed the double diffuse layer
which increased the attraction forces between the clay particles resulting in a less
dispersed structure. This enhanced the ability of the MFT to retain sand grains within the
structure creating a nonsegregating tailings.

In Chapter 3, the cavity expansion test showed that the addition of LGG had
strengthened the MFT clay structure by approximately four times. The strengthened
card-house structure was the key to the formation of CT. A CT can only be created when
the MFT card-house structure is strong enough to hold the sand grains within its matrix.
If the clay structure is not strong enough, the sands grains will fall through the clay matrix
producing a segregated tailings. In Figures 4.17, 4.18, and 4.19, the sand particles appear
to be suspended within the MFT structure. The sand grains were not in contact with each
other because the CT had not yet undergone sufficient initial consolidation to reach a

sand matrix where the grains would be in contact.

4.5.3 Segregation Boundary

The Actual fines and solids contents of the CT with 36%, 55%, and 70% clay
content MFT were acceptable. The results showed very slight deviations from the Design
fines and solids contents. Recall that the clay:water ratio segregation boundary of 0.1

proposed by SOSG (1996) stated that any CT with a clay:water ratio less than 0.1 will
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segregate. However, the results obtained through standpipe testing in this thesis show
that the proposed clay:water ratio segregation boundary of 0.1 can be affected by the
amount of clay size particles in the CT. For comparison purposes, the clay:water ratio of
the CTs with 36%, 55%, and 70% clay contents were calculated according to equation
(4.1). The clay:water ratio segregation boundary for 36%, 55%, and 70% clay content are
0.085, 0.090, and 0.118 respectively. These ratios showed that the proposed ratio of 0.1
by the SOSG is conservative in predicting the segregation characteristics for the CTs with
36% or 55% clay content MFT. However, the ratio is not conservative in predicting the
segregation characteristics for the CTs with higher clay contents. This is evident in the
results generated from the CTs with 70% clay content MFT which showed that CTs with
clay:water ratio of 0.1 will likely to segregate.

Although the difference between these clay:water ratios is only 0.005 between the
CT with 36% and 55% clay content MFT, and 0.028 between the latter two clay contents,
the segregation behaviour was observed to be sensitive to these boundaries. For example,
characteristics of segregation were observed at a clay:-water ratio of 0.080 for CTs with
36% clay content MFT. Similar behvaiour was observed for the other two clay contents
as their clay:water ratio is lowered.

Figure 2.7 in Chapter 2 illustrates a typical range of clay size material in MFT
ranges from 45% to 60%. It is expected that at these ranges, the clay:water ratio
segregation boundary will also be around 0.1 with an optimum dosage of 900g/m3 LGG.
Tailings that has MFT with clay content less than 45% is expected to have a clay:water

ratio segregation boundary of around 0.085, and tailings with a clay content MFT greater



than 60% are expected to have a clay:water ratio segregation boundary of approximately
0.118.

Although different types of gypsum have been used in CT, they appeared to have
little effect on the segregation boundaries. As shown in Figure 4.38, the segregation
boundary for the CT treated with 900g/m3 of agricultural grade gypsum or laboratory
grade gypsum were quite similar. The MFT, which was treated with agricultural grade
gypsum to make CT, was also obtained at the same location and time as SY-22 MFT.
From this experiment, it appears that different types of gypsum have little effect on the
tailings segregation boundary. Comparison of other types of gypsum were not carried out
because it is beyond the scope of this thesis.

The experimental results also show that the tailings with 36% clay content MFT
required significantly higher solids content than the tailings with 55% or 70% clay
content MFT to form nonsegregating mixes. The CT with 36% clay content MFT
segregation boundary plots at a higher position on a SPD as seen on Figures 4.35 and
4.36. Compared to the tailings with 55% or the 70% clay content MFT, the 36% clay
content MFT did not have sufficient clay minerals to react with gypsum to form a strong
enough clay structure to hold the sand grains within its matrix. At the same fines content,
the tailings with 36% clay content MFT would therefore require a higher solids content or
a lower void ratio to form a nonsegregating mix. In general, as the clay content in MFT
increased, a greater amount of clay minerals would be available to react with gypsum
forming a strong enough clay structure to hold the sand grains. Consequently, a lower

solids content is required as exhibited in the CT with 70% clay content MFT.



LI,

St Tt gt it Lot e s SRR TS

Pl s =L SRR T 4

T M RN WS pe 4

124

Only a slight improvement was observed in the segregation boundary of the CT
with MFT at 70% clay content compared to that of the CT with 55% clay content MFT.
This may be due to the small difference in the amount of cation exchangeable sites
between the 55% and the 70% clay content MFT. Table 4.4 showed that the 55% clay
content MFT has a CEC of 11.5meq/L and the latter MFT has a CEC of 14.3meq/L. The
difference between their CEC is only 2.8meq/L compared to a difference of 4.7meq/L
between the CEC of 36% and 55% clay content MFT. Hence, the slight improvement in
the segregation boundary of CT with 70% clay content MFT may be inferred by the slight
difference in the CECs.

Instead of using the clay:water ratios to describe the segregation boundary of the
CTs with the aforementioned clay contents, a unique segregation boundary is plotted to
describe the segregation behaviour. The unique segregation boundary is shown in Figure
4.37 which is plotted with initial void ratio, CMF, and C/(C+W). Similar to all the above
described segregation boundaries, the curve was drawn in “by hand” separating the
segregated samples from the non-segregated samples. The boundary describes the
segregation status for all the tested tailings based on their CMF and the initial void ratio
regardless of the fines contents in the tailings. All the tailings that plot above the

segregation boundary will segregate and the tailings that plot below the boundary will not
segregate. This plot may act as a guide to predict whether the tailings will segregate
given the initial void ratio, and the clay mineral fraction contained in tailings. The

application of this segregation boundary will be explained in Section 4.5.5.
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4.5.4 Initial Consolidation Behaviour

The observed initial consolidation behaviour of the tailings with 36%, 55%, and
70% clay content MFT exhibited similar trends. Both the segregating and nonsegregating
tailings underwent a fairly rapid consolidation in the first 48 hours and then slowed down
as the tailings continued to consolidate. It was observed that a segregated tailings
consolidated at a faster rate in the first 48 hours than a CT. In a segregated tailings, the
sand grains fall through the clay structure without being held within its clay matrix.
Hence, their initial consolidation rate observed in the first 48 hours were faster.

The experimental results showed that the for each clay content, the CTs with
higher fines contents underwent a slower initial consolidation rate than that with a lower
fines content. The CTs with higher fines contents have a gradual sloping curve as shown
in the initial consolidation progress plots, Figures 4.26, 4.30, and 4.34. Majority of the
CTs exhibited poor initial consolidation at fines content ranging from 25% to 30%
regardless of the solids contents.

The CTs with 36%, 55%, and 70% clay content MFT that consolidated at the
fastest rate were identified as 50S/25F, 555/15F, and 50S/15F respectively. These CTs
have fines content ranging from 15% to 25%. Although most of the CT with a fines
content of 25% exhibited poor initial consolidation behaviour, it appeared that the initial
consolidation rate of CT with 36% clay content MFT was not affected by the high fines
content. This may be due to the lower amount of clay minerals that is available to react
with LGG compared to the higher clay content MFTs. Hence a higher fines content was

necessary for the 36% clay content MFT to achieve similar results as the other two CTs

with higher clay contents.
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The total change in void ratio after 250 hours of testing for the above CTs that
consolidated the fastest were 0.99, 0.75, and 1.12 respectively (Table 4.14). For the CT
that consolidated at the slowest rate, the total change in void ratios after 250 hours of
testing were 0.32, 0.12, and 0.70 respectively and the fines contents of these CTs ranged
from 25% to 30%. More importantly, Ae/(1+e;), was calculated to rank the CT’s initial
consolidation behaviour from the slowest to the fastest.

These results agreed with the initial consolidation theory of CT described by Liu
et al. (1996). They explained that the initial consolidation of CT depends on its fines
content. Hence, when the fines content of a CT exceeds 25%, the initial consolidation
slows down dramatically. Furthermore, the higher the fines contents in CT, the lower the
hydraulic conductivity because the fine grained material blocks the flow paths. This
inhibits the water from escaping quickly to the surface of the tailings, thus lowering the
initial consolidation rate of CT.

Consider the consolidation behaviour of the non-segregated CT at each clay
content. Within each clay content, Table 4.14 ranks the CT from the slowest rate to the
fastest rate of consolidation with their corresponding initial void ratios, final void ratios,
total change in void ratios, CMF, and the initial consolidation normalised heights. For
each clay content, the initial void ratios of CT were not arranged in any particular order.
It appears that the initial void ratio of CT has little effect on its initial consolidation rate.

The comparison between 36%, 55%, and 70% clay content CTs showed that the
70% clay content CT has the highest change in void ratio and has the highest initial
consolidation rate after 250 hours of standpipe test on Table 4.14. Recall from Chapter

2, the permeability of tailings is dependent on the bitumen content. As the bitumen






