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Abstract

Understanding long-term dewatering behavior of oil sands tailings is significant to the
success and optimization of tailings reclamation plans. Long-term dewatering of tailings is
somewhat complex due to mechanical creep, structuration drove by electrochemical forces
between clay particle and other potential mechanisms such as cementation. To modernize
conceptual models of tailings dewatering, the fabric evolution of tailings over months has
been studied using low vacuum SEM as well as optical microscopy methods.
Morphological information is extracted from different images using a sequence of image
processing techniques, designed by trial and error to produce repeatable information for
the studied material, flocculated fluid fine tailings (FFT). The designed image processing
method produces binary images defining pore-space and solid particles (solid grains
or flocs). The binary images are then analyzed using a software, primarily “Fiji-Image J”
for quantitative analysis of the image for tends in pore and particle size distributions. The
samples that were imaged were obtained from amended FFT dewatering experiments,
comprising many replicates of 0.10 m high columns that were sampled over months. The
tailings were dosed with a high molecular anionic polymer at two doses (600 and 800 ppm
polymer per dry tailings). Columns either had one way or two-way drainage. Repeatable
trends were found for all samples for both image processing techniques. The most dramatic
observation was the increase in floc size over 48 hours using optical microscopy.
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1 Chapter: Introduction
1.1

Background

Canada has the third largest oil reserves in the world having 171 billion barrels of Oil that
can be recovered with today’s technologies. As proven reserves, 165 billion barrels, or 97
% of these reserves are in the oil sands. (Alberta Energy and Utilities Board 2005). Bitumen
is more expensive to recover and process than conventional oil and gas. However, due to
the high consumption and increasing demand for crude oil in the world, technological
advances in bitumen production have activated rapid growth in the industry. Production of
oil from oil sands have touched the mark of 3.98 million per day and predicted to increase
more

in

recent

years

(Canada

Association

of

Petroleum

Production)

(www.capp.ca/publications-and-statistics/crude-oil-forecast).

One of the major impacts of Oil Sands development is the creation of large impoundments
of fluid fine tails (FFT), which have highly dispersed clays at very high-water contents
(Geotechnical gravimetric water content, or w, > 200%). These deposits do not appreciably
dewater even over decades, their water content still being more than twice their liquid limit.
Hence, they trap very large volumes of water and have no effective strength to support
reclamation. The clays in the oil sands tailings originate in the oil sands deposits and are
rendered dispersed through the bitumen extraction process. As an example of the volume
of FFT that is produced a plant producing 15 900 m³/day (100000 barrels/day) of synthetic
crude consumes 10,0000 m³/day of ore, which results in a tailings stream consisting of
10,0000 m³ of loose sand, and 20,000 m³ of fine tails, having 30% solids content (mass of

24

solids over total mass) (Morgenstern, et, al.1988). As a rule of thumb two barrels of fine
tailings are generated for one barrel of crude oil production (Dawson. et, al 1999).

Tailings are stored in facilities known as tailings storage facilities TSF. The estimated area
of these TSFs was 220 km2 calculated in 2013, which makes these structures even visible
from

the

space

through

satellite

due

to

their

enormous

size.

(http://www.energy.alberta.ca/oilsands/791.asp). The oil sands tailings transported
hydraulically to TSF initially have a solid content (Cs) of 7 ~ 8 percent by mass. The sand
particles greater than 44 microns settle down at the bottom of the beach after some time,
while the fine particles which are less than 44 microns remain suspended. The settlement
process of these particles is relatively slower over the decade reaching Cs of 30-40%,
which is known as Fluid Fine Tailing (FFT). Due to the presence of 84 % water by volume,
the gravimetric water content of these FFT is approximately 185% with the bearing
capacity of less than 1 kPa.

AER’s (the Alberta Energy Regulator) Directive 85 specifies industry responsibility with
respect to reduction in FFT volumes and reclamation of tailings impoundments. These
regulations were released in 2017 and superseded earlier Directive 74, Directive 85 needs
operators to achieve “ready to reclaim” status for all their tailings within 10 years after the
end of mine life. This is thought by many to imply the tailings must achieve enough
strength to be formed into stable landforms that mimic the topography of the pre-existing
boreal forest (Mckenna et al. 2016). Such strength is thought to require at least a solids
content of 70%, or w~ 40%, close to the plastic limit of the tailings. Others suggest some
25

tailings can be reclaimed by the formation of end-pit lakes, where the tailings are deposited
subaqueously in the mined-out pits, which has more complex requirements (Omotoso et
al. 2018).

Oil sands mining operators have been investigating various technologies to accelerate
dewater and reclamation, such as composite tailings (CT), in-line flocculation, centrifuge
cake, and thickened tailings. These technologies will be discussed in Chapter 2. Many of
these can progress the tailings to solids contents of at least 50% (w=100%) quickly after
deposition (days to weeks). However, to reach 70% solids needs more dewatering.

Optimization of tailings deposition involves consideration of several phenomena that can
enhance or impede dewatering post-deposition. The phenomena can include desiccation
(by evaporation or freeze/thaw), consolidation, or time-dependent processes such as creep
and thixotropy. However, fundamental understanding of how polymer application, which
occurs in most of the proposed dewatering technologies, affects the long-term dewatering
processes is not well understood.
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1.2

Focus, and aims of this study:

Understanding the long-term dewatering behavior of oil sands tailings is important to the
success and optimization of tailings reclamation plans. Long-term dewatering of these
tailings is complex due to (a) mechanical creep, and (b) structuration driven by
electrochemical forces between particles. Both phenomena have been shown to influence
dewatering in FFT (Jeerivipoolvarn 2009, Miller 2010) and in polymer amended FFT
(Salam et al. 2017). In structuration, it is implied that the fabric of the tailing’s changes
over time independently of density or effective stress, which causes changes in the
compressibility of the tailings. This research investigates changes in fabric in polymer
amended FFT, to improve conceptual models of tailing dewatering. This is carried out by
quantitatively measuring fabric evolution of a specific polymer amended tailings over
months. Images generated through low vacuum SEM (Scanning Electron Microscopy) and
high-powered optical microscopy were specifically investigated. Morphological
information, as well as the microstructural behavior of polymer amended tailings, were
extracted from different images using a combination of image processing techniques
developed specifically for this work.

This research complements the investigations of Salam et al (2017, 2018) and Qi et al
(2017). who are studying creep and structuration by bench scale testing and through
numerical simulation, respectively, by visualizing physical changes in the fabric of tailings
as the fabric progress through different stages of dewatering over the span of hours to
months.
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In this research study, the experimental setup for polymer mixing, sample collection, and
production of images are all done by a Ph.D. lab colleague Muhammad Asif Salam. The
Images used in this study are generated by the author for qualitative analysis (Salam et al
2018). However, the same images were used in this research for quantitative analysis.

The end use of this research work, through improving visual and conceptual models about
tailings dewatering, will allow for further optimization of polymer dose, type, and
application in commercial tailings technologies.

1.3

Novelty of this research work.

Previously, there has been some analysis done regarding the qualitative analysis using SEM
images for polymer amended tailings (Salam et al 2017, Bajwa 2015, Mizani 2016). Until
now no research has been reported using Digital image processing techniques for optical
microscope images and scanning electron microscope images for quantitative fabric
analysis of polymer amended tailings. No work has been reported to the knowledge of the
author in public domain working on using DIP techniques for fundamental investigation of
dewatering in fluid fine tailings.
1.4

Outline of thesis:

The organization of the thesis is presented as.
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Chapter 2: Literature review: This chapter forms of research on the following
topics
•

An overview of the production process of tailings from Athabasca oil sands
deposits (AOSD), the main issues for fluid fine tailings after their
production.

•

This chapter also discusses the management of the tailings, and various
technologies adopted in the industry for speeding up the dewaterability of
tailings.

•

Fundamental Engineering science on consolidation, a microstructure of
soils.

•

Interpretation and application of image processing for microstructural
investigation of oil sands FFT.

Chapter 3: Material preparation: This chapter is focused on the material
preparation of the polymer amended tailings for SEM and Optical Microscopy. The
chapter includes sections as below.

Phase 2. No drainage boundary condition, Sample preparation for SEM images,
dozed with a 600 ppm A3338 polymer.
•

Phase 3. Double drainage boundary condition, Sample preparation for SEM
imaging, when dozed with 600 ppm polymer A3338.

•

Phase 3.5. No drainage boundary condition, Sample preparation for SEM
images, dozed with 800ppm A3338 polymer
29

•

Phase 4. Optical Microscopic sample preparations and sample imaging
dozed with 600 ppm and 800 ppm polymer, on the hourly basis for single
drainage.

Chapter 4: Digital Image processing and Methods for the SEM, Optical microscope
images, produced from the chapter 3 for different days sample.

Chapter 5: Result and discussion section about the chapter 4 their implementation
and differences.

Chapter 6: Summarizes the research findings, reports and present recommendation
for further research on tailings dewaterability and management.
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2 Chapter: Literature review:
2.1

Alberta oil sands deposits:

Oil sands are found everywhere in the world; however, Alberta sits atop the largest known
deposits known as Athabasca River, Peace River and Cold Lake (Masliya et al. 2004)
shown in Figure 1.
The Alberta oil sands are a major oil producing reserve. The Athabasca, Cold Lake and
Peace River deposits cover an area of almost 142,200 km², comprising almost 2 trillion
barrels of oil. Less than 10% (166 billion barrels) of this is recoverable through current
technologies used in the industry. The average composition of Alberta oil sands reserves
contains 5 % water, 10 % bitumen and 85 % solids. These oil sands consist of soils and
clays 10-30 percent by weight (Chalaturnyk et al 2002).
About 20 % (1462 km²) out of total oil reserves (142,200km²) are suitable for surface
mining while rest 80 percent oil is potentially recoverable through In-situ techniques.
Two tons of Tar sands (Oil sands) are required to produce 1 barrel of crude oil using
surface mining method (Alberta energy regulatory, BGC Engg.2010).
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Figure 1: Location Map of oil sands reserves
http://www.titaniumcorporation.com/s/OilSands.asp

2.2

in

Canada,

Production of oil sands Fluid fine tailings:

The Clark Hot Water process (originally developed Dr Karl Clark) is employed for the
extraction of oil from mined ore as in Figure 2. The process starts with the (1)
conditioning, following to (2) separation and finally (3) scavenging. (Clark et al 1944),
Conditioning: This is the first step of process. Oil sands ore minded are extracted by a
truck and shovel method. The ore is transported in very large haul trucks almost having
400 tons capacity (https://www.syncrude.ca) to the bitumen extraction plant. At the plant,
large lumps of the ore are broken, and the coarser particles are removed. Subsequently,
the ore is conditioned in a pipe line, through the addition of hot water. The hot water
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lowers the viscosity of the bitumen, and contribute to change in surface properties, as well
as caustic soda which increases the pH, and increases water solubility of the natural
surfactants within the bitumen. Residence time in the pipeline and the associated mixing
due to turbulent flow allows for changes in the slurry chemistry that ease bitumen
separation.

Separation: The slurry is transported through a series of vessels. In this section the
temperature is kept at 40 degrees C. In the primary separation process bitumen is
segregated through froth flotation to the top of the vessel, sand settles to the bottom, and
mixture of bitumen, clay and water remain in the middle. Furthermore, a rake at the
bottom pulls the sand component down and out of the vessel, which becomes part of
tailings stream.

Scavenging: Additional bitumen is recovered from the slurry. Air is injected into the
slurry in flotation tanks to create bitumen forth. An additional 2-4% bitumen is recovered
during this step. To allow efficient operations of pumps the bitumen forth is heated to
almost 80-degree C, and aerator is also used to remove access of the air.

In this whole process 3 m³ of water is used for processing 1 m³ of mined oil sands.
Approximately 4 m³ of tailings is generated from this process (Mikula et al 2012,
Morgenstern and Scott 1995) for each 1 m3 of ore after extraction, the tailings are
transported hydraulically in pipelines to dammed impoundments as a slurry with solid
contents (mass of solids / mass total) of 7 to 8 %. During deposition, the coarser sands
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settle quickly and lock a substantial fraction of the fines (silts and clay particles) with
itself forming a beach. The rest of the fines (<44 um) remain in suspension forming fluid
fine tailings (FFT). FFT settles and release some water but reaches a constant Cs (30 to
40%) within 5 years.

Figure 2: Clark Hot Water Representation of Process Bitumen Extraction
(Chalaturnyak et al 2002)

2.3

Geotechnical behavior and properties of Fluid fine tailings:

Fluid fine tailings have properties that lead to slow consolidation, including low hydraulic
conductivity and development of pre-consolidation pressure due to thixotropy (Scott et al
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2013). Thixotropy is a specific mechanism in which the particles rearrange due to the
electrochemical forces, which may induce a volume change, but also may manifest an
increase in strength or stiffness at constant water content and volume (Mitchell 1960).
Some of the geotechnical properties of FFT are summarized in Table 1(FTFC,1995;
Sobkowicz, 2012). Figure 4, shows the hydraulic conductivity measured in several FFT
samples. The hydraulic conductivity at a void ratio of about 4 is like that exhibited by a
landfill liner, which may give an idea to geotechnical engineers about the slow
consolidation rate. Very roughly the rate of consolidation can be estimated knowing the
void ratio and corresponding hydraulic conductivity at the surface. At the surface, the
gradient varies from about 0.22-0.25 to 0 the initial gradient can be predicted using the
approaches of Been (1980) and Pane and Schiffman (1997) and takes a value of (Gs1)/(1+e). For example, for an initial void ratio of 4 and a specific gravity of 2.2, this would
give a value of 0.2. For example, consider an MFT at a solids content of 35% and assuming
no sedimentation, if we take a typical value of 1 x 10 -3 m/day from Figure 4 and assume
a gradient of 0.1, this gives a flux of 0.1 mm /day or less than 4 cm a year. Considering a
50 m deposit, at a void ratio of 4, to achieve reclamation status might take reduction to a
void ratio or a reduction to 20 m in height. This 20 m would give a solids content of roughly
70%, or a gravimetric water content of about 40%, which would be enough for tailings to
be re-engineered into a stable landform (Mckenna 2017) very roughly, at the flux given,
this would take 750 years.

Influencing the dewatering of time-dependent processes such as thixotropy and creep
(Jeerrivapoolvarn 2009, Millar 2010). Creep initially adds volume change but slows down
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the rate of flow due to the lowering of void ratio near the surface. Thixotropy, which is
measured in terms of density-independent strength recovery after remolding, also seems to
increase the pre-consolidation pressure independent of density in certain types of FFT
(Miller 2010, Salam et al. 2017). Examples of change in the compressibility of an FFT are
shown by Miller in Figure 3.
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Figure 3: Apparent compressibility change in FFT depending on consolidation
Time (Miller 2010)

Figure 4: Hydraulic conductivity of mature fine tailings (Jeeravipoolvarn,2010)
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Table 1: Properties of Fluid Fine tailings modified from BGC Engineering 2010
Fluid Find Tailings

Value

Liquid Limit (%)

40-75 (%)

Plastic Limit (%)

10-20 (%)

MBI

2.4
2.4.1

30%

Implications of poor dewaterability of FFT:
Challenges.

Storing large volumes of FFT for hundreds or thousands of years that cannot be reclaimed
is unacceptable to the industry as well as most stakeholders in Northern Alberta. The
liability associated with wildlife intrusion into these facilities, loss of water to the tailings,
and liability of dam failure for hundreds of years are probably the key issues of concern to
most stakeholders. Secondary issues include issues associated with water and water
quality. Stored water released from the tailings is required to be contained in tailings dams,
as the industry operates under a no water release policy. Contaminants of concern tailings
water include naphthenic acids, polycyclic aromatic hydrocarbons, phenol compounds,
ammonia, mercury, and other trace metals (Price 2011, Rogers et al. 2002, Mackinnon et
al. 2001; Nix and Martin 1992; Mackinnon). Due to the low rate of consolidation seepage
rates are small; however, due to the large scale of the tailings ponds, it is possible that
seepage may still influence groundwater quality.
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Approximately (80-95) % of water is reclaimed from the tailing’s ponds, treated, and reused in the bitumen extraction process (Canadian association of petroleum producersCAPP’S). To alleviate and to take care of these tailings ponds issues, different policies
have been introduced by the Government of Canada, called Alberta Energy Regulator
(AER) Directives.

2.5

Government of Alberta Regulations for management of oil sands tailings:

The Alberta Energy Regulator of Canada (AER) regulates tailings management under
Directive 085: Fluid Tailings Management for Oil Sands Mining (https://www.aer.ca)
Directive 085 specifies that all FFT deposits be converted to “Ready to Reclaim” status
within 10 years after the end of mine life. Furthermore, the directive needs ongoing efforts
to reduce FFT volumes and commence and accelerate reclamation activities throughout
the life of the mine.

2.6

Tailings Technologies to accelerate dewatering of FFT:

Several different industrial processes have been developed to reduce the volume of FFT
over the past few decades. The focus on the treatment of tailings is to increase the solid
settling rate/consolidation rate and shorten the time for liquid solid separation. For the
better understanding of the oil sand dewatering, technologies that are implemented in the
industry are discussed in this section. Over 34 kinds of technologies have been found in
various reviews of candidate tailings technologies (BGC Engineering 2010). However,
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this thesis will review only those technologies that have been successfully developed to
large demonstration scale.

2.6.1

In-line Flocculation

In this method, polymer and /or an inorganic coagulant is added to fluid fine tailings in
the transfer pipeline, before they are deposited into a new DDA (Dedicated disposal
Areas) (Beier et al., 2013). The function of the polymer or coagulants is to facilitate floc
formation. Flocculated fluid fine tailings (FFT) have also been used in conjunction with
thin lift deposition or deep deposit-deposition. Thin lift deposition attempts to take
advantage of evaporative drying and freeze-thaw post deposition, while deposition in
deep deposits relies primarily on the initial dewatering and settling that occurs due to
flocculation and subsequent consolidation.

FFT improves dewatering in at least two ways. Floc formation results in an increase in
sedimentation, resulting in consequent water release within 24 hours. Additionally, FFT
appears to improve the consolidation properties compared to FFT (Jereivapoolvarn 2010,
Qi et al. 2017). FFT has been implemented by Suncor (Wells et al,.2011) and Shell
(Matthews et al 2011) at the commercial scale. Mathews et al. (2011) reported that there
was an increase in the solid content of tailings using In-line flocculation from 35 % to
45-55 % in 24 hours and 65 % solid content within two months using the thin lift
deposition of tailings 0.60 m. Wells et al., (2011) reported solid concentrations increasing
to 80 % by deposition of tailings in thin lift, i.e. (0.2- 0.3m) within 10 days. However,
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the footprint demands, and the costs associated with in-line flocculation and controlling
the impoundment geometry are relatively high. In-line flocculation is also currently being
trialed in deep (>10 m) deposits, where dewatering primarily relies upon the improved
consolidation properties.

Figure 5: Example of In-line flocculation of FFT in the field (Mizani et al.2013)

2.6.2

Improved CT (Composite Tailings) / NST (Non-segregating Tailings)

Technologies.

Remixing sand with treated tailings is the oldest alternative tailings technology trialed at
large scale. The idea was tailings in which the degree of flocculation was improved and
would not segregate as easily as in the original tailings. Putting sand back into FFT
provides substantial increases in geotechnical performance. For example, Hamza and
Kessick (1996) used slacked lime and high molecular weight anionic polyacrylamide
polymer for the flocculation in oil sands tailings. Their findings showed an increase in
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the settling rates by addition of sands and low polymer dosage. Figure 6 shows the settling
rates of the flocculated tailings with or without the sand incorporation. Results showed
clay and sands particles settle fast and dewater rapidly. When the samples were taken in
hands and squeezed, it further dewatered resulted in a stackable material showing 40-83
% wt. solids. At the full scale, however, retaining the sand in the flocculated tailings has
proven to be challenging, as shearing during transport and during beaching induces
segregation. Nevertheless, increasing the capture of fines within sands matrices is
possible to some degree and many mines incorporate this technology into their tailings
management plans (COSIA 2015).

Figure 6: Settling rates of flocculated tailings with and without sand combination.
(Hamza & kessick)

2.6.3

Dewatering by Centrifugation:
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In this method, tailings are first mixed with a polymer and /or coagulant, then added into
a large centrifuge. A Force greater than the gravity force separates fluid (consisting of the
water, bitumen, and fines). Pilot scale trials were able to produce tailings up to 60 % solid
content and reliably more than 50% (Devenny.2009, Owolagba and Azam 2013, Xu and,
Umme 2014). In 2010 Syncrude did its deposition of cake using belts and trucks.
According to Syncrude 2011 after a period of 12 months, the deposited cake had achieved
enough strength, due to the process of freeze-thaw and evaporation. Syncrude did not
comment on the thickness of cake obtained from such processes. Figure 7 and Figure 8
below obtained through the Syncrude website, shows tests process and the appearance of
centrifuge sample cake obtained in the Syncrude 2010 campaign.

Figure 7: Process chart for cake production using centrifuge pump. (Snap shot
taken from video on Syncrude website 2011)
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Figure 8: Centrifuge cake sample resulted obtained, after processing tailings by
centrifuge from Syncrude 2010 campaign, (Snap shot taken from video on Syncrude
website 2011)
2.7
2.7.1

Dewatering mechanisms in FFT
Flocculation and sedimentation:

Both processes are used to separate the suspended solid portion from the water, the
suspended particles may vary in composition charge or particle size etc. Flocculation is a
process where colloids come out of the suspension in the form of the flocs or flake due to
the addition of the clarifying agent. This method stabilizes the suspended particle allowing
particle collision and growth of the floc and results in sedimentation as illustrated in Figure
9. Flocculation process the mixing stage, increases the particle size from submicroscopic
microflows to visible suspended particles. Flocculation requires a careful attention to the
mixing velocity and the amount of the mix energy. Once the floc is torn apart it is difficult
to get them to reform to their optimum size and strength (Lyn et al 1992).
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Figure 9:Flocculation process leading to sedimentation after addition of Polymer (general
demonstration) ( https://www.safewater.org/)

2.7.2

Consolidation in oil sands tailings:

The theory of consolidation was developed by Terzaghi in 1923 (Schiffman et al., 1969).
Consolidation for saturated soils is defined as a process in which with time there is
reduction in the volume of soil, and dissipation of excess pore water pressures under
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applied stress. Due to change in the effective stress there is a substantial change in the
volume of the soil. Soil particles are packed more tightly during the process of
consolidation, resulting in the change of volume. During consolidation, the effective
stresses induced in the soil controls the soil structure deformation. To explain the
consolidation in detail, small and finite strain consolidation theory is explained.

2.7.3

Classical theory:

Small strain consolidation:
This theory combines the principals of effective stresses, continuity equation, and fluid
flow relationship. The mathematical form of the equation is as follows in the equation
(1).
𝜕2 𝑢

𝐶𝑣 = 𝜕𝑧 2 =

𝜕𝑢
𝜕𝑡

……………. (1)

Where,
𝐶𝑣= coefficient of consolidation
𝑢 =excess pore water pressure.
𝑡= Time
𝑧= One dimensional vertical coordinate.
This theory was based on the following assumptions (Qui, 2000)
. The soil is fully saturated with water.
1. The soil particles and pore water are incompressible.
2. A Linear time-dependent relation between void ratio and effective Stress controls
the strains of soil skeleton.
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3. Darcy law is valid
4. Small strains
5. During consolidation, the permeability and compressibility under an increase of
load remain constant in the soil.
6. The soil is considered homogeneous.
Equation 1 can be derived from first principles considering flow into and out of a small
representative volume of soils that do not change in volume. However, the consolidation
process in soft soils and in similar materials such as tailings is generally associated with
large strains and volume change, and large changes of hydraulic conductivity as well as
compressibility (Jeeravipolvaram,2010). Different researchers (Carrier et al 1983,
Schiffman et al 1988) have showed that conventional consolidation theory would provide
inaccurate results in the calculation of the degree of consolidation in mineral waste slurries.

2.7.4

Finite strain consolidation theory

Gibson et al. (1967), developed a one-dimensional finite strain theory for homogenous
layers of saturated clays. Considering deformation and the variable properties of
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compressibility and hydraulic conductivity, Gibson et al. (1967) Derived the following
Equation 2.
𝜌𝑠

𝑑

𝑘 (𝑒) 𝜕𝑒

𝜕

𝑘(𝑒)

𝑑𝜎` 𝜕𝑒

± (𝜌𝑓 − 1) 𝑑𝑒 [ 1+𝑒 ] 𝜕𝑧 + 𝜕𝑧 [𝜌𝑓(1+𝑒) 𝑑𝑒

𝜕𝑧

𝜕𝑒

] + 𝜕𝑡 = 0

(2)

In this equation 𝜌𝑠, 𝜌𝑓 are the fluid and solid density, so e is the void ratio, k is hydraulic
conductivity expressed as a function of e, 𝜎` is the vertical effective stresses which controls
the void ratio, and Z is a reduced or material coordinate.
This theory is based on the Darcy law and no time-dependent effect in the soil skeleton.
As the above equation does not depend on the strain, this theory can be used in the thick
clay layers, when they are subjected to large settlements. Gibson in (1967) neglected the
small strains limitation and considered the changes in soil permeability and compressibility
during consolidation. By setting the effective stresses to zero, the theory of hindered
sedimentation (Kynch, 1952) can be presumed from large stain consolidation (Been, 1980;
Pane and Schiffman, 1985). Fox and Berles (1997) showed that finite strain consolidation
can also be calculated using a piece-wise linear approach, where changes in volume can
be neglected over sufficiently small discretization’s in space and time. This allows for use
of Equation 1, as long hydraulic conductivity and compressibility are updated time step to
time step. The equivalence of numerical solutions of Equation 2 with the piece-wise linear
approach has been demonstrated repeatedly (Fox and Berles 1997), (Qi et al. 2017).
The important difference between finite strain and consolidation is the variation in the
hydraulic conductivity and stiffness with the void ratio. These relationships are presented
for fluid fine tailings in Figure 10 and Figure 11 below.
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Figure 10: (Jeeravipoolvarn ,2010) Compressibility of mature fine tailings.
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Figure 11:Hydraulic conductivity of mature fine tailings (Jeeravipoolvarn,2010)

2.8

Imaging and quantitative analysis of soil microstructure.

In the past, different techniques have been used to quantify the microstructure of
geomaterials. Microstructural techniques such as computed tomography (CT), Scanning
electron microscopy, X- ray computed tomography, optical microscopy, and mercury
intrusion Porosmetry has successfully used to study microstructural behavior of materials.
(Romero and Simms 2008).

2.8.1

Scanning Electron microscopy.

The scanning electron microscope is a device that uses a beam of high energy electrons to
generate a variety of signals at the surface of the solid specimen. The signals reveal
information about the sample morphology (texture), crystalline structure, and orientation.
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Generally, the data is obtained from the samples in the form of the 2D images, which
displays a spatial variation in sample morphology (Goldstien.J.2003, Reimer, L 1998,).
There are two different methods for SEM techniques (1) Regular SEM (2) Environmental
ESEM. In regular SEM high vacuum is used on samples so that only dehydrated and
electrically conductive samples can be seen, while ESEM allows moisture inside the
sample under various temperatures and pressures.

2.8.2

Application of Scanning electron microscopy (SEM) Tests.

SEM is extensively used in the world for identification of phases based on qualitative
chemical analysis and crystalline structure. Using SEM, precise measurement of a sample
smaller than 50 nm in size can be successfully accomplished. Diffracted backscattered
electron detectors equipped SEM devices, can be used to examine the microfabric
orientation in many materials (Egerton al. 2005, Clarke et al 2002). Table 2 shows some
of the recent studies which successfully used SEM device for investigation various
material properties.

Table 2: Summary of SEM device used in literature for Material property
Investigation.

51

Type

Application used

London Clay,
boreholes

ESEM, (Natural moisture
content)

Mine tailings

SEM/ automatic image
analysis, X-ray
spectrometry
SEM, X-ray, CT Image
analysis

Environmental
characteristics

SEM device

Qualitative
macroscopic behavior

Jeeravipoolvarn
2005

ESEM

Fard 2011

Five different soil
Including gravel,
medium sand,
Concrete sands
Oil sands tailings,
glacial till,
compacted silt
RAW FFT

Material property
investigated
Qualitative analysis,
Pore size distribution.

Microstructure
evolution

Tailings

SEM

Qualitative
macroscopic behavior
Fabric changes,

Mature fine
tailings Dried
Mature fine
tailings

SEM

Qualitative analysis

SEM

Investigation of fabric

2.8.3

Reference
Monoroy (2010)
Mermillod
Blondin et al
2011)
Nielson 2004

Liang et al 2015
Roshani et al.,
2017
Tang et al.,
(1997)

Operation of SEM Tests:

The scanning electron microscope uses a beam of strong electrons to produce high
resolution 2d or 3d images. An electron gun (electron source) in the SEM device generates
electrons which are accelerated down the columns that is under vacuum, which help to
prevent an interaction of atom or molecule with electron to ensure quality resolution of
images and to control the path of the electrons lenses are used in SEM (Goldstein et al,
2003).
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An amount of kinetic energy is carried by the accelerated electrons in the SEM. Energy is
dissipated when the incident electrons interact with the solid sample under consideration.
A back scattered electron detector is placed on the top of the sample. Backscattered
electrons (BSE), are used for showing the contrasts and composition in samples. BSE
images can also be converted to false color, which often helps the human eye distinguish
subtle variations. A Secondary Electron (SE) detector is placed at the side of the electron
chamber, at an angle, to increase the efficiency of detecting secondary electrons which can
supply more detailed surface information. Danilaos (1993) explained and favored (BSE)
for better quality images.

SEM is a nondestructive test, as the x rays generated by electron interaction, does not lead
to losses or change in the volume of the material. Therefore, it is possible to use the device
for analysis of same material repeatedly. The SEM device has the ability to adjust the
vacuum for a wide range, it has the potential to generate a difference in the pressure with
a successive reduction in the pressure and work under controlled environmental condition.
(Bajwa 2015).

Under low vacuum, SEM can possibly abstract the microstructural behavior of the
materials when they are fully hydrated. However, this does not work well due to the
problem in resolution, therefore SEM is mostly performed on the dehydrated or on flash
frozen samples. If the dehydration of sample is not done in controlled mannered, it will
result in the induction of matric suction in the sample, which will alter the microstructure
behavior.
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Figure 12: Working schematic of Scanning Electron Device.

2.8.4

Optical Microscopy:

Optical microscopy was first introduced in the late 17 century as the simple design of
microscope to gain and understand the microstructure or nanostructure of chemicals
materials or other products.

In the past, there has been enormous growth in the application of optical microscopy for
micron and submicron level investigation (Herman et al 1993). Advances in digital
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imaging and analysis have also enabled macroscope to acquire quantitative measurements
quickly and efficiently on specimens ranging from superconductors to real-time
fluorescence microscopy of living cells in their natural habitat.

The optical microscope has improved substantially with time. Images are now displayed
directly on the screen of CCD camera to examine sample without the use of eyepiece.
Presently, an optical microscope is used extensively in microelectronics, nanophysics
biotechnology.

The only disadvantage of an optical microscope is low resolution, usually down to only
sub-micron or a few hundreds of nanometers, due to the light diffraction limit. A positive
feature of the optical microscope is its speed and adaptability to all kind of sample systems
i.e. from gas to liquids, and to a solid sample system. (Herman et al 1998). (Binet et al
1962) used Optical microscope for the study of the plasma cell. (Novoselov et al 2005)
Used optical microscope to investigate the electrical conductivity and assess the
microscopic quality and macroscopic continuity of 2-d atomic crystals.

High powered optical microscopes are now cable of capturing features to almost micron
resolution by using a system of lenses and backlighting. An example of this kind of
microscope is the Nikon model NIS Elements AR3.2 .Figure 13 and Figure 14 illustrates
the schematic diagram of this optical microscope, which is the same type used in this
research.
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Figure 13: Carleton University Optical Microscope used in this Study "Nikon
model Ellipse TE" (WWW.Nikoninstruments.com)

Figure 14: Schematic Diagram
(www.Nikoninstrument.com)

of

the

Nikon

Model

Ellipse

TI
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2.9

Image processing its interpretation and applications in Geotechnical field and

oil sands.

2.9.1

Introduction:

DIP (Digital image processing) is a new technology introduced in the late 1980s. With the
increase in digital image capture technology digital image processing also had a rapid
development in the field of medicine, geography, geological engineering, and other fields.
In Geotechnical Engineering the use of DIP was pioneered by (Macedo et al. 1999) and
Moore et al. (1993). Macedo using first generation X-ray tomography with micrometric
resolution was successful in studying the quantitative analysis of local soil sample. While
Moore et al in (1993) used image processing techniques to extract the fractal characters of
the soil samples through DIP.

DIP is also used in other similar fields: in Mining i.e. for crack propagation studies
cartography, ergometry (characterization of fine particles using diffraction pattern
generated by laser beams), Granulometry (Distribution and size calculation of particles
from images), Environmental Engineering (Dispersion of smoke plumes study) etc. (Kaye
1989 and Russ 1994, Jahne 1991, Gonzales and Woods 1992).

2.9.2

Application in soil fabric characterization:
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The physical property of the soil is specified with the quality of the porous medium. The
structure of the soil is depended on its shape, size, placement, arrangement of the
aggregates and particles as well as its voids. (Jury et al 1991, Lipiec, et al. 2007). The
conductivity of air and water as well as the retention in the soil particles is all depended on
the porosity of the soil. To better understanding and to understand the dynamics of water
in the soil sample, it’s important to educate our self with the grain and pore size distribution
as well as the total porosity trend. (Ringrose et al 1984, Cássaro et al. 2011).

For characterization of soils, the soil micromorphological analysis is widely used, which
includes a calculation for the soil porosity, pore size, and grains size, with the help of
Digital image processing software’s. Analysis of soil particles can be done using the 2dimensional (2-D) images or 3D images. Due to low cost and easy to access, 2D images
and 3D images obtained from soil samples are frequently analyzed in the industry for soil
porosity investigation, and Grain size calculation (Pires et al., 2008, 2009; Passoni et al.,
2014).

Heck and Elliot (2007) used software naming “Image J” on samples obtained from
Ontario, for calculating the voids in the soil. Images were compared on the bases of
resolution differences, and they concluded by recommending “Image J “complementary
for studying and acquiring the physical properties of soil, such as “porosity” and “pore
distribution. Cui et al (2011) used the digital image processing techniques on images
generated using charged coupled device (CCD) camera, and long-distance microscope to
study the microstructural behavior of the different geotechnical material.
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Miguel et al (2015) Passoni et al (2013) used 2D images obtained from the soil of south
east brazil region using the 2D Image Acquisition CCR camera coupled with the optical
microscope. Through 2-dimensional images, soil pore distribution was studied. Soil
structure analysis was done using public domain software Image J. It was concluded, from
their research that Image “J” software can be complimentary for the calculation of porosity,
pore size distribution, and total number of pores calculations.

Marcelino et al. (2007) for calculating the micro porosity of two different instruments
generated images used BSE scanning electron microscope in back scattered mode and
fluorescent microscope. The porosity of images was changed with sample preparation
method significantly for both techniques. when compared, BSE images were much better
for calculation then Fluorescent Microscope images. The image segmentation was done
using UTHSCSA image tool software for each image, automatic thresholding based on the
intensity histogram was done using Image Pro. Their research findings concluded that
porosity measurements carried out on images attained using different methods cannot be
compared. In addition, they reported that the Image Porosity measurements for
comparative studies are best to be carried out by the same observer to get good results.

Table 3: Summary of different type of Soil and Techniques used in literature for
Successful Quantitative analysis.
Sample type
Ontario soil

Imaging
technique
Optical
microscope

Software
used
Image j

Property examined

Reference

Pores
distribution, Heck
and
Grains, Porosity
Elliot 2007
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Fontaine bleu
sandstone
Voids of soil
sample south
east brazil
Undisturbed
soil samples
Portugal
20cm
depth
soil
sample
ground china

CT Imaging
technique
CCD camera,
optical
microscope
Back scattered
SEM images
(tiff format)
12.2
DSLR
camera,
fluorescent
light

CTAn,
Fiji Visualization of 2d, 3d Latief 2016
Image j
pores, grains
Noesis
Pore size distribution, Passoni et., al
Visolog,
quantifying total porosity 2014
UTHSCSA,
Image
pro,
µCT analysis
Image
pro,
Matlab,
Adobe
photoshop

Soil Microporosity

Marcelino et
al 2007

Calculation of shape Yiediboe
factor of soil sample. 2015
Area, perimeter
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3 Chapter: Materials and Methods used:
3.1

General:

This chapter describes the material parameters, sample preparation, and the experimental
methodology. The experimental methods for the 10 cm columns, SEM and Optical
microscope imaging used in this study was devised and carried by the PhD student
Muhammad Asif Salam.
The chapter includes:
1. Properties of fluid fine tailings
2. Methods describing the preparation of the polymer amended tailings, such as
preparation of polymer stock solution and the tailings- polymer solution mixing
process.
3. Description of 10 cm tall columns, their instrumentation, and boundary conditions
used for them, from which samples for microstructural analysis were obtained.
4. Discussion on the production of SEM and Optical microscopic images from the
tailing’s samples

The image analysis methodology devised by the author is described in Chapter 4.

3.2

OIL SANDS FLUID FINE TAILINGS:

The FFT used in this study were obtained from the Muskeg River Mine (MRM). Samples
from the tailing’s ponds were transported to Carleton University. The initial solid content
of the fluid fine tailings was 33 to 35%. Tailings were remixed with bleed water (water
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that was released during transportation) to bring them into their initial condition. The
geotechnical properties of fluid fine tailings used in this study were compared to other
authors tailings used as shown in Table 4.

Table 4: Geotechnical properties of RAW FFT from various sources
Property

Specific
Gravity
D10, D50,
D60
(micron)
Hydraulic
conductivity
(cm/s) at
e=4
Liquid limit

Values of
MRM
tailings
tested at
Carleton
by Mizani
(2016)
2.20
0.8, 6.4,
11.1

Yao
Miller
thesis
2010
2016
(Tailings)
(Tailings)

ASTM
D854
ASTM
D422-63

4.3×10-6

ASTM
D508410

62.4

ASTM
D431810
ASTM
D431810

Plastic limit

26.7

Fine content
(<4µm, %)
MBI

78.7%

Clay
mineralogy

70% illite,
30%
kaolinite

3.3

Standards Jeeravipoolvarn Beier
used
et al. 2014 thesis
(Tailings)
2015
(Tailings)

2.48

2.44

2.3

2.55

52.1-58.3

50

55

49.5

26.9-28.2

29

28

25.8

96 %

91%

30%

Anionic Polymer A3338 stock solution preparation:
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Two different dosages of macropolymer commercial flocculants (PAM) A3338 were used.
PAM (A3338) is branched polymer with the average weight of 18 x 106 g/mol. Figure 15
illustrates the structure of anionic PAM. Experiments were performed using either 600
ppm PAM A3338 or 800 ppm PAM A3338.

Figure 15: Structure of anionic PAM (http: www.snfcanda.com-productliterature.php)
.

3.3.1

Procedure for Preparation of stock solution:

General approach to prepare sample like those generated in a field application of in-line
flocculation

To create field representative samples, a similar procedure used for the preparation of stock
solution were optimized from a baseline procedure developed by Shell Canada in 2010, to
prepare laboratory generated FFT similar in field properties to field generated FFT. The
procedure was optimized by Bajwa (2015) and Mizani (2016) based on yield stress,
capillary suction time, and 48-hour dewatering potential.
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Figure 16 shows yield stress measured on samples obtained from field trials and those
measured on laboratory prepared samples. Both measurements were conducted using
stress growth method with shear rate of 0.1s-1. In field sample optimum flocculant dose
was kept around 770 to 950 g/ton. The MFT was first mixed with the polymer stock
solution in 17ft pipe and then deposited at a speed of 900 m3/hr., Samples were taken from
field as they were deposited from pipe.
Figure 16 shows that the yield stresses obtained in the field which overlaps well with the
yield stresses data points obtained in the Carleton laboratory, using same polymer dosage.
Therefore, the mixing time and intensity used to prepare the flocculated MFT in the
laboratory was considered as representative of field mixing conditions. This method was
adopted for preparation of stock solution.
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Figure 16: Comparison between yield stress values measured in laboratory and
deposition in Muskeg River Mines tailings site during Aug-Oct 2012 (Mizani 2016).

3.3.2

Details of the tailing’s preparation procedure

2g of A3338 (SNF) polymer (for the preparation of 0.4 % stock solution) was weighed
using an analytical balance (Fisher scientific, Sartorius AG Germany, LE225D) and
decanted into a 500 mL glass beaker and completed to 500 mL with deionized water
(Salam et, al. 2017). Mixing of this was done using a Jar tester (Phipps and Bird, PB 700
Jar Tester) as shown in Figure 17. Mixing was done using a specific speed of the stirrer at
200 RPM for 5 minutes, and for 125 RPM for 55 mins (Mizani 2016), (Salam et, al. 2017).
Finally, the stock solution was then mixed with the RAW FFT. Mixing was executed using
Ika Eurostar 60 control mixer as shown in Figure 18 for 10 seconds at 250 RPM. In this
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study polymer dosage 600 ppm and 800 ppm g/ton were used and its effects on FFT were
examined with time.

Mizani (2016) reported for mixing times above 10 secs (15sec and 20secs) resulted in an
observable irreversible collapse of flocs. Therefore 10 secs were chosen to be the optimal
mixing time.

RPM

SPEED

Impeller Blade

RPM

Figure 17: Phipps and bird stock solution mixer Pb 700 jar tester
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Figure 18 : Mixing of Polymer with MFT for 10 Sec using IKA Eurostar

3.4

Placing of Amended tailings into duplicate columns:

The experiment was conducted in different phases, Phase 2, Phase 3, Phase 3.5 and Phase
4, Identical tests were conducted for each Phase. Each phase was dosed for 600 ppm, and
800 ppm A3338 polymer. Each polymer amended FFT were deposited into PVC columns.
The boundary conditions for individual polymer dosed columns were kept as
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(1) Single Drainage -The top and bottom was closed, and bleed water could only flow
to the top of the tailings due to flocculation leading to settlement inside columns. Both
PVC columns were covered at the top and the airspace above the bleed water was
minimized (Salam et al 2017).
(2) Double Drainage: bottom was open, and tailings could drain through filter paper
into a tray. 5 mm of water was kept in the tray to prevent drying from the bottom the
process of bleed water moving to the top was doubled in this process due to double
drainage.
Combinations of boundary conditions and polymer doses were used to generated different
Phases of the experiments. This research is on samples obtained from Phase 2, Phase 3,
Phase 3.5 conducted in 5 months from April 2017 till August 2017. Phase 4 was conducted
parallel with phase 2 and took only 48 hours straight to produce images. The detailed
procedure for the different phases is given below.

3.4.1

Phase 2

3.4.2

Single drainage dosed with 600 ppm polymer SEM Images:

Polymer amended FFT dosed with 600ppm anionic polymer were deposited in multiple
replicates (10) of 15 cm diameter transparent acrylic columns to a material height of 10
cm, shown in Figure 19. Reason for use of 10 cm column was to quantify the consolidation,
and non-consolidation behavior under saturated condition. The short height of the column
was used as it was thought to maximize the influence of creep (Salam et al 2017). Two
tensiometer were also inserted into two columns to measure pore-water pressure. The
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acrylic columns were closed from the top by placing crock on it (to avoid evaporation) as
well as closed from the underneath (not to allow any drainage) as shown in Figure 20.
For testing and sampling, five different days labeled duplicate columns i.e. (7,14,28,56,72)
covered from underneath were designed as illustrated in Figure 21. 600 ppm polymer
amended tailings were deposited inside it. Samples were taken from 1 cm top of each
column using spatula illustrated in Figure 24. Samples obtained were used for performing
several geotechnical tests.

15 cm

10 cm
tensiometer

Figure 19: 10 cm column for quantification of consolidation (Salam et, al. 2017)
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Sample collected using spatula
1cm top

Figure 20: Single Drainage Duplicate columns for sample collection and testing
(Salam et al 2018)
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PVC column covered from bottom. (No Drainage)

Figure 21: Closed bottom of duplicate labeled columns used for testing and
sampling.
3.4.3

Phase 3

3.4.4

Double Drainage dozed with 600 ppm polymer.

The material preparation is as described in section 3.4.1 for 600 ppm g/ton . However,
drainage was allowed out the bottom of the columns through filter paper. The replciae
columns were place in a tray. Always about 0.5 cm of water was placed in the tray to
impose a constant boundary condition at the bottom.

Two tensiometers was also inserted into 2 of the columns to measure pore-water pressure
with time. For testing and sampling five different days labeled (covered from the top and
uncovered from the bottom) duplicate columns were designed. Samples taken out from
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1cm top those columns using spatula looked as illustrated in Figure 24 and these were used
for performing several Geotechnical tests discussed in the coming sections.

Crock- closed

Top

closed
Filter paper

rested bottom on filter paper
Figure 22 : Phase 3, 10 cm Double drainage column, with attached tensiometer for
pore water calculation rested on filter paper for allowable drainage of water,
Modified (Salam et al 2018)
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35 days
14 days

28 days

7 days

FILTER PAPER ALLOW DRAINAGE

Figure 23 : Double Drainage Duplicate columns labeled for fluid fine tailings dozed
with 800 ppm Anionic polymer. (Salam et al 2018)

Figure 24: Sample collected using spatula from duplicate columns
3.5

Phase 3.5, 800 ppm Single drainage:
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In phase 3.5 the material preparation and columns design were kept the same, however,
this time tailings were dosed with 800 ppm of A3338 polymer and boundary condition for
it was kept same as mentioned in Phase 2 section (Not allowing drainage).
3.6

Microstructure of polymer amend fluid fine tailings:

Samples were taken from both Phase 2, Phase 3, Phase 3.5 as well as Phase 4 duplicate
columns, dozed with 600ppm and 800 ppm of anionic polyamide A3338 polymer
respectively as mentioned in the above sections the samples were obtained from columns
top using a spatula. Several tests were conducted on the samples obtained from these
duplicate columns to track the microstructure, morphological behavior of fluid fine tailings.
3.6.1

Scanning Electron microscopy tests:

As discussed in Section 2.8.1 in detail, scanning electron device (SEM) can be used to
magnify the sample from, “20 to 30,000x” with the spatial resolution of “50 to 100 nm”.
This device can image an area from “1 cm to 5 microns” in width. Accordingly, to examine
the structuration as well as to track the morphological behavior of FFT during long-term
dewatering, Carleton university’s A Tescan Vega-11 XMU) SEM device was used.
Samples, from 7 days to 72 days, were collected from top 1 cm from replicate columns
mentioned in Section 3.4 transported to the SEM lab. The sample was obtained using a
spatula and directly placed in the SEM device. The face of samples was kept upward in
the SEM chamber, and an electronic gun was always kept perpendicular to the sample
while imaging it i.e. 90 degrees.
Note: 7, 14 ,28 days means the sample were dosed with polymer and kept in columns for 7,14, or 28 days after polymer mixing, before
samples were obtained for SEM or Optical microscope imaging
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A rapid freezing stage of -50 ºc was applied to hydrated samples in the vacuum chamber
and the samples were tested at a low vacuum of 10-3 Pa. Figure 25 shows a schematic
cross-section of an SEM. In our study, SEM images of magnification of 200X with a view
field of 750.0 µm by 750 µm were investigated for quantitative microstructure analysis.

Figure 25: ESEM schematic cross section (Romero and Simms 2008)
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3.6.2

Examples of Raw SEM images

Figure 26 Figure 28 were some of the examples of the Scanning electron micrograph
produced for 600ppm dosage at respective days, i.e. from 1 day and 72 days. All images
were originated by SEM with a same magnification of 200X and a view field of 750.0 µm
by 750 µsamples were produced from columns with boundary condition described in
section 3.4.1.

Figure 26: Scanning Electron Micrograph of polymer amended Oil sands tailings for
dose of 600ppm, (After 7 day – of Polymer Mixing, Boundary Condition “Single
Drainage (not allowing drainage”) Magnification 200x, view field 750
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Figure 27: Scanning Electron Micrograph of polymer amended Oil sands
tailings for dose of 600ppm, (After 28 day – of Polymer Mixing, Boundary
Condition “Single drainage”) Magnification 200x, view field 750

Figure 28: Scanning Electron Micrograph of polymer amended Oil sands
tailings for dose of 600ppm, (After 72 day – of Polymer Mixing, Boundary
Condition “Single drainage”) Magnification 200x, view field 750

77

3.6.3

SEM Imaging of Phase 3, Double Drainage, 600 ppm dosage:

In this section, the boundary condition for polymer dosage and column were changed
(allowing drainage) the bottom of the columns could drain water. Sample collection and
imaging technique were same as mentioned in the section 3.6.2. However, to see the
modification in microstructural behavior and effects of change in boundary condition on
structuration behavior samples from duplicate columns were imaged, using same
magnification field kept for Phase 2 experiment. Figure 29 till Figure 30, Shows the
examples of SEM micrographs obtained for double drainage column dosed with 600 ppm
dosage.

Figure 29:Scanning Electron Micrograph of polymer amended Oil sands tailings
for dose of 600ppm, (After 1 day – of Polymer Mixing, Boundary Condition
“Double drainage (allowing drainage”) Magnification 200x, view field 750
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Figure 30: Scanning Electron Micrograph of polymer amended Oil sands tailings
for dose of 800ppm, (After 35 day – of Polymer Mixing, Boundary Condition
“Double drainage”) Magnification 200x, view field 750/
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3.7

Phase 3.5 SEM Imaging for 800ppm Single Drainage columns:

Figure 31 till Figure 32 illustrates examples of the SEM images obtained for quantitative
analysis.

Figure 31: 1-day Single Drainage (not allowing) Image for 800 ppm dosage

Figure 32: 72-day Single Drainage Image for 800 ppm dosage

80

3.8

Phase 4, Optical Microscope:

Unlike SEM, where hydrated samples were frozen before they were imaged in the SEM
chamber, samples are imaged in their original state. In this method, samples were taken
from duplicate columns specially designed for this analysis. Samples collected were
imaged in their wet state on an hourly basis i.e. (1,2,4,8,24 and 48 hours). Carleton
university Nikon Eclipse Ti Optical microscope, at a magnification of 200X view field 650
µm across width was used to study floc development.

The amended tailings were sampled from the surface of replicate columns after each hour
of mixing using a needle as shown in the Figure 34 and placed onto the slides as illustrated
in Figure 33. The position of the slide was changed to obtain 5 different images, on
average. Due to increase in the density of tailings it was impossible to imaged samples
beyond 48 hours as light source used by optical microscope could not pass through the
samples. Hence tailings, were imaged till 48 hours only, for both 600-ppm dosage and 800
ppm dosage. Time between sampling and completion of imaging always took less than 15
minutes. For reference 1 hour and 48-hour images are illustrated in Figure 35 and Figure
36 and a schematic diagram of overall chapter 3 material preparation, column test
methodology, sampling for image analysis, and subsequent digital image processing, is
illustrated in Figure 37.
.

81

Figure 33: Optical microscope slide used for sampling of tailings, taken from
replicate columns.

Figure 34: Sample Collection for Optical Microscope using needle (Salam et al
2018)
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1-hour Sample
A.

Figure 35: Optical microscopy of polymer amended Oil sands tailings for dose of
600ppm, (A-1hour of Polymer Mixing, Boundary Condition “Single drainage”)
Magnification 200x, view field 650/ micron wide.
48-hour Sample
B.

Figure 36: Optical microscopy of polymer amended Oil sands tailings for dose of
600ppm, 48 hour – of Polymer Mixing, Boundary Condition “Single drainage”)
Magnification 200x, view field 650/ micron wide)
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Figure 37: Schematic of material preparation, column test methodology, sampling for image analysis
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4 Chapter: Digital Image Processing Methods

4.1

Introduction:

Greyscale images are a rectangular tiling of fundamental elements called pixels. Every
raster image contains pixels and every pixel contains bits. The number of bits contained
in each pixel is called image bit depth (number of bits per pixel). A pixel is the smallest
element of the image that stores value proportional to light intensity, as shown in Figure
40 (Young et al 1998). For most images, pixels values are integers that range from 0 black
-255 white. Examples of pixels and their intensity values are shown in Figure 38 and Figure
39.

Figure 38 :The range of intensity values from 0 (black) to 255 (white).
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Figure 39: Pixel portion of the SEM image with pixel intensity values. (as an
example)
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Figure 40: Classification of bits per pixel from 1-pixel image to 8 pixels

There are many approaches and techniques used for processing images. After considerable
trial and error, certain techniques were adopted in this study that allowed for the repeatable
extraction of information from FFT images.

For each sample, at least 8 images were taken but at different magnifications (200x, 500x,
1000x 2000x) as shown in Figure 41 (a to c). It appeared that the 200x images provided
the most representative information, showing a wide distribution of discernable flocs or
particles sizes as illustrated in chapter 3 for each phase. Therefore, three “good quality”
images were obtained for each sample from SEM at 200x. An example of “good quality”
and “bad quality” are shown in Figure 42. The same scale was employed for optical
microscope images to compare SEM and OM images.

After obtaining the SEM or OM Images, the widely used image processing software FijiImage J, was used for fabric investigation and quantitative analysis of the amended FFT
images. Statistics on grain and pore size distribution were obtained from the image
analysis.

Image treatment is necessary before images can be analyzed by any software, such as
ImageJ, due to poor delineation between pores and particles in the raw images. Through
trial and error, a methodology has been developed to render suitable images for grey pixel
analysis. While image treatment and filtering operations to be used on any image are
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application specific and generally subjective, this work attempts to develop a repeatable
image processing method for this material (FFT).

A

B

89

c

Figure 41: Different magnification SEM images generated images. (a)2000
magnification. (b)5000 (c) 1000 magnification
(a)

(b)

Figure 42 : Difference between good image (A) for analysis and bad image (B) (low
resolution)
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a

b

Figure 43: Difference among (a) good quality image, AND (b) bad quality image (low
resolution)

4.2

Scaling the Images:

Images obtained from SEM and optical were in 8 bits (28 = 256 grey scale colors)’
resolution and comprise 768 x 648 pixels (This means a total number of 768 x 648 =
497664 pixels are displayed at the screen in one image). The following procedure
discussed below was adopted from Ferreira and Rasband (2012) for scaling images,

Using ImageJ software, freehand straight line was selected from toolbox and scale bar
already displayed on SEM image was measured, through analyze>set scale. The scale bar
Figure 44(c) measured by line tool gave us values which are shown in Figure 44(a). The
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known distance for images was kept 200 as already posted on image. Furthermore, the unit
of length was changed to µm. The resolution of an image after scaling was noted to be
1.0267 pixels per µm and image was converted into a 768 µm x 648µm image as Illustrated
in Figure 44 (b). This scaling procedure was kept same for all sample images.
Subsequently, non-image parts of the picture (E.g. the scale portion) were removed by
cropping.

b

a

c

Figure 44: Image Set Scale and Updated
Information (Using Image J)
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4.3

Image Enhancement operations:

Image enhancement was done in “Image J” and “Adobe Photoshop”. Pixel treatment starts
with noise subtraction. Noise is defined as any undesirable signal, disturbance, which
camouflages the desirable information in images (Naphade 1999).

4.3.1

Filters:

There are many kinds of filters in ‘Image J”, such a linear Khuwahara, Gassien blar and
many others. In this study, a median filter was applied to all images. The median filter
reduces noise in images by replacing each pixel with the median of neighboring pixel value
so that all image pixel has the same value of noise (Ferrier and Rasband 2012). On a per
image basis, use of the median filter gave a clearer distinction between particle and pore
space and was applied on images as shown in Figure 45. The default neighborhood Radius
of 2.0 was used most of the time while using this tool. These filters were only applied to
SEM images and not OM images.
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(a)

(B)

Figure 45:Median filter (a) before and (b) after applied results

4.3.2

Enhancing Contrast:

Image contrast level was enhanced to a level that it gave a better visual distinction between
particles a pore-space. This was done using Image j> process>enhanced contrast>
Saturated pixel. This tool changes contrast compared to set a maximum number of pixels
that can become saturated (having the highest possible brightness value) (Latief 2016).
This technique usually generates a visually balance image; however, it was noted that a
visually agreeable picture may not be the best goal for image analysis. For example, during
trial and error, it was noted that increasing contrast above a certain level, generated images
that over-weighted some small features. In this study, the saturation level for images was
kept between 0.5-2%.
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In addition, image pixel intensities were modified through normalization and histogram
equalization.

Histogram equalization distributes the intensity of each pixel equally

throughout the image, this allows areas of lower contrast to gain higher contrast making
the image intensity balance throughout the image. For example, the histogram values for
our RAW image, in Figure 48 were mostly between 100 to 150 grey scale. After applying
histogram equalization, the pixel values became distributed over the entire grey scale
range. Each pixel value is lowered or increased by a common factor depending if it less or
greater than the original mean pixel value.
Normalization distributes pixel intensities more evenly across an image, to distribute a
broad histogram of image intensity (As in Figure 49). The normalize tool is quite simple,
it looks for the maximum intensity of pixel and a minimum intensity of the Pixel, and then
will determine a factor that scales the min intensity to black and max intensity to white.
The equalize tool attempt to produce a histogram with an equal number of pixels in each
intensity level. This can produce unrealistic images since the intensities can be radically
distorted but can also produce images very similar to normalization.

In our case we wanted our images to be realistic as well as even distribution of intensities
we used both normalization and histogram equalization tools in Figure 49. These tools
enhanced the images pixels’ values using histogram equalization, a modified built-in
algorithm in “Image J”. Furthermore, processed images were smoothed and then passed
through brightness and contrast adjustments again. This was completed by following
image >adjustment >brightness and contrast in “Image J”. To minimize bias adjustments
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in the brightness and contrast auto tool as shown in Figure 47 was used which uses default
settings.

Figure 47 : Image adjustment through
Figure 46: Contrast Enhancing and
brightness and contrast
histogram Equalization followed by
adjustment in brightness and contrast
using image.

Number of pixels

Grey values
Figure 48 : Histogram values for RAW Images before image treatment.
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Number of pixels

Grey values
Figure 49: Histogram Equalization for images after treatment.

4.4

Filters for optical microscope:

Image treatment, scaling and enhancement operations were repeated the same as for the
SEM images discussed above in section 4.1 till 4.3. However, for optical microscope
images a “shadow filter” was applied.
Optical microscope generates images using a backlit light source. A shadow filter produces
a virtual shadow effect upon the images by making the light to appear from different
directions as illustrated in Figure 56 and Figure 58. The shadow effect makes it easy for
the naked eye to distinguish between flocs and background of the image. After applying
and trying different virtual effects of this tool “Northeast side” shadow effect gave us
satisfying results in optical microscopy image treatment. Using other than northeast gave
us more noise in the image and not a sound output as in Figure 50 result Northeast was
selected for analysis as illustrated in Figure 56 and Figure 60.
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Figure 50: Results obtained while using North west filter on O.M Images.

4.5

Results of Image Enhancement operations:

Examples of results of image enhancement are illustrated in Figure 51 and Figure 52. The
Same procedure was applied to all other images, readers interested in details of
enhancement operations results for other images can go to appendices (A) where Results
obtained after each treatment are illustrated.
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4.5.1

Phase 2, SEM Images Enhancement results:

Pores

Grains

(a)

(b)

Figure 51: Image treatment result for Phase 2, 14 days SEM Images (a) Image
obtained from SEM lab before. (b) Pixel Intensity Improved image after using
above procedure black sections pores white section Grains.

a

b

Figure 52: Image treatment result for Phase 2, 28 days SEM Images (a) Image
obtained from SEM lab before. (b) Pixel Intensity Improved image after using above
procedure black sections pores white section Grains.
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a

b

Figure 53: Image treatment result for Phase 2, 72 days SEM Images (a) before and (b) after treatment
black sections pores white section Grains

4.5.2

Phase 3 image treatment results:

During analysis, it was noted that keeping same dosage 600ppm and allowing water to
drain from columns gave better and understandable pixels than the phase 2 images because
of the dryness of sample before frizzed in SEM chamber.

a

b

Figure 54 :Image treatment result for Phase 3, 7 days SEM Images (a) before and (b)
after treatment black sections pores white section Grains.
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a

b

Figure 55: Image treatment result for Phase 3, 21 days SEM Images (a) before and (b) after
treatment black sections pores white section Grains.

4.5.3

Phase 4 optical microscope image treatment results:

4.5.3.1

a1

600 ppm Results;
b

hour

background

Flocs

1 hour sample

Figure 56: Image treatment result for Phase 4, 1 Hour Optical microscope Images (a)
before and (b) after treatment black sections Flocs white section background light
source.
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a

b

24-hour sample

Figure 57: Image treatment result for Phase 4, 24 Hour Optical microscope Images
(a) before and (b) after treatment black sections Flocs, White section background
light source.

a

b
Flocs change

48-hour,

Figure 58: Image treatment result for Phase 4, 48 Hour Optical microscope Images
(a) before and (b) after treatment black sections Flocs, White section background
light source.
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4.5.3.2

800 ppm results:

a

b

Figure 59: Image treatment result for Phase 4 dosed with 800 ppm polymer, 1 Hour
Optical microscope Images (a) before and (b) after treatment black sections Flocs,
White section background light source.

Figure 60: Image treatment result for Phase 4 dosed with 800 ppm polymer, 48 Hour
Optical microscope Images (a) before and (b) after treatment black sections Flocs,
White section background light source.

4.6

Segmentation
103

4.6.1

Introduction

Image segmentation is any operation that highlights or in some way separates two items
from each other and therefore partitions the image into non-intersecting regions (Kaur et
al 2014). The goal of segmentation is to simplify the image for quantitative analysis. These
regions or segments consists of pixels that share a definite visual characteristic. Different
ways of splitting or segmenting the images can be considered correct. Hundreds of
automatic and semiautomatic algorithms have developed since digital image processing
came into being. However, no method can be considered best for the all type of images
(Carreras et. al, 2014). Most of the techniques are based only on the intensity information
of pixel (Naphade 1999). In our study intensity, pixel-based segmentation was done to
delineate pore space and solid particles.

4.6.2

Weka segmentation tool:

In this study, both SEM and OM images were segmented using the trainable weka
segmentation tool available in ImageJ. This tool runs for both 2D and 3D images, to use it
for 2D select the menu command Plugins ▶ Segmentation ▶ Weka Segmentation. For 3D
features, call the plugin under Plugins ▶ Segmentation ▶ Weka Segmentation 3D. Both
commands will use the same graphical user interface but offer different feature options in
their settings (Ferreira and Rasband 2012). Images that had been processed for pixel
improvement were opened in the weka segmentation tool.
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The trainable weka segmentation developed by Arganda-Carreras et al., (2014) was used
for analysis. The word “Trainable” means the plugin can be trained to learn from the user
input and perform later the same task in unknown test data. The word “Weka” means that
this tool is constantly updated by the community of users of the ImageJ software. This tool
in “Fiji Image J” changes the segmentation process into pixel classification problem
(Carrera’s et.al, 2014).

In this study, two different classifiers were made pores and grains as shown in Figure 61.
Then each pixel in some subsection of the image was manually classified using tools for
pixel selection that includes rectangular, oval, elliptical, brush polygon and freehand
selection. This manual selection trains the automatic segmentation tool, which is then
applied to the rest of the image. Figure 62 and Figure 63. give examples of SEM and OM
images after segmentation, where each pixel in the image was classified into pore or grains.
The classifier algorithm was trained according to the desire of author. The strength of this
tool is that it allows the user to re-train as well as tests the classifier and change the pixel
classification using toggle overlay tool in Image J until a satisfactory result is achieved.

Moreover, to avoid prejudice in segmentation for other images, the classifier trained for
one set of Phase 2 SEM images single drainage was saved and reused for another SEM
images phase 3 and phase 3.5. TWS (trainable weka segmentation) pipeline overview is
shown as in Figure 65. After satisfactory training of classifier is done, get the probability,
built-in in Weka segmentation was clicked.
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Figure 61: Adding of classifier before Training Segmentation.

Pore label

Grains
Figure 62: Trainable Segmentation tool for segmentation of images into pores and
grains
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Flocs

Background,

Figure 63: Optical Microscope Segmentation, (Pink shade) Flocs segmented from
(green) background for further analysis.

Segmented section pores

Segmentation section of
Grains.

Figure 64 : Example of resulting probability map of pores and grains based on
classifier
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Figure 65 : Summarized TWS pipe line overview (Modified from Ferreira and
Rasband 2012)
This process was repeated for phase 2, phase 3 and phase 4 images, each phase segmented
images were thresholded in next step.

4.7

Image Thresholding:

Before binarization thresholding was performed as a final step to remove further unwanted
(blurry regions) low frequencies, left after segmentation. Following the procedure
developed in Mizani (2016), thresholding can be guided in an unbiased way by analyzing
the rate of change of particle mass capture versus threshold. Mizani (2016) found that
identifying a minimum in the rate of mass change function could be used to threshold in
an unbiased way.
After thresholding each pixel, images were converted into perfect black and white by
binarizing it. The segmented images were opened in image j>adjust>threshold or CTRL
+ shift +t. Increasing or decreasing the slide can do changes in image shape. By keeping
the histogram value i.e. from 44% to 48.61% for thresholding gave us a better-segmented
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image as low special frequency were converted Nan values (not a number) and removed
later in binarization step. In this study, thresholding was specifically used to remove special
frequencies left in the image by converting it into NaN.

Figure 68 and Figure 69 shows examples of thresholded images for different phase images,
the same technique was applied to all other sample segmented SEM images and optical
microscopic images. These images were forwarded into binarization section where each
image pixel was converted into perfect black 0 or white 255 making them 1-bit Image (21
= 2). Thresholded images examples for other samples can be found in appendices B.

Cloudy regions inside yellow
outline (low frequencies)

Figure 66: Blur or low frequencies in Probability image after segmentation
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Probability Image (Image pixel values)

Thresholded (Image pixel values)

Figure 67: Conversion of (a) Probability image before thresholding and (b) after
successful operation of thresholding (removal of blurry regions) and converting
background to (not a number) NaN in phase 2, 7 day (Segmented Image of pores)
dosed with 600 ppm polymer.
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(a)

(b)

Figure 68 Conversion of (a) Probability image before thresholding and (b) after
successful operation of thresholding (removal of blurry regions) to phase 3, 21 day
(Segmented Image of pores) dosed with 800 ppm polymer.

Figure 69: Optical Microscope Conversion Results, (a) Probability image before, and
(b) after successful operation of thresholding (removal of blurry regions) to Phase 4,
48-day Flocs dosed with 600 ppm polymer.
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4.8

Binarization step.

The final step in the process was to convert our segmented and thresholded image into a
1-bit image so that each of the pixels in the image gets a specific value which can later be
used to analyze an image. By applying this tool our thresholded images were divided into
foreground white, and background as black. This tool must be used when the
images>adjust>threshold (means when an image is thresholded) tool is active. Images
were converted into 1-bit binary by

clicking process>binary>make binary in image j

software.

Simple images obtained from SEM, optical microscope for different boundary conditions
illustrated in Chapter 3 were finally binarized. Above procedure from section 4.5 till 4.6
were practiced on each day sample to get the 1-bit image.

After binarization, the segmented sections of pores and grains were used for quantitative
analysis. The corresponding ImageJ path is Analyze> analyze particles in Figure 70 till
Figure 77 show examples of the binary results obtained after image processing.

4.9

Phase 2 binarized Images:
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(a)

(b

Figure 70 Final Binarized (a) Pore Structure Image of 7-day SEM Image (600ppm
dosed Phase 2). (b) binarized Image of Grains.
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(a)

(b)

Figure 71 Final Binarized Pore Structure Image After 72-day SEM Image (600ppm
dosed Phase 2) (b) binarized Grains Image

4.10 Phase 3 binarized images

Figure 72:Final Binarized Pore Structure Image After 7-day, SEM Image
(800ppm dosed).
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Figure 73 :Final Binarized Pore Structure Image After 21-day, SEM Image
(800ppm dosed).
4.11 Phase 4 Optical microscope binarized images Results:

Figure 74 :O.M Final Binarized flocs Structure Image After 1-hour mixing
(600ppm dosed).
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Figure 75:O.M Final Binarized flocs Structure Image After 48-hour mixing (600ppm
dosed)

Figure 76; O.M Final Binarized flocs Structure Image After1 hour mixing (800ppm
dosed).
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Figure 77 :; O.M Final Binarized flocs Structure Image After 48-hour mixing
(800ppm dosed)

4.12 Use of particle (Pore/Grain) analyzer in ImageJ:

Binarized Images were analyzed using the particle analyzer section built into the Image J
software. The analysis was performed on the entire image, not on the specific area selected
in Image as reported in (Bajwa 2015) and (Mizani 2016). This tool scans the entire selected
image or choice until it finds the edge of objects. This command counts and measures the
objects in a binary image, outline the objects using wand tool (creates a selection by tracing
objects of uniform color or thresholded objects) (Ferreira and Rasband, 2012), and
measures all entries in the images.
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The particle analyzer extracts the features by size range and by shape (circularity). While
circularity values of 1 correspond to a perfect circle, the circularity of zero stands for the
infinitely elongated polygon in the image J. The software also summarized the particle
analysis reporting particle count, total particle area, average particle size and area of the
simulated pores. The pore diameter was then calculated based on the area and frequency
of the pores in certain bin ranges. The porosity was calculated for each image on classified
bins and pore diameters.

4.13 Conclusion:

The goal of this process was to convert our images from 8 bit (256 colors per pixel)
throughout to 1-bit, perfect black 0 or perfect white 255 images so that software can
examine the binary data.

During analysis first images pixel intensity was increased and then equalized by applying
tools mentioned above. Afterward, through pixel analysis tool it can be noted clearly with
each step the pixel values were changing from a contrasted image, till thresholding. And
in thresholded image background was converted into NAN and finally only selected region
for analysis were binarized by creating the 1-bit image (perfect back and perfect white).
The steps applied above were successful in first optimizing the SEM images and optical
microscope images pixel intensities for pixel classification analysis and converting images
into perfect binary images without affecting shape or size of pores or grains. It was also
noted that thresholding can be useful in removing blurry regions in images and was kept
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between 45 to 50% for rest of analysis. The whole chapter methodology process is also
concluded in the workflow diagram illustrated in Figure 78: Workflow diagram for the
Image Processing and Quantitative Analysis. This flow diagram procedure designed by the
author was helpful in abstracting the image features using digital image processing
software Image J.
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Figure 78: Workflow diagram for the Image Processing and Quantitative Analysis.
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5 Chapter: Results and Discussion:

This chapter reports on the quantitative data analysis performed on the processed SEM
and OM images. The image processing methodology is presented in Chapter 4. Each
image was analyzed using built-in algorithms in the “FIJI Image J” software to obtain the
following parameters:
(1) Total number of pores and grains with time.
(2) Total image porosity with time
(3) Pore diameter histogram.
(4) Change in the cumulative average grain or floc size change.
Results are initially reported for the different experimental conditions and then
compared at the end of the section corresponding to the different imaging methods (SEM
or OM).

5.1

5.1.2

SEM results

Phase 2: Columns with single drainage and 600 ppm polymer dose

SEM images were obtained from 7 to 72-days old samples as illustrated in Figure 79 to
Figure 80. The calculated image porosity is shown in Figure 82 for 3 replicate images at
each time. The image porosity showed a declining trend from about 28-34% to 22-23%,
whereas the laboratory (real) porosity of the samples changed from (0.83 to 0.70) 83% to
70% over the same time frame as illustrated in Figure 83. The average pore area was also
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calculated from each image and it showed a decreasing trend up to 56 days, however, the
average pore area increased after 72 days in Figure 84. Note that the porosity of any
image of granular media is always substantially reduced compared to the 3D porosity
(Marcelino. et al. 2007). These all results show a decreasing number but increasing
average size of pores and grains with time. This decline in pore number can be attributed
to the growth of flocs during flocculation and or -squishing of the flocs together. Figure
86 and Figure 87 shows a more detailed analysis of pore sizes distribution and illustrated
that most changes are dominated by changes in the lowest of sizes (<10 microns). Figure
79 shows examples of SEM images at 7 and 28 days that seem to reflect the observed
trend of decreasing the frequency of the smallest pores and grains as suggested by the
quantitative analysis of the binary images produced.

In Figure 85, the grain analysis showed a decrease in the total number of grains, though
most of the change occurred before 14 days. This more closely follows the trends in the
smallest pores Figure 87.
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7 days

28 days

Figure 79: 2nd set of images used for Quantitative image analysis
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54 days

72 days

Figure 80: 2nd set of phases 2 images used for quantitative analysis of 600 ppm
single drainage
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Figure 81:: Total Number of Pore Count for 600 ppm single drainage images
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Figure 82: Image porosity trends in SEM 600 ppm single drainage for 3 different
set of images
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Figure 83:Laboratory Sample Porosity calculations using sample void ratio from
top 1 cm of each column, 600 ppm single drainage (Salam 2018)
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Figure 84: Average Area of pores in the single drainage 600 ppm images

Total number of Grains

1600

1400
1200

1000
800
600

400
200

0

7 days

14 days

28 days

56 days

72 days

Sample Collection Dates
Figure 85: Total number of Grains calculations for 600ppm SEM single drainage
images.
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Figure 86:Pore diameter histogram from SEM 600 ppm single drainage
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Figure 87 :Pore count from 0-40 um SEM for 600 ppm single drainage
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5.2

Phase 3, Double Drainage with 600 ppm dose

SEM images for this case from 7 to 35 days are shown from Figure 88 to Figure 91. The
total number of pores are shown in Figure 93. The porosity of the images was rapidly
reduced compared to the single drainage cases, as shown in Figure 92. The Phase 3, 1day
SEM images porosity was 29-32 %, which was nearly equal to that of the 7-day phase 2
image porosity. However, after 35 days, the porosity of the images decreased to almost
4%.

As shown in Figure 94, the average area of pores for a 1-day image was found to be
between 118 to 121 µm2. By 35 days it gradually decreased to almost 26-30 µm2. Another
set of images result was showing the same trend as in the first set of images. The real lab
sample porosity was also calculated using void ratio, the porosity was changed from
(0.82) 82% to (0.51)51% in only 35 days as illustrated in Figure 95.

Total Grain count was done for each set of images as illustrated in Figure 96.
Interestingly, for double drainage, the total number of grains showed an increasing trend.
To confirm this trend, two methods of grain count built-in in the software were used (1)
Watershed tool and (2) Simple particle analysis tool both were employed.

The watershed tool uses the gradient in pixel intensity to separate particles, like how the
change in gradients in topography are used to define real watersheds. The watershed tool
was used with the default parameters in Image J and was only used to check the trend
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shown by the simple particle analysis for grains was true or not. Even though both tools
use different methods to count grains, however, both showed an increasing trend in grain
frequency with time. This total Grain count trend was noted opposite to what was
observed for the 600-ppm single drainage case for total grain count.

In addition, the average grain area(size) in image was also calculated for both methods
and average area (size) values were different for both procedures, however, after
increasing till 21 days there was unexpected fall in the average grain area (size), reason
for this is discussed in comparison section 5.1 both watershed and without watershed tool
used showed decreasing trend as shown in Figure 97. .

More detailed PSD histogram of Phase 3 (double drainage) was compared with Phase 2
(no drainage) histogram. The double drainage histogram illustrated in Figure 98 reported
that pore size between 0-10µm showed a decreasing trend in pore count from 1 day to 35
days. The overall trend in pore count was the same for both phases (decrease from 1400
to 1600 on Day 1 down to about 600 by the end of the test) however, reaching this number
took only 35 days in double drainage while 72 days in single drainage Phase 2 test.
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Figure 88: Scanning Electron Micrograph of polymer amended Oil sands tailings
for dose of 600ppm, (After 1 day – of Polymer Mixing, Boundary Condition
“Double drainage”) Magnification 200x, view field 750

Figure 89: Scanning Electron Micrograph of polymer amended Oil sands tailings
for dose of 600ppm, (After 7 day – of Polymer Mixing, Boundary Condition
“Double drainage”) Magnification 200x, view field 750.
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Figure 90 :Scanning Electron Micrograph of polymer amended Oil sands
tailings for dose of 600ppm, (After 21 day – of Polymer Mixing, Boundary
Condition “Double drainage”) Magnification 200x, view field 750

Figure 91: Scanning Electron Micrograph of polymer amended Oil sands
tailings for dose of 600ppm, (After 35 day – of Polymer Mixing, Boundary
Condition “Double drainage”) Magnification 200x, view field 750/
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Figure 92: Porosity calculation for SEM Images dosed 600 ppm (double drainage)
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Figure 93: Total Pore number for double drainage columns (600ppm dose)
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Figure 94: Calculated, Average Pore area in SEM images (dosed 600ppm, double
drainage)
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Figure 95: Laboratory Porosities Calculations for double drainage samples dosed
600 ppm (Salam 2018).
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Figure 97: Average Grain Area calculated using watershed tool and without
Watershed tool.
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Figure 98: Double drainage Pore Diameter histogram distribution for each day
sample Image
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(A)

(B)
Figure 99:(A-B) 1 day and 35-day Grains binary Image (obtained through
segmentation)
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Figure 100: Imported binary data obtained without using watershed tool for 1-day
600ppm, SEM images double drainage
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Figure 101: 1 Day SEM Grains binary imported image after using water shed tool
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Figure 102: 35 day imported binary Grain images after using watershed tool breaking each
grain into different segments,
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Figure 103: Physical Demonstration of Double drainage column after 35 days dosed
with 600 ppm polymer double drainage. Modified from (Salam et al 2017)

5.3

Phase 3.5 Columns with 800 ppm dose tailings (Single Drainage columns)
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Figure 104 A-E illustrates the images obtained from the columns dosed with 800 ppm
polymer with Single drainage (no drainage). 3 different sets of images were processed to
check the repeatability trend of the images and process. The image porosity of all three
different sets of images showed a decrease with time, as shown in Figure 105. The image
porosity decreased from 29-30% on Day 1 to 21-17% on Day 70. The real laboratory
sample porosities as shown in Figure 107 showed a decreasing trend but not a much
significant change was noted. The “0 days’ (A couple of hours after mixing) lab sample
porosity was calculated to be around 84% and after almost 77 days it dropped to 80%.

The total grains number calculation for 800 ppm single drainage images illustrated in
Figure 108 showed some fluctuation, but it could be argued that no significant change in
grain count exists. It can be concluded from these trends that 800ppm was slightly higher
in grain frequency increase compared to 600ppm dose polymer.

Binary images data obtained were imported to the real images to check the agreeability
of thresholding and segmentation. The imported binary images fitted the RAW SEM
images shows the good output of the methodology developed for FFT SEM images as
shown in Figure 110.
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a.1 day

143

b- 7 day
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c- 46 day

d- 60th day
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E- 72 day

Figure 104: ( A TO E) Scanning Electron Micrograph of polymer amended Oil
sands tailings for dose of 800ppm, (After A , 1 day, b 7 day, c 47, d 60 days E, 70
days) – of Polymer Mixing, keeping Boundary Condition “No-drainage”)
Magnification 200x ,view field 750/
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Figure 106: Average Pore Area from SEM Single drainage (800 ppm) Images
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Figure 107: Laboratory Sample Porosity for 800 ppm single drainage (TOP of column)
(Salam 2018)
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Figure 108: Total Number of Grains For 800ppm Single Drainage SEM images
using water shed tool
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Figure 109: Total Pore Frequency for 2 different set of SEM images dosed with
800ppm

Figure 110; 60 days imported data of binary image to real pores on 800 SEM image
as an example illustrated
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5.1

General comparison of SEM Results for Phase 2, Phase 3 and Phase 3.5 images

The total pore count for all Phases is shown in Figure 111. It was noted that Phase 3.5
(Single drainage dosed with 800 ppm polymer) had a substantially higher pore count as
compared to Phase 2 (600ppm Single drainage) and Phase 3 (double drainage 600ppm).
It seems that the 800 ppm single drainage samples displayed a different kind of pore-size
distribution, where many relatively small cracks like pores appear throughout the sample,
as can be seen in Figure 104 above. 800 ppm samples do exhibit somewhat lower CST
values than 600 ppm samples (Figure 117: Capillary suction test results for two different
polymers), which is thought to imply better floc dewaterability. It can be seen in Figure
112, the image porosities, that the 800 ppm samples initially dewater faster than the 600
ppm samples for single drainage, but the 600 ppm samples achieve similar porosities by
the end of the experiment.

Also, in Figure 112, the double drainage sample showed considerably more dewatering
than the other three samples. This is in accordance with actual porosities measured in the
laboratory experiments Figure 95, and can be noted in columns test Figure 103 above.

The different behavior is also seen in the average grain area (size) data as shown in Figure
113. Single drainage 600 ppm samples showed an increasing trend to a value between
350 um2 to 370 um2 by Day 28. The double drainage 600 ppm showed a higher initial
already 260 um2 on Day 1 however, a final value after 35 days was suddenly decreased
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to (110-100 um2).To examine why the grain size suddenly decreased by 35 days, the grain
size histogram for day 21 and 35 is shown in Figure 114. This figure was generated from
the quantitative data of 21- and 35-days images. High frequency of grains ranging
between size 0-10 um diameter in the 35-day image were noted as compared to the 21day image. Due to this high frequency of grains in 35 days image a fall in average grain
area was noted in Figure 113 for phase 3(double drainage). However, it was eminent
from Figure 114 that the maximum grain diameter calculated in 21 days image were
between (280-290 um), While in 35 days sample there were some grains chunks between
a size of (300-310 um) which illustrates an increase in grain size. This increase in grain
size was also noted in the binary overlay images for both 21 and 35 days sample image
as in, Figure 115 and Figure 116.

This leads us to conclude that more rapid dewatering initially due to the double drainage
boundary condition favours increased flocculation (more flocculation occurs at lower
water contents due to a proximity of dispersed particles), which in terms favors more
sedimentation. Various results in Salam et al. (2017, 2018) suggest that the boundary
condition affects the tailings in some fundamental way other than the shortening of the
drainage path and that the influence of the boundary condition on dewatering is
repeatable from sample to sample and over different doses.
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Figure 111: Comparison of Total Pore number Phase 2 (600 S.D), Phase 3 (600 D.D) and Phase 3.5
(800 S.D) for repeatable Images.
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Figure 112: Comparison of Image Porosity for Phase 2 (600 S.D), Phase 3 (600 D.D) and Phase 3.5
(800 S.D) Images
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Figure 113: Average Grain Area (size), Phase 2 Single Drainage 600, Phase 3 Double drainage,
and Single Drainage 800ppm.

Figure 114: Grain diameter histogram for only Phase 3 (21 and 35 days) Images.
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Figure 115: Imported binary image of 21 days Sample double drainage
600ppm

Figure 116: 35 day Imported binary Image (600 ppm double drainage)
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Figure 117: Capillary

5.2

suction test results for two different polymers

Phase 4 optical microscope; 600 ppm

The total number of flocs and floc size distribution were analyzed over 48 hours in OM
images. After this time usable images could not be obtained due to the opaqueness of the
samples. Optical microscopic images from Figure 118(A to F) were digitally processed
using ImageJ. In general, an increasing trend in average size can be detected.
Additionally, the background space becomes clearer and the contrast between flocs and
pore space improves over time. This is perhaps due to the association of small particles
with large particles over time.
The floc size distribution for these images is presented in Figure 119 and
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. There is a
clear trend
in the size
of

the
largest

1 hour

flocs. At 1
hour after
tailings
were dosed
with

a

polymer in
Figure 119,
24 hours

the
maximum
size

of

flocs

was

between
70-110
48hours
Figure 122: Floc size changes in optical microscope generated using
Image J. (PHASE4 600PPM)

micron.
This
maximum

size of flocs was augmented for 48 hours to approximately 230-290 microns as shown in
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.

The

increase in
the size of
flocs

is

clearly

1 hour

seen in the
binary
images
produced
through
image
processing
24 hours

(e.g. Figure
122).

The

total

floc

area

(summing
48hours
Figure 122: Floc size changes in optical microscope generated using
Image J. (PHASE4 600PPM)

all

areas

found from
each hour

image) is shown in Figure 124, showing data for two images captured at each time and
illustrates increasing trend with time. However, there are samples which show a decrease
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in the total floc area between 8 to 24 hours. This may be due to settlement and segregation
of the large flocs. The samples are obtained from the tailings water interface.
Interestingly, in Error! Reference source not found.the size of flocs ranging between 0
-10 µm initially increases up to 24 hours, after then decreases to 48 hours. The decrease
in count may be caused by ongoing flocculation, as smaller flocs in 0-10-micron range
combine to form larger flocs, as can be seen in Figure 122 and Figure 123. The first
increase in the count in the 0-10 µm range may be caused by small non-detectable
particles combining to form clear flocs. However, the variability from replicate to
replicate is highest in the 0-10 microns range (For example,
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).

1 hour

24 hours

48hours
Figure 122: Floc size changes in optical microscope generated using
Image J. (PHASE4 600PPM)
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1-hour Sample
A.

2-hour Sample
B.

161

4-hour Sample
C.

8-hour Sample
D.

162

24-hour Sample
E.

48-hour Sample
F.

Figure 118: Optical microscopy of polymer amended Oil sands tailings for dose of
600ppm, (A-1hour to F. 48 hour – of Polymer Mixing, Boundary Condition “Single
drainage”) Magnification 200x, view field 650/ micron wide)
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Figure 119: Optical microscope 1-hour Quantitative analysis of flocs size change (2
set of images)
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Figure 120: Optical microscope 24-hour quantitative analysis of flocs size (µm)
change (2 set of images)
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Figure 121: Repetitive Phase 3 Optical Microscopy Flocs diameter (µm) change
results for 600ppm polymer dosed after 48 hour
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1 hour

24 hours

48hours
Figure 122: Floc size changes in optical microscope generated using
Image J. (PHASE4 600PPM)
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1 hour
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Figure 123: Flocs size change in 2nd set of binary images for 600ppm.
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Figure 124: Total Area of flocs with time for 600 ppm single drainage from Optical
Microscopy
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Figure 125: Flocs Count, Distribution Histogram for different date optical
microscopic images
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5.3

Phase 4 optical microscopy results (800ppm) single drainage

A repeatable increase in maximum floc size was also detected in the 800-ppm sample.
Replicates for 1 hour, 12 hours, and 24 hours are shown in Figure 127 to Figure 129.
Repeatability seems to be greater with respect to the 600-ppm sample, especially at the
lower size ranges. The overall changes over 48 hours are shown in Figure 130, which
compares size histograms at 1 hour and 48 hours.
In Figure 130 the maximum size of flocs in the 1-hour sample was found to be between
110-120 um. However, after 48 hours flocs size were dramatically increased reaching
approximately to 290-300µm size. The second test results followed the same trend as the
first set with only a 2 to 3 % increase or decrease in the size of flocs.

To give further credibility to these results, the results of the segmentation and
thresholding binarized data was overlaid onto the real sample images as in Figure 131:
Imported binary images to real images to check thresholding and binarization results It
was found that segmented particles seem to fit to the outline of the real flocs quite well,
which supports the methodology developed for FFT optical image processing.
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1-hour Sample
A.

12-hour Sample
B

170

24-hour Sample
C

48-hour Sample
D

Figure 126: A-D Optical microscopy of polymer amended Oil sands tailings for dose
of 800ppm, (1hour- and 48 hour – of Polymer Mixing, Boundary Condition “Single
drainage”) Magnification 200x, view field 650/ micron wide).
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1-hour Phase 4, 800 ppm
dosage

Flocs Diameter µm
“um”

Figure 127 Repetitive Quantitative analysis results for 1-hour Optical
microscope 800 ppm dose.

Flocs Diameter “um”

Figure 128: Repetitive Quantitative analysis results for 12-hour Optical microscope
800 ppm dose.
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Figure 129: Repetitive Quantitative analysis results for 24-hour Optical microscope
800 ppm dose.
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Figure 130: Repetitive Quantitative analysis and change in floc diameter results for 1
hour and 48-hour Optical microscope dosed with 800 ppm.
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1 hour

24hr

12 hr

48hr

Figure 131: Imported binary images to real images to check thresholding and binarization
results
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5.4

Comparison Phase 3, and Phase 4 optical microscope results.

During the comparison of the two phases charts, it was found that flocs size has somewhat
increased in the 800 ppm samples compared to 600 ppm samples. At 1 hour, the
maximum size over two replicates was 70-100 microns for 600 ppm but was 100-120
microns for 800 ppm. Histograms for two of the replicates are shown in Figure 132.
Furthermore, after 24 hours, the difference increased, with the 800 ppm samples showing
maximum floc sizes up to 230 microns, while the 600 ppm samples showed an increase
only up to 150 microns (Figure 133). However, as shown in Figure 134, by 48 hours the
maximum floc size of 600 ppm and 800 ppm samples had increased up to 330 and 370
microns respectively.

Similar behavior is shown in the total area of flocs (Figure 135). The total area of flocs
in every single image was added up to see the cumulative change in solids mass with
time. The change in total solids mass in each area of image can be due to two factors, I)
decrease in water content, and ii) increase in mass detectable through flocculation of very
small and invisible particles into visible flocs or those small particles becoming part of
visible flocs. It was found that during initial stages i.e. 1 hour, 8 hours, the increase in
solids was faster in the 800-ppm sample. However, after 48 hours the total area after 48
hours for both 800 ppm and 600 ppm samples was approximately the same. This
behavior was also noted in the real columns test, where the settlement of the tailings after
24 hours was largest for the 800 ppm sample (Figure 136), but after 7 days of no
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detectable difference in the height of the tailings-water interface could be detected
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Figure 132: Flocs diameter comparison for 600 ppm and 800ppm, after 1-hour.
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Figure 133: Flocs diameter comparison for 600 ppm and 800 ppm, after 24-hours
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Figure 134: Floc diameter comparison for 600 ppm and 800pm after 48-hours
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Figure 135: Total Area of flocs in each image on hourly basis calculated for
600ppm and 800ppm
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Figure 136: Settlement and height of tailings in columns after 24 hours for (left
)600ppm and (right )800 ppm dosage different dosage.
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Figure 137: Settlement of same columns for different dosage after 7 days.
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6

Chapter: Conclusion & Recommendations

This work studied the evolution of fabric in oil sands flocculated fluid fine tailings
using SEM and OM images processed and interpreted using the Image J software and
other image processing tools. Two polymer doses and two different boundary conditions
(single and double drainage) were applied to initially 10 cm tall 15 cm diameter columns
prepared at initial solids contents of 32-33%. The goal of the fabric analysis was to see if
time-dependent changes in fabric occurred that were independent of consolidation.

6.1

•

Conclusions

Repeatable trends in grain size and pore size distribution were obtainable for all

types of experiments using the image processing methods developed in this work. For
example, analysis of 3 images gave results with 3-4% difference from each other in
terms of area porosity.
•

The reported area porosity of the 2D images correlated with real porosity in the

experiments. For example, double drainage showed lower porosity in images and in the
experiments than single drainage.
•

Analysis of both optical and SEM images suggest fabric changes over both short

and long-time scales in the studied tailings. The optical microscopy shows quite clearly
an increase in floc size over the 48 hours after sample preparation. The SEM images
also suggest some ongoing fabric changes over days to weeks. This information will
support conceptual model development related to observed changes in compressibility.
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•

The SEM results showed fabric differences between all three data sets examined.

The sample with the best dewatering performance was the 600-ppm dose sample with
double drainage. This sample showed larger average and maximum grain sizes and pore
sizes than the other two samples. The grain sizes at Day 1 was substantially larger than
for either of the single drainage tests.
•

The 800-ppm optical microscope image analysis showed initially larger

maximum floc sizes compared to 600 ppm dosed images. However, after 48 hours the
difference in the maximum size substantially decreased. Therefore, while a short-term
(<24 hour) evaluation of dewatering potential might suggest that 800 ppm would be the
optimal choice, 600 Analysis of both optical and SEM images suggest fabric changes
over both short and long-time scales in the studied tailings ppm eventually produces
flocs of at least the same size as the 800 ppm tailings.
•

The expected rate of sedimentation was increased as results of progressive

flocculation till 48 hours, this resulted an increase in size of flocs leading to effective
settlement in tailings columns.
•

In general, the clarity of SEM images improves with lower water contents, while

OM images have a minimum water content past which the technique is not usable.
.

6.2

Recommendation:
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•

There are many 2-D SEM images published in oil sands field to study the

microstructure behavior of fluid fine tailings. 3-d images should be generated from fluid
fine tailings the 3-D space will give new dimensions to visual and conceptual
understanding as well as it will be a new inclusion in the oil sands field.
•

Instead of using Greyscale Images, RGB images should be investigated, which

may give more in-depth knowledge about other materials i.e. (bitumen, oil composition)
in FFT samples by assigning proper pixel color to different intensities and defining each
intensity i.e. red pore, blue grain, green bitumen or any other composition.
•

The optical microscope technique is a powerful tool that allows for imaging of

wet samples without requiring sample preparation by dehydration or rapid freezing, as in
SEM. Some effort to extend the technique to lower water contents to allow for its use
beyond 48 hours would be worthwhile
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A.1

Phase 2 SEM Contrasted results:

7 DAY Pixel Improved Pixel Results
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57 DAY, Improved Pixel results

72 day
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A.2

Thresholded images

7 day thresholded image

57 day thresholding image

195

72 days thresholded image

A.3

Phase 2 SEM images Binary Images pores

14 days

196

28 days

.
57 day
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Appendix B
B.1

Phase 3 thresholded images 600ppm

7 days pores
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21 day pore thresholded image

B.2

Phase 3 SEM Images classifier used in analysis.

21 days, trainable weka segmentation done for 21-day image, and Binary pore image 21 day
image after thresholding.
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B.3

Phase 3.5: 800 ppm Single drainage Binary images of pores section

7 days pores

47 day

200

70 day

Appendix C
C.1

Phase 4 optical microscope 600ppm thresholded images 1 till 48 hours
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1 hour

24 hour

8 hour

48 hour

Thresholded images for different hours.

C.2

Phase 4 optical microscope 800ppm binary image 1 to 48 hours 2nd set results
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Raw FFT
Polymer Boundary water content
dose
condition
(%)
600 ppm

Singledrainage

208.07

Water content
just after mixing
(%)
224.97

Water content
at 24 hours
(%)

Water content
at 48 hours
(%)

222.26

N/A
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800 ppm

Singledrainage

222.51

246.08

242.11

204.69
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