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FORWARD

It is with great pleasure that we present the Fourth International Oil Sands Tailings Conference 2014
(IOSTC’14). There have been several sweeping changes in the management of oil sands tailings since
the First International Oil Sands Tailings Conference held in 2008 (IOSTC’08), which offered an industrial
and regulatory perspective on the needs for tailings research and management. In response to Directive
74 issued by the Energy Resources Conservation Board (ERCB, now Alberta Energy Regulator (AER)) in
2009, I0STC’10 focused on presenting technologies and approaches to meet the provincial regulator’s
tailings criteria and requirements for the oil sands industry. Two years later, IOSTC’12 provided a venue
to present the Oil Sands Tailings Technology Deployment Road Map prepared by the Consortium of
Tailings Management Consultants (CMTC) on behalf of Alberta Innovates — Environment and Energy
Solutions (AI-EES) and the Oil Sands Tailings Consortium (OSTC, now Canada’s Oil Sands Innovation
Alliance (COSIA)).

The aim of IOSTC’14 is to provide a further exchange of information between the people responsible for
managing the oil sands tailings: researchers and providers of tailings management services who have
experience with this industry. This year’s conference will have a special keynote address by Mr. Alan Fair,
reflecting on over three decades’ worth of experience he has acquired in the oil sand industry. IOSTC’14
will also debut research from the Oil Sands Tailings Research Facility’'s (OSTRF) newest research
initiative, the NSERC/COSIA Senior Industrial Research Chair in Oil Sands Tailings Geotechnique
held by Dr. Ward Wilson, as well as an industry presentation session by member companies of Canada’s

Oil Sands Innovation Alliance Tailings Environment Priority Area (COSIA Tailings EPA).

We want to personally thank members of the OSTRF for their encouragement and support. The
conference would not have been possible without the dedication of Nicholas Beier, Vivian Giang and

especially Sally Petaske who provided so much assistance and leadership.

The technical challenges associated with mature fine tailings (MFT) require a holistic approach to ensure
the sustainable development and environmental stewardship of Alberta’s vast oil sands. It was with this in
mind that the session themes and manuscripts were selected for presentation and inclusion in the
proceedings. We want to thank our professional colleagues who willingly contributed their technical
knowledge, experiences and especially their time to write the manuscripts that make the proceedings of
this conference. May you find further insights to enhance your understanding of the current state-of-

practice in oil sands tailings management through IOSTC’14.

David C. Sego and G. Ward Wilson

Co-Chairs, IOSTC 2014 Organizing Committee
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Keynote Presentation

OIL SAND TAILINGS: AN HISTORICAL PERSPECTIVE

Alan Fair
COSIA - Former Director of Tailings

INTRODUCTION

Tailings are an integral component of any mining
operation. This is particularly true of the oil sands
mining industry, which currently has some twelve
active tailings ponds covering approximately 180
Km? of surface area in northern Alberta. Tailings
ponds are essential to any water-based oil sands
operation as they provide storage for the tailings
generated as part of the extraction process. They
also enable 85 — 95% of the water to be re-used in
the extraction operations.

In addition to their large volume, oil sand tailings
have one other unique attribute, the water-based
extraction technology, in use by all of the existing
operators (and planned to be used by all others
considering the development of an oil sand mine),
results in the generation of large volumes of what
is referred to as Fluid Fine Tailings (FFT). These
fluid fine tailings are mainly composed of clay
particles that do not settle and remain in a “fluid
form” (i.e. with the consistency of runny yogurt) for
many, many decades. To date, across the
industry, approximately one billion cubic meters of
FFT has been accumulated. It is this large, and
increasing, volume of FFT that poses the biggest
challenge to the management of oil sand tailings.

This paper attempts to provide an historical
perspective in relation to the understanding and
management of oil sand tailings. The paper divides
the history of oil sand tailings into 4 decades
including the 1970s, 1980s, 1990s and 2000 up
until present day. This represents over 40 years of
oil sands mining history. It also represents the
almost 40 years the author has spent working in
the oil sand industry, much of it focussed on oil
sand tailings. | recognize my effort to summarize
the work to understand and manage oil sand
tailings in terms of four decades is a gross
simplification, but my efforts are not aimed at
covering all of the detailed oil sand tailings work —
they are intended to provide a high level
understanding of why we are where we are today.

The 1970s

During the 1970s there were only two oil sands
operations. Suncor (then Great Canadian Oil

Sands, GCOS) had begun operations in 1967.
Syncrude started mining operations in 1977. |
joined Syncrude in 1978. These were exciting
times. Many of the things that both Suncor (GCOS)
and Syncrude were attempting to do had never
been done before — there were many unknowns
and associated challenges. These unknowns and
challenges included tailings operations. The initial
tailings planning assumptions were based on oil
sand tailings behaving much like other
“conventional” tailings operations, albeit
considerably larger volumes. The GCOS tailings
plan assumed that only one tailings pond would be
required over the proposed 25 year life of the
mining operation, i.e. Pond 1 (also known as Tar
Island Dyke). Tar Island Dyke was constructed
along the Athabasca River escarpment adjacent to
the mining operations. It was to be 10 meters in
height and would be used (as is the case with most
tailings ponds) to recycle the extraction water and
provide initial storage for the coarse tailings sand,
until the sand could be placed in the mined out
pits. At the end of the day, Pond 1 grew to an
eventual height of approximately 100 meters and is
one of eight tailings ponds on the Suncor leases.
Syncrude also assumed it would need only one
tailings pond, referred to as the Mildred Lake
Settling Basin (MLSB) over the planned 25 year
life of the operation. It was recognized that it would
need to be large — it covers approximately 17 Km?
and remains one of the world’s largest tailings
ponds. Although many things have changed over
the years that led to the need for additional tailings
facilities at Syncrude (and Suncor) there are now
four tailings facilities at the two Syncrude mining
operations mostly as a result of the protracted
timeline for the FFT to settle/consolidate.

It was the ever-increasing volumes of FFT that
resulted in the larger number of tailings ponds at
both the Suncor and Syncrude sites. | would
characterize the 1970s as a “decade of discovery”
relative to oil sand tailings. The unknown was the
fact that when the oil sands were processed using
water-based extraction technology the resulting
tailings fines created a “gel-like” structure that
would not settle to any more than about a 30 —
35% solids (by weight). The most accepted
reasoning for this seems to be that this is caused
by the “zeta potential” or repulsive forces that are



generated between the clay platelets that cause
them to not settle even over extended periods of
time. The industry response at the time was to
increase the size of the tailings ponds, hence the
Tar Island Dyke elevation grew by 10 fold and the
MLSB elevation was also increased as well. The
assumption was that although oil sand tailings
were slower to settle, they would eventually settle
to a state that would allow them to be reclaimed.
By increasing the size of the existing tailings ponds
operators would gain the extra time they needed to
allow the FFT to settle.

The 1980s

As the size of the Suncor and Syncrude tailings
ponds grew so did the concerns about the stability
of these very large tailings ponds. Tar Island Dyke
was constructed along the Athabasca River and
although the foundation material that it was built
upon did not present any major concerns, the
consequences of a failure (into the river) would
have been disastrous. In addition, there were
concerns about the leakage of process-affected
water into the Athabasca River. The Mildred Lake
Settling Basin had been constructed on an area of
Syncrude’s lease that was partially underlain by
remoulded Clearwater clay, which resulted in less
than ideal foundation conditions. In addition
portions of the dyke had to be constructed over
“ponded water” causing the foundation tailings
dam materials to be very loose. Portions of the
upstream beach were also placed sub-aqueously
as well. These loosely placed tailings were,
consequently, believed to be susceptible to
liquefaction failures.

Considerable effort was expended to ensure the
ongoing stability of these very large structures. The
Observational Approach was adopted as a way to
carry on with operations while maintaining the
flexibility to make adjustments to the dams in the
event that issues arose. Extensive instrumentation
was used at both dams to ensure that any
instability or seepage was detected early.
Sophisticated drainage systems were incorporated
into the design of the dams to help manage both
the phreatic surface within the dams and any
potential seepage of process-affected water. Over
the years, various design changes were
incorporated into the MLSB, including the inclusion
of extensive toe berms along several kilometers of
the perimeter of the dam and the use of “explosive
densification” to densify the loose portions of the
dam was carried out. The use of explosives to
densify the loose tailings materials at Syncrude

was one of the first attempts (possibly the first at
this large scale) to use this approach. It worked
very well.

The Regulatory bodies responsible for the oil
sands mining operations also got much more
involved to help ensure the stability of the tailings
dams. The Dam Safety Branch was very engaged
and worked with the operators to ensure any
issues were addressed. The Energy Resource
Conservation Board (ERCB), now known as the
Alberta Energy Regulator (AER), was also very
involved. Extensive and ongoing analysis/reporting
by the operators to the Regulators was required to
ensure that all potential issues were being
adequately addressed.

Both the operators and Regulators relied on
external Review Boards, consisting of world class
experts relative to the stability of large tailings
dams, to help provide the assurance that the dams
were safe.

The 1990s

As the oil sand mining industry moved into the
1990s, it became apparent that the timelines for
the large volumes of FFT, that were continuing to
accumulate, were going to take much longer than
originally  envisaged to  settle/consolidate.
Operators were finding it increasingly difficult to
create enough storage capacity to manage the
large volumes of FFT. New tailings ponds had to
be created and/or facilities that were previously
intended to be used solely for the storage of
coarse tailings sand had to be “re-purposed” to
also store FFT. Mined out in-pit storage areas that
had previously been intended to store coarse
tailings, now had to be used to store FFT.

Don Scott, at the University of Alberta, initiated an
experiment utilizing 10 meter high columns filled
with FFT to better understand the
settling/consolidation behaviour of FFT. The
experiment was recently terminated after more
than 26 years. Over this time there was virtually no
settlement/consolidation of the clay fines that make
up FFT. In the mid-1990s there was a concerted
effort to develop a better understanding of the
fundamentals associated with FFT — it was
referred to as the Fine Tailings Fundamentals
Consortium (FTFC). A significant amount of
research work was conducted by the Consortium,
which resulted in the publication of a report that
was known as the “Silber Bullet Report” at the
time, or more accurately, “Advances in Oil Sands
Tailings”, published in 1995.



Consequently, it was determined that a process
was needed to manage the inventory of FFT down
over time. A process that was initiated by work
conducted at the University of Alberta and
subsequently developed and commercially
implemented by both Suncor and Syncrude was
viewed as the “Silver Bullet” that could be used to
deal with the “FFT problem”. Depending on
whether you worked at Suncor or Syncrude it was
either referred to as Consolidated Tailings or
Composite Tailings (in both cases it was known as
CT). The concept was based on the notion that the
clay fines, that made up the FFT originally, came
from the oil sand so it should be possible to re-
capture them within the pore space of the coarse
sand particles. It was recognized that many of the
clay fines were already being captured within the
tailings pond beaches, both above and below the
process-affected water/FFT. What was needed
was a process that allowed the FFT to be “re-
incorporated” into the coarse oil sand tailings. The
CT process was developed and commercially
implemented by Suncor in 1999 and Syncrude in
2000.

As the industry moved into the 2000s there was a
degree of confidence that CT technology would
finally allow the volume of FFT to be reduced to
more manageable levels and that the resulting
deposits, which needed some form of containment
and, consequently, had to be placed in-pit would
be reclamation- ready and could relatively easily
be incorporated into the final mine landscape.
However, as CT operations progressed, it became
apparent that it had limitations. At Suncor, the CT
deposit in-pit locations were largely inundated with
process-affected water so the CT material had to
be placed sub-aqueously. This made it difficult to
create the non-segregating deposits needed to
capture the clay fines. Syncrude experienced the
same problem with the placement of their CT
deposits and also struggled with being able to
provide the optimum primary tailings slurry
densities coming out of the extraction plant. In
order to maximize fines capture, it is desirable to
have a dense slurry, however, in order to maximize
bitumen recovery in the extraction plant, it is
important to be able to dilute the oil sand slurry in
the separation vessels such that the bitumen can
easily float. These competing objectives often
resulted in much lower CT production than
planned.

As the industry moved into the 2000s it became
apparent that CT was not going to be the sole

answer to the management of the increasing
volumes of FFT.

The 2000s to Present Day

With the recognition that CT technology was not
going to solve industry’s FFT problems, it became
apparent that there was not going to be one single
solution, but that it was going to take a suite of
technologies. The number of operating sites had
now grown from two to five — each has their own
unique features, i.e. the volume of existing FFT
inventory; topography; amount of fines in the ore
body; area available for tailings management; etc.

Much of the effort to develop this broader suite of
tailings management technologies has come from
the companies themselves, which have in turn
been supported by numerous other individuals and
organizations. Two basic approaches have been
utilized relative to the management of oil sand
tailings. They include:

* Recombined Tailings
o Beach Fines Capture
o Consolidated Tailings / Composite
Tailings / Non-Segregating Tailings
* Separate Management of Coarse and

Fine Tailings
o Fines Drying (in thin lifts) — TRO,
AFD

o Thickened Tailings and Drying

MFT Centrifugation and Drying

o CO; Coagulation (enhanced settling
and fines capture)

o Accelerated Dewatering

o Water-Capped MFT

(¢]

Industry’s efforts to develop tailings management
technologies to deal with a common problem have
led to a much more collaborative approach that
helps to more effectively utilize the limited
resources available. The Cooperative Oil Sand
Tailings R & D Consortium was initiated in 2000
and initially centered its efforts around the
development of thickener technology for
application in the oil sands. The initial efforts to
conduct collaborative tailings R & D tended to
focus on specific projects, which limited the
opportunity. In 2010 the Oil Sands Tailings
Consortium (OSTC) was created. All of the existing
operators and those who have plans to develop a
surface mining oil sands operation, agreed to
participate in the Consortium, which was based on
four principles aimed at making the collaboration
more effective. In 2012, the OSTC was integrated
into an organization known as Canada’s Oil Sand



Innovation Alliance (COSIA) and is now referred to
as the COSIA Tailings Environmental Priority Area
or Tailings EPA. The membership of COSIA
includes all of the surface mining oil sand
companies and most of the in-situ oil sand
companies, accounting for more than 90% of the
total production in the oil sands. It has become the
“hub” for most of the R & D environmental work
done in the oil sands.

In addition to the increased level of effort on the
part of industry, the Regulators have also been
more active in terms of both the policy and
regulations related to the management of oil sand
tailings. The ERCB (now AER) issued a Directive
(D074) in February of 2009 aimed at requiring
specific amounts of “FFT forming fines” (defined as
minus 44 microns) be captured in Designated
Disposal Areas (DDAs). The Directive also
requires that the resulting DDAs have a minimum
shear strength of 5KPa within one year of
placement. The Tailings Management Framework
(TMF) is one of seven frameworks referenced
within the Lower Athabasca River Plan (LARP).
Work has been underway over the past several
years to develop the TMF, which will provide the
overall policy for management of oil sand tailings.
Assuming things continue to progress, the TMF
should be in place sometime early in 2015.

CONCLUSION

The history associated with learning how to
manage oil sand tailings has been an “uphill battle”
and has not been “won” as yet. The challenge is
significant and getting bigger, now totaling almost
one billion cubic meters of FFT. In order to
successfully meet the challenge three things need
to happen. We need to:

1. Dewater the fluid fine tailings,

2. Treat the residual process-affected
water, and

3. Reclaim the resulting soft tailings
deposits (both in terms of terrestrial and
aquatic reclamation) so they can be
integrated into the final mine landscape.

Industry has committed significant R & D
resources over the past couple of decades — over
the past 9 years alone, over $630M has been
spent across the industry on tailings research and
development and the efforts continue through the
COSIA Tailings EPA.

The Tailings Management Framework provides a
solid “go forward” basis for the management of oil
sand tailings, specifically the management of FFT.
In order to successfully achieve the expectations
associated with the TMF industry needs to make a
number of things happen. They include:

* Meeting their FFT inventory targets,

* Meeting other environmental performance
targets during active mining related to the
total tailings footprint; water intensity;
water quality; greenhouse gas emissions
and energy intensity,

* Executing collaborative research and
technology development programs that
establish the capabilities of the treatment
technologies and seek to push
performance of these technologies by
implementing a process of structured
reviews and continuous improvement for
all tailings technologies,

* Report transparently on annual progress of
technology development programs,

e Conduct regular reviews of technology
development programs,

e Design, build and operate the full-scale
tailings management facilities,

* Meet the performance metrics for each
deposit type for terrestrial and aquatic
reclamation,

e Develop and implement industry best
practice for wildlife safety (e.g. pond
surface  bitumen management, bird
deterrent systems), and

e Evaluate opportunities for efficient,
alternative use of process-affected water.

Over the past couple of years the COSIA Tailings
EPA, working with the Canadian Association of
Petroleum Producers (CAPP), has developed two
“‘guideline  documents” aimed at providing
operators with the “tools” to successfully take on
the “commercial” portion of the “things” that need
to happen. They are available on the COSIA web-
site and are referred to as:

e Technical Guide for Fluid Fine Tailings
Management — 2012

¢ Guidelines for Performance Management
of Oil Sands Fluid Fine Tailings Deposits
to Meet Closure Commitments — 2014

A third document, entitled “A Guide to Audit and
Assess Oil Sands Fluid Fine Tailings Performance
Management” will also soon be published to
complement the first two guides. The “Tailings



Technical Guides” provide a detailed and up-to-
date technical review of current practices for
managing the different types of tailings deposits
using best available technology. Four different oil
sand tailings deposits are included:

* Thin-layered Fines Dominated Deposits

e Deep Fines-Dominated (Cohesive)
Deposits

* Fines-Enriched Sand Deposits

*  Water-Capped Deposits

The Guides also include methodologies for the
measurement, monitoring and reporting of Fluid
Fine Tailings deposits. The Tailings Measurement
Steering Committee, which is jointly chaired by a
representative from COSIA and the AER, is also
undertaking important work aimed at producing
standards for the measurement of key tailings
measures. This work will be another important part
of what is needed to more effectively manage oil
sand tailings.

Looking forward, there are a number of things that
are important in order that we are successful in
managing oil sand tailings. Firstly, in the longer
term (i.e. before mine closure) a stable closure
landscape must be established that directs surface
water off the lease into established streams and
supports the desired end land use objectives.
When we say “stable” we mean resistant to natural
processes, self-healing after natural erosion and
there needs to be a self-sustaining, native
vegetation cover. Secondly, in the shorter term (a
limited timeframe after completing deposition) the
ground surface needs to be reclaimed by placing a
cover that is capable of supporting access and
plant growth. We need to pursue solutions that
make sense and fit the conditions and operating
realities on each lease. We also need to use
technically and environmentally effective and low-
cost methods for the reclamation of oil sand
tailings deposits. Lastly, oil sands operators need
to be accountable to regulators for:

* Meeting the above objectives,

*  Submitting plans that contain measureable
performance goals,

* Measuring performance,
performance, and

e Taking action to improve performance
when it doesn’t meet plans.

reporting
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ABSTRACT

Tailings are a byproduct of the bitumen extraction
process. Without intervention, the fluid fine tailings
can remain suspended in slurry for decades,
rendering timely terrestrial reclamation impossible.
The challenge is amplified with rising tailings
volumes that stem from the growth of the oil sands
industry.

Oil sands operators are driven to solve the
challenge in order to achieve their respective mine
closure and reclamation objectives. Forgoing
intellectual property conventions for common
progress, stakeholders often come together in a
variety of forums to share knowledge, results,
resources, and best practices in the name of
accelerated, industry-wide environmental
progress.

Since conditions and circumstances vary from one
location and time to another, there will very likely
be no single solution to the tailings treatment
challenge. A wiser and more prudent course
entails a multi-pronged approach to research,
development, and technology deployment—a
program which produces a “silver suite” of
technologies capable of addressing a host of
technical and temporal problems. This paper
summarizes some of the current and promising
key elements in that suite.

INTRODUCTION

Background

Following the bitumen extraction process,
tailings—a slurry consisting of oil sands process
water, sand, silt, clay particles, and trace amounts
of unrecovered bitumen—are placed into
containment areas known as settling basins.

The tailings slurry, which initially ranges 45 percent
to 55 percent solids, separates into three distinct
parts in the settling basins: a sandy beach forms
around the edges of the basin, a silt and clay layer

develops at the centre, and a water layer develops
at the surface. Over time, the silt and clay layer
consolidates.

As the settling of tailings occurs over time, water is
released from the spaces between the silt and clay
particles at the centre of the pond into the
overlying water. This release of water causes the
silt and clay to increase in density. This process is
known as consolidation. Because this material is
initially fluid-like, it is called fluid fine tailings. As it
densifies, it will resemble a soft clay. Left to itself,
fluid fine tailings can remain in a fluid state for
decades, but this is not always the case.

The large volumes of tailings requiring
containment need to be addressed in long-term
mine and tailings plans and ultimately closure and
reclamation landform planning.

Innovation is key to the reduction of environmental
impact, the improvement of reliability, and to the
reduction of cost. Syncrude’s “silver suite” of
technologies to reduce and reclaim tailings
currently comprises four components—centrifuged
tails, composite tails, water capping, and
accelerated dewatering. Research on these and
other processes and technologies is systematic
and ongoing.

Drivers of Performance

While the exact set of circumstances governing the
pace and nature of tailings treatment from one
operation to the next will vary, in the broad strokes
there is a common context that will tend to guide or
influence performance for all.

For example, the oil sands industry’s historical
context envelops all operators, old and new—
Syncrude was established in 1964 and began
operations in 1978. As so-called legacy tailings
are, to a degree, an inheritance from the past, the
science and technologies in play or on the board
today spring from a foundation of received sweat
and intellect built in advance of the arrival of the
current crop of young visionaries and geniuses. If



there are better ways, it is not too late to discover
them. And no one starts from scratch.

Relatedly, leadership and continuous improvement
in tailings treatment and reclamation technologies
is typically a well-established mindset and long-
standing value built into the mandates and driving
the business plans of oil sands operators. The
effective  and responsible  execution and
achievement of closure and reclamation plans is a
key goal and motivation of every environmental
scientist, certainly a fundamental raison d’étre of
Syncrude’s environmental research function, and a
long-embedded principle underlying an ongoing
commitment to corporate social responsibility,
perhaps more commonly understood today as
earning the social license to operate.

Oversight also frames leadership and commitment.
There has been a long-standing requirement, for
example, to contain all process-affected water on
surface mined leases and tailings must be safely
incorporated into reclaimed landscapes. Among
guideposts are those contained in the Alberta
Energy Regulator’s Directive 074 (2009). It speaks
to an undesirable increase in fluid tailings volumes,
cites rising public concern, and “sets out new
requirements for the regulation of tailings
operations associated with mineable oil sands...
[and] specifies performance criteria for the
reduction of fluid tailings and the formation of
trafficable deposits.” Operators are required to
‘reduce fluid tailings through fines captured in
dedicated disposal areas (DDAs)” and to submit
DDA plans and annual compliance reports.

Tailings treatment will also typically take place
within a business context comprising drivers such
as affordability and technical feasibility (the Oil
Sands Technology Deployment Roadmap project
cited below, for example, found that the timelines
for bringing potential tailings technologies to full
commercial implementation ranged from five to
more than ten years). This might be considered a
limiting factor when viewed through a lens that
focuses chiefly on economic variables like the
timely allocation of scarce resources and
opportunity cost-driven decisions. But, clearly,
sufficient resources have been and remain in
place—Syncrude, for example, is consistently one
of Canada’s top R&D spenders—to drive extensive
and well-established science and research
programs dedicated to a better understanding of
the problems and of the best approaches to their
resolution. Science is the foundation of the oil
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sands industry and remains a key driver in almost
all aspects of the modern-day business.

Partnerships in Innovation

While non-competitive collaboration in areas of
strategic business operations is typically prohibited
or frowned upon across most if not all industries,
cooperation and the sharing of knowledge and
information in oil sands science, research, and
development in the name of improved
environmental responsibility and preservation has
in many ways become accepted, standard,
innovative practice.

Some examples:

Oil Sands Tailings Technology Deployment

Roadmaps. In 2011, Alberta Innovates -
Energy and Environment Solutions, in
partnership with the Oil Sands Tailings
Consortium, awarded a contract to the
Consortium of Tailings Management
Consultants to create a  technology

deployment roadmap and action plan to help
achieve the goals spelled out in Alberta’s
Directive 074. The project produced five
volumes of reports in 2012 that created a
master list of technologies, documented the
current state of practice and existing
technology suites in the oil sands industry,
captured the major constraints and influences
on tailings management (every site at every
point in time is unique), and formed feasible
technology suites specific to each lease and
mine. Nine technology deployment roadmaps
were generated in a variety of tailings
technology suites including centrifuging,
thickening, and water-capped end pit lakes. It
was concluded, among other things, that there
is a “major opportunity to increase the
performance and decrease the cost of existing
tailings technologies.”

Canada’s Oil Sands Innovation Alliance.
COSIA brings together 13 oil sands
producers—representing about 90 percent of
Canadian oil sands production—to focus on
accelerating environmental performance in oil
sands through collaboration and innovation.
Promoting transparency, sharing knowledge,
collaborating on research and development,

and eliminating monetary and intellectual
property barriers, participating companies
capture, develop, and share the most

innovative approaches and best thinking to



improve environmental performance in the oll
sands. There are four Environmental Priority
Areas, or EPAs, including one for tailings
which combines the experience and expertise
of seven oil sands mining companies to find
new technologies and solutions. Focus areas
include the accumulation of fluid fine tailings
within tailings ponds through the development
of new and improved tailings management
technologies, and accelerating the reclamation
of tailings landforms so that they can be

incorporated into the final reclaimed
landscape. COSIA also builds on the
experiences of the Canadian Oil Sands

Network for Research and Development
(CONRAD), which was established in 1994 as
a network of companies, universities, and
government agencies organized to facilitate
collaborative research in science and
technology for the oil sands. Its work has now
been assumed by COSIA.

e The Oil Sands Tailings Research Facility.
Owned by the University of Alberta and
sponsored by COSIA, the OSTRF is dedicated
to cross-disciplinary oil sands tailings research
and development, and enables fundamental
exploration of new concepts which can then be
tested at a pilot scale. (Dr. Ward Wilson,
NSERC Industrial Research Chair in Oil Sands
Tailings Geotechnique at the University of
Alberta, is also Principal Investigator at the
OSTRF.) Conceived more than a decade ago
in response to a growing industry awareness
of a need for accelerated tailings reclamation,
it is now the chief vehicle through which
academia, industry, and government meet to
discuss tailings issues in Alberta and
disseminate research to the public. Locating
the OSTRF adjacent to Natural Resources
Canada’s CanmetENERGY facility in Devon
has allowed for closer collaboration and
access to multi-million dollar state-of-the-art
scientific research equipment and
infrastructure.

A “SILVER SUITE” OF SOLUTIONS

While the fundamental challenge of tailings
treatment can, in its expression, be reduced to
simplicity—to create a trafficable surface for
reclamation within a reasonable timeframe through
dewatering—it has been understood for some time
that there is no single antidote, no “silver bullet,”

for its resolution. There could well be, however,
with the fitted puzzle pieces forming a somewhat
altered final picture for each operator at any given
time, a “silver suite” of solutions. In mine planning
and operation, a solid slate of well-researched
approaches imparts valuable flexibility and
adaptability. It also helps reduce exposure to
various risks: changing circumstances, new or
amended regulation, ever-heightened stakeholder
expectations, and growing knowledge bases, for
example.

Accordingly, a number of tailings treatment
technologies have been applied or are being
tested, and some of the best proven or most
promising are summarized below (respectfully
noting that the probable bias in the selection
towards technologies in play at the authors’
employer is a function of familiarity and not
deliberate favouritism).

Water Capping: Base Mine Lake

A key option for incorporating tailings into closure
and reclamation plans is placing water over fluid
fine tailings in an empty mine pit to create a
relatively shallow lake.

Syncrude began investigating the feasibility of a
lake concept in 1980 and initiated a rigorous
research program that generated a large body of
knowledge: 56 peer-reviewed scientific articles, for
example, and 15 conference proceedings. There is
more research behind this technology than any
other tailings management technology in the oil
sands.

A series of ten small test ponds and one larger
pond were constructed in 1989. Findings show that
the tailings at the bottom of the lake will continue
to densify and become stronger over time. As this
happens, the water layer on top will increase in
depth, and biological changes (increasing
populations of plants and aquatic life) are
expected. Among some specific findings:

* An initial water cap depth of five metres is
sufficient to prevent wind-induced mixing of
tailings into the water cap.

e Over time, a layer of decayed organic material
collects on the surface of the densifying
tailings, further limiting the potential to re-
suspend the tailings layer.

* Methanogens in the tailings can substantially
increase the rate at which tailings densify.



* Movement of water from densifying tailings to
groundwater would occur at rates that are
negligible.

e Water quality will be influenced by the release
of salts and bitumen from the densifying
tailings. Water quality will improve over time as
biodegradation and natural water inputs
reduce concentrations of salt, bitumen, and
organic compounds.

Toward proving the concept, Syncrude received
Alberta government approval for the development
of a commercial demonstration lake, called Base
Mine Lake, in the former West Mine of the Mildred
Lake site. The oil sands industry’s first
commercial-scale demonstration of water capping
was commissioned in late 2012. A comprehensive
research and monitoring program will study the
performance of the lake as it develops into an
aquatic ecosystem. The program will focus on
issues of water quality, impacts of the underlying
fluid fine tailings layer, performance of the littoral
zone, interaction of biological communities,
consolidation of the tailings, development of the
shoreline, and establishment of plants and insects.
Over a period of time, the lake is expected to
develop characteristics similar to natural lakes in
the region and be a healthy and sustainable
aquatic environment.

Water capping is a safe method for long-term
containment and densification of tailings, it does
not require the addition of chemicals, and it allows
time for natural processes to remediate water
quality.

Centrifuging

Following more than 10 years of research
including successful field pilots and an ongoing
commercial demonstration project, centrifuge
production capability will increase with when an
additional tailings centrifuge plant now under
construction at Syncrude is put in to service in
2015. With 18 centrifuges, the winterized $1.9
billion plant will accelerate the reclamation process
by centrifuging fluid fine tailings to create a clay
soil material that can be used in post-mining
landform construction.

In centrifuging, fluid fine tailings are withdrawn by
a dredge situated in an existing fluid tailings pond.
After initial screening of the FFT, gypsum and a
polymer solution are added in the FFT stream and
the mixture is fed into a centrifuge. Several
centrifuges are utilized in parallel to handle the
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desired volumes. The rotating speed and angle of
the centrifuge control the amount of densification
of the tailings. The resulting mud-like cake product
is then fed onto a conveyor belt and dumped into a
load-out facility for transfer into trucks for final cake
deposition. The water phase in the centrifuges
exits as centrate which is collected and then
pumped back to the fluid tailings pond.

The cake will initially be used to reclaim portions of
Syncrude’s North Mine. Once the final deposit is
sufficiently dense, reclamation soils are placed,
and then planted with trees, shrubs, and other
native vegetation.

The environmental benefit of centrifugation is
immediate as it speeds the release of water from
FFT and leaves behind a clay material that is
dense enough and strong enough to meet the
Alberta government regulations for tailings
materials that can be used as a base for landform
design and reclamation. Syncrude contributed the
centrifuge technology to the COSIA Tailings EPA,
which means it is available to all COSIA EPA
members.

Composite Tailings

Composite Tailings, or CT, is another technology
with a lengthy history of development that began in
1988-89 with a joint research effort between
Natural Resources Canada and Syncrude. It
quickly became known as the Fine Tails
Fundamentals Consortium when others joined in
the work. To produce CT, tailings are pipelined
from the extraction plant to the CT plant, where
they are cycloned to produce a densified coarse
tailings stream. The stream (coarse sand) is
combined with controlled amounts of fluid fine
tailings and an amendment (gypsum) to create a
non-segregating slurry. CT is transported
hydraulically and discharged into a dedicated
disposal area. Sub-aerial deposits consolidate
relatively rapidly to form a soft, deposit that can be
capped with sand and soil, enabling the
development of landscapes that support forests
and wetlands. Sub-aqueous deposits are expected
to consolidate with continued loading and time to
achieve a trafficable surface for reclamation. CT is
being used in Syncrude’s former East and West
mines, as well as a portion of the North Mine which
is still in operation.

CT placement in East Mine began in 2000 and
was completed in 2011. Sand capping to establish
closure drainage is ongoing. A 54-acre fen wetland



research project was constructed at the northwest
end of this area. Permanent reclamation will begin
in 2015.

In 2013, Syncrude completed the $800-million
Composite Tails plant at the Aurora Mine. Work is
underway to improve CT deposition and increase
fines captured through a technique which places
CT under a layer of fluid fine tails in mined-out
areas.

Accelerated Dewatering

A method called accelerated dewatering—also
referred to as rim ditching and based on methods
successfully used in the Florida phosphate
industry—is being piloted to separate process
water from large volumes of fluid fine tailings.

The technology mixes FFT with an organic
flocculent—which binds the small clay particles
suspended in water into larger flakes. Flocculent
molecules wrap around the clay mineral particles
in the FFT, forcing them to settle faster.

The flocculated FFT is then deposited in a
containment area, and a rim ditch is dug around
the deposit. As the sun dries this material, the
surface begins to crack. Process water begins to
drain out of the cracks, and is captured and
drained off via the rim ditch and pumped back into
the tailings pond. As the surface dries and
becomes denser, it also becomes heavier which
further weighs down on the rest of the wet
materials inside the containment area accelerating
the amount of water moving outward through the
cracks. The process water is decanted down
drainage ditches to a tailings pond, where it
becomes available as recycled water for mine
operations.

Initial tests have shown a reduction in FFT volume
by 50 percent in three to five years. If field tests
continue to be successful, accelerated dewatering
could be an energy- and cost-efficient
enhancement to tailings management activities.

The first Syncrude field study began in 2009 and a
commercial-scale pilot project was conducted in
2013 to study how to more efficiently mix the FFT
with flocculants. While helping to improve the
accelerated dewatering process, the learnings will
also help optimize flocculent mixing in other
tailings treatment processes.

13

Overburden Mixing or Co-Mix

Over many years dating back to the mid-1980s,
Syncrude has researched a method to co-dispose
of overburden and FFT. Results suggest that the
technology could be an innovative and efficient
approach towards early reclamation.

Settling basin dredges are used to remove FFT
which is pumped as slurry to a designated storage
area. Overburden from regular mining activity is
trucked to a location where it is mixed with the FFT
using a controlled mass mixing ratio.

Overburden on the Syncrude leases commonly
contains a clay shale material (Clearwater
formation clays) with a very high plasticity range
and is naturally very dry. FFT flows into this
material and fills up void volume. Water is, thus,
absorbed—FFT is “immobilized” in a block of soil—
softening the clay shale, but leaving it with a
strength of about 10 kPa. The deposit becomes
strong enough to support a reclamation layer and
will grow stronger with time as consolidation
occurs.

Field pilots of the technology were being
conducted at the time of writing to test variables
such as deposit height and composition, slope
stability, fluid retention, and other geotechnical
properties, and mixing methods (e.g. wet crushing
and conveyor).

The benefits of the technology are potentially
several. For example, where other processes
release some water, with Co-Mix the entire FFT
volume is stored inside the existing void space of
overburden stockpiles. There is no reliance on
chemicals. Co-Mix is insensitive to FFT density,
making it efficient for “mopping up” FFT that is not
well suited for centrifugation. It is also cost efficient
and a reclamation-ready surface can be produced
without reliance on environmental drying.

Thickener Technology

Also known as paste technology, thickening
involves rapid setting and sedimentation of
tailings. Rather than being recovered from the
settling basin, the tailings stream is sent from
extraction through a cyclone separator, producing
a coarse stream underflow and a fine stream
overflow.



The underflow can be used as landform
construction material. The fines-water overflow is
directed to a thickener.

The Thickener induces gravity sedimentation with
solids content being increased from a low of about
10 percent to high of about 55 percent (30-40
percent is typical). Thickening is aided by the
addition of flocculants that bind the fines together
into bigger particles and further accelerate gravity
setting—what can take years to achieve in the
settling basin can take just minutes or hours in the
Thickener.

Once dried, the resulting clay material can be used
directly in reclamation. Water, forced out of the
fines as they are bound together and with little loss
of process temperature, is recycled back to the
plant.

Along with fellow researchers, Syncrude has
conducted several large-scale thickened tailings
field pilots starting in 2001.

Tailings Reduction Technology

Since 2003, Suncor has been researching,
piloting, and commercializing an approach to
tailings management called “Tailings Reduction
Operations” (TRO™). Suncor is in the process of
deploying this technology across its existing
operations.

Shell Canada is also using a technology, called
Atmospheric Fines Drying (AFD), to speed the
treatment of tailings and create a dry material that
will allow for faster reclamation. Through COSIA,
Shell and Suncor, in conjunction with the other
Tailings EPA members, are collaborating to
improve these technologies.

In both the TRO and AFD processes, FFT is mixed
with a chemical commonly used in municipal water
treatment facilities to help settle out solids. This
polymer flocculent sticks to the clay particles in the
FFT and causes them to bundle together, allowing
the clay to be separated from the water.

The thickened FFT is then deposited in thin layers
on shallow slopes specifically constructed for
dewatering. The water is returned to the tailings
ponds where it can be reused in the bitumen
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extraction process. The resulting material can be
reclaimed in the same location where it was dried
or transported to another location for final
reclamation.

The use of TRO at Suncor’s oil sands mining
operations is expected to result in a reclaimable
surface ten years after initial disturbance, down
from the 30 years it now takes.

Shell’'s commercial-scale  Atmospheric  Fines
Drying field demonstration has shown that AFD
technology can make significant improvements to
tailings drying time which can result in a fine
tailings deposit which releases water and gains
strength in weeks rather than decades.

Shell and Suncor have shared the work behind
these technologies, in pursuit of working together
to accelerate developments and improvements in
the technology further and faster through COSIA.

CONCLUSION

While a great deal of progress has been made
researching, developing, and deploying tailings
treatment technologies over several decades,
rising tailings volumes spurred by rising bitumen
production present a serious and continuing
business, social, environmental, and scientific
challenge to oil sands operators.

Within the past decade or so, a variety of forces—
rising social expectations and legislation
established or amended to empower those
expectations, key among them—have instilled a
new, and not unwelcomed, sense of urgency
throughout the industry—its multi-faceted, multi-
disciplinary scientific component, in particular—to
accelerate progress and the pace of reclamation.

Continued environmental leadership and steady
adherence to the fundamental value of ensuring
that the land is returned to the people of Alberta as
according to closure and reclamation commitments
are unwavering principles guiding practice in all
circumstances. The future is, of course, unwritten
and uncertain. But the foundation—a “silver suite”
of treatment technologies—that will serve those
who confront the challenges of tomorrow is a very
strong and solid one.
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ABSTRACT

Dedicated disposal areas for oil sands fluid fine
tailings (FFT) are often constructed with underlying
waste tailings sand. As drainage and drying of the
fine tailings is an integral part of the disposal
process, the influence of this more permeable
foundation material is important in analyzing the
performance of dedicated disposal areas. A
laboratory research program was conducted to
investigate the effect of such construction by
conducting drying and soil water characteristic
curve (SWCC) tests on flocculent amended oil
sands FFT, on oil sands beach material and on a
standard material (Devon silt fine soil).
Geotechnical characterization tests on these three
materials are first presented and reviewed, and
then the drying and SWCC test results are
presented and discussed. A comparison of the
drying properties between the Devon silt standard
material and oil sand FFT is made to investigate
the unique properties and performance of FFT.

INTRODUCTION

Canada’s oil sands operators produce large
volumes of tailings from bitumen extraction
processes. The fluid fine tailings (FFT) from the
extraction plant are deposited in tailings ponds
where sand is used to build dykes and beaches.
Silts and clay fines with some residual bitumen
flow into the tailings ponds and settle in about two
years to a solids content of about 30%, and at this
point the material is called mature fine tailings
(MFT). Concern about the growing volume of
stored FFT resulted in the Energy Resources and
Conservation Board (ERCB, now Alberta Energy
Regulator, AER) setting out new performance
requirements for oil sands fine tailings (ERCB
2009). The objective was to reduce the amount of
fluid tailings being produced through capturing
50% of the fines in the tailings feed in dedicated
disposal areas. The criteria for acceptable disposal
is that the FFT deposit must have a minimum
undrained shear strength of 5 kPa after one year.
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The objective of the research reported in this paper
was to investigate the influence of the underlying
sand beach on the drainage and desiccation of
FFT. The performance of the FFT under various
laboratory tests were compared to that of Devon
silt standard material.

MATERIAL CHARACTERIZATION

Particle Size Distribution

The particle size distribution (PSD) properties of
the FFT, Devon silt and beach sand samples are
presented in Table 1 and Figure 1. Nondispersed
and dispersed hydrometer tests were performed to
determine PSDs and the degree of fines dispersion
for the FFT and Devon silt samples (Scott and
Jeeravipoolvarn 2004). The samples underwent
hydrometer tests following the procedure outlined
in ASTM D 4221-99R05 (ASTM 2005) to
determine the dispersive characteristics of the clay
soil by double hydrometer in conjunction with the
ASTM D 0422-63R07 procedure for the standard
particle size analysis of soils (ASTM 2007). The
double hydrometer method compares the clay-
sized fraction of a standard hydrometer test with a
second hydrometer test that involves no
mechanical agitation or addition of dispersing
agent.

From previous testing experience, the
nondispersive test better defines the particle sizes
in flocculated oil sands tailings. These particles are
composed of flocs and nondispersed clay
aggregates while the dispersed test disperses
these particles into their individual grain sizes. The
nondispersed PSD is used in this paper to define
the fines content (< 45 um) and the clay size
content (< 2 pupm). Typically the dispersed
measurements of the clay size content are larger
than the nondispersed hydrometer measurements.
The FFT had 93% fines while the Devon silt and
beach sand had 100% and 11% fines,
respectively. The clay-size content of the FFT was
10% while the clay-size contents of the Devon silt
and beach sand were 30% and 5%, respectively.



The soil water characteristic curve (SWCC)
properties of the FFT, Devon silt and beach sand
are presented in Table 2 and Figure 2. The
symbols represent measured data, and the solid
lines represent the best fit lines generated using
SoilCover software (2000). It should be noted that
the SWCCs were measured using Tempe cells
that have a maximum air entry of 500 kPa. Results
of the tests presented in Figure 2 indicate that the
air entry value (AEV) of the FFT could not be
reached and is beyond 500 kPa. The first break in
the FFT curve is due to sedimentation of the FFT
in the cell and cannot be taken as the AEV
curvature. The AEVs of the Devon silt and beach
sand calculated using SoilCover are 6 kPa and 3
kPa, respectively. Figure 2 shows that all the
specimens remained saturated at suctions below
the AEV. As suction increases, the beach sand
displays a sharp decrease (sharp slope) in water
content past the AEV, while Devon silt displays a
gradual decrease (smooth slope) in water content
past its AEV. For example, as suction increases
from 3 kPa to 10 kPa the water contents of the
Devon silt and beach sand decrease from 21% to
4% and from 36% to 31%, respectively. Similarly,
the water content of the FFT decreases from 45%
to 37%. The residual water contents of the Devon
silt and beach sand are 16% and 1%, respectively.

Drying Curves

Table 3 and Figure 3 present the drying test results
for the FFT, Devon silt and beach sand. Figure 3
shows the ratio of actual evaporation to potential
evaporation (AE/PE) versus time for each sample.
All of the surfaces of the FFT, Devon silt and
beach sand were initially wet or near saturation
(i.,e. AE/PE = 1) and were allowed to evaporate
under atmospheric conditions. The AE/PE ratio for
each sample began to decline as the availability of
water decreased. In Figure 3, all of the drying plots
show similar curvature at an AE/PE value of 0.8.

100 1 A
80 1
5 { —— Silt " ND”
& 60 1 -0 =Sit D"
8 ! ~&— Sand *ND"
E 40 f &— FFT "ND”
a ¢ FFT "D
20 {
0.0001 0.001 0.01 0.1 1 10

Particle size (mm)

Figure 1. Particle size distributions of the FFT,
Devon silt and beach sand

Table 1. Particle size distribution properties of the FFT, Devon silt and beach sand samples

Sample Fines content Fines content Clay size Clay size Sand Content
designation (%)(D) (%)(ND) (%)(D) (%)(ND) (%)(ND)
FFT 97 97 15 10 3
Devon silt 49 68 51 20 32
Beach sand 11 11 5 - 89

D= by dispersed hydrometer test; ND= by nondispersed

Table 2. Soil water characteristics curve (SWCC) properties of the FFT, Devon silt and beach sand

Sample AEV Water content Water content Water content at Residual water
designation (kPa) at 3 kPa (%) at 10 kPa (%) 100 kPa (%) content (%)
FFT > 500 45 37 - -
Devon silt 3 21 4 1 1
Beach sand 6 36 31 19 16

AEV = air entry value

Table 3. Properties of the FFT, Devon silt and beach sand during evaporation

AE/PE = 1 (Initial)

AE/PE ~0.8 (Boundary)

AE/PE ~0 (Residual)

SEnEE Time (Day) Time (Day) Time (Day)
FFT 0 11 28
Devon silt 0 7 16
Beach sand 0 7 10
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Figure 2. Soil water characteristics curves

(SWCCs) of the FFT, Devon silt and
beach sand

Soil Water Characteristic Curves

The AE/PE ratio for the FFT, Devon silt and beach
sand initially decreased slowly with time, and each
sample reached an AE/PE value of 0.8 at different
times. The Devon silt and beach sand reached this
value at the same time (i.e. Day 7), while the FFT
reached this value at Day 11. As drying continued
past the boundary, the beach sand displays a
sharp drop in the AE/PE ratio, while the FFT and
Devon silt display a gradual decrease in the AE/PE
ratio to reach their lowest values of about zero.
The AE/PE ratio of 0.8 represents the boundary
between the saturated and unsaturated states of
all the materials.

Table 4. Properties of the beach sand during
direct shear

Friction angle (°)
41.5
37.4

Peak
Residual

12
—o—Silt

10 - -+ Sand
FFT
08 +

06 -+

AE/PE

04
02 +

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Time (Days)

Figure 3. Drying curves of the FFT, Devon silt
and beach sand samples
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Direct Shear of Beach Sand

The drained, direct shear strength failure
envelopes of the beach sand samples are
presented in Figure 4. The friction angles are
shown in Table 4 and are about 41° and 37° for the
peak and residual strengths, respectively. These
are characteristic of fairly dense fine/uniform sand.

80 1 Failure Envelope
70 3
-~
60 4+
-~ -0
g s0
g 401 ’_4’-'
% 304 o
2 204 / i + Peak
10 + Lot OResidual
0 + + + + + + + 4
0 10 20 30 40 50 € 70 80
Normal stress (kPa)
Figure 4. Direct shear test results for the

beach sand

RESULTS AND DISCUSSION

Influence of an Underlying Sand Beach on the
Drainage of FFT Material

Table 5 and Figure 5 present the results from the
water drainage into the sandy underlying material,
which were measured following the placement of
FFT on the sand beach. The changes in suction
were measured using two tensiometers installed in
the sand beach at depths of 150 mm and 250 mm.
The suction values at the near ground surface (150
mm deep) and 250 mm deep prior to placement of
the FFT (i.e. Day 0) are 7 kPa and 5 kPa,
respectively.

Following the FFT placement on Day 1, the suction
at the near ground surface (150 mm deep)
decreased rapidly from 7 kPA to 2 kPa, whereas
the suction at a greater depth (250 mm deep)
decreased slowly from 6 kPa to 5 kPa with time.
The suctions for both tensiometers remained low
for a period of about four days. The rapid decrease
in suction at the near ground surface is attributed
to rapid downward drainage of water released from
the FFT placed on the sandy texture of the
underlying material. It is also suggested that during
downward drainage, water is simulataneously
redistributing deeper into the sand profile due to
capillary forces and gravity, thereby accelerating



drainage to greater depths. The time-variable rate
of redistribution depends not only on the hydraulic
properties of the sandy underlying material, but
also on the initial wetting depth as well as on the
relative dryness of the underlying layer (Capehart
and Carlson 1997; Kabwe et al. 2005).

Figure 5 shows that the two drainage plots have
similar curvatures following the placement of the
second FFT layer (i.e. Day 17) on the previous dry
FFT layer. The test data show a rapid decrease in
suction from 10 kPa to 4 kPa and from 10 kPa to 6
kPa for the tensiometers at depths of 150 mm and
250 mm, respectively, and remain low for an
extended period of time.

In summary, the downward drainage of water
released from the FFT into the underlying sand
material was initially rapid at the two depths due to

the free-draining texture and the dryness of the
underlying material.

15t FFT layer

7
\VV/

150 mm
depth
250 mm
depth

2nd FFT layer
placement

\_//—

Suction (kP)

4 6 8 10 12 14 16 18 20 22 24 26 28 30

Time (Days)
into the

Figure 5. Drainage of the FFT

underlying sand

Table 5. Properties of the beach sand during FFT placement

Depth of First layer of FFT placement suction Second layer of FFT placement suction
tensiometers in (Initial 1) (Initial 2)
the sand Day 0 Day 1 Day 4 Day 17 Day 18 Day 24
(mm) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
150 7 2 2 10 4 4
250 5 4 31 10 5 5

Influence of an Underlying Sand Beach on the
Desiccation of Silt Material

Table 6 and Figure 6 present the drying rates of
the first layer of wet silt placed on the underlying
dry and wet sand. Similarly, Table 7 and Figure 6
present the drying rates of the second layer of wet
silt placed on the older dry silt layer. Figure 6
shows the AE/PE ratio versus time for each
sample. All of the surfaces of the two samples
were initially wet or near saturation (i.e. AE/PE = 1)
and were allowed to evaporate under atmospheric
conditions. The AE/PE ratio for each sample
began to decline as the availability of water
decreased.

The AE/PE ratios for both samples initially slowly
decreased with time, and each sample reached an
AE/PE value of 0.8 at different times. Results from
Table 6 and Figure 6 indicate that it took about six
days and 11 days for the silt on dry sand and on
wet sand, respectively, to reach an AE/PE value of
0.8. As drying continued, the AE/PE ratios of the
silt on dry sand and silt on wet sand then started to
decline rapidly to reach their lowest values of
about zero (i.e. residual). It can be concluded that
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the AE/PE ratio of 0.8 represents the boundary
between the saturated and unsaturated states of
the two samples.

As the samples desaturate, their evaporation rates
are the same. The silt on dry sand reaches its
desaturation boundary faster because of the rapid
downward drainage of water released from the wet
silt to greater depths of the dry sandy texture. This
is also due to capillary forces and gravity, thus
hastening drainage to greater depths into the dry
sand. This downward drainage of water was
discussed in the previous section. The wet silt on
wet sand with its higher initial water content
dewatered much longer before it reached its
desaturation boundary at an AE/PE of 0.8.

Table 6. Properties of the tested material after
placement of the first FFT layer

First layer of wet silt placement

Underlying Initial Boundary Residual
material AE/PE=1 AE/PE=0.8 AE/PE=0.0
condition (Day) (Day) (Day)
Dry sand 0 6 13
Wet sand 0 11 18



Table 7. Properties of the tested material after
placement of the second FFT layer

Second layer of wet silt placement

Influence of an Underlying Sand Beach on the
Desiccation of FFT Material

Table 8 and Figure 7 show the drying rates of the

Underlying Initial Boundary Residual first layer of FFT alone and with FFT placed on dry
material AE/PE=1 AE/PE=0.8 AE/PE=0.0 and wet sand. All the surfaces of the three
condition (Day) (Day) (Day) samples were initially wet or near saturation (i.e.

Dry silt 25 28 48 AE/PE = 1; Day 1) and were allowed to evaporate
Dry silt 25 28 48 under atmospheric conditions.
1.2
1.0
0.8
w 0.6
3
< 04
0.2
0.0 Sy
0 5 10 15 20 25 30 35 40 45 50
Time (Days)

—&— 1st layer1 wet silt on dry sand

—8-2nd layer wet Silt on dry silt layer1

—o—1st layer2 wet silt on wet sand
—o—2nd layer Silt on dry silt layer2

Figure 6. Drying curves of wet Devon silt placed on dry and wet underlying sand

The AE/PE ratios for all samples initially slowly
decreased with time, and each sample reached an
AE/PE value of 0.8 at different times. Results from
Table 8 and Figure 7 indicate that it took about 10
days for the AE/PE ratios of the FFT alone and the
FFT on dry sand to reach the value of 0.8.
Similarly, it took 18 days for the AE/PE ratio of the
FFT on wet sand to reach the value of 0.8. As
drying continued, the AE/PE ratios declined rapidly
at the same rate to reach their lowest values of
about zero. For example, the AE/PE ratio of FFT
on dry sand, FFT alone and FFT on wet sand
reach their lowest values of 0.1 after 15, 17 and 21
days, respectively. It is interesting to note that the
FFT alone desaturates faster than the FFT on wet
sand. As noted previously in the silt drying tests,
the wet FFT on wet sand with its higher initial
water content will take much longer to reach its
desaturation boundary at an AE/PE of 0.8.

Table 9 and Figure 7 also present the drying rates
of the second layers of FFT placed on the older dry
FFT layers. Results show that the second layers of
all three FFT samples desaturate with the same
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evaporation rate throughout the test period due to
similar surface conditions.

In summary, during the drying tests, all of the
drying plots for the three materials regardless of
the underlying sand condition showed similar
curvatures at an AE/PE ratio of 0.8. It was
concluded that the AE/PE ratio of 0.8 represented
the boundary between the saturated and
unsaturated states of all the materials. The AE/PE
rate is a function of soil texture, water availability
and drying rate (Wilson et al. 1994 and 1997).

Table 8. Properties of the material during
drying after placement of the first FFT layer

First layer of wet FFT placement

Underlying Initial Boundary Residual
material AE/PE=1 AE/PE=0.8 AE/PE=0.0
condition (Day) (Day) (Day)
Wet FFT 0 10 18
Dry sand 0 11 18
Wet sand 0 16 25
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Figure 7. Drying curves of FFT placed on dry and wet underlying sand

Table 9. Properties of the material during
drying after placement of the second FFT layer

Second layer of wet FFT placement

Underlying Initial Boundary Residual
material AE/PE=1 AE/PE=0.8 AE/PE=0.0
condition (Day) (Day) (Day)
Dry FFT 25 32 48
Dry FFT 25 33 48
Dry FFT 25 33 48

Comparison of the Influence of an Underlying
Sand Beach on the Desiccation of Silt and FFT

Table 10 and Figure 8 compare the drying rates of
the first and second layers of FFT and silt placed
on dry underlying sand. Table 11 and Figure 9
compare the drying rates of the first and second
layers of FFT and silt placed on wet underlying
sand. Results from Table 10 and Figure 8 indicate

that it took about eight days and 12 days for the
AE/PE ratio of the silt and FFT placed on dry
underlying Devon silt, respectively, to reach the
value of 0.8. Results also showed that it took three
and eight days for the second layers of silt and
FFT to reach the value of 0.8, respectively.
Similarly, Table 11 and Figure 9 indicate that it
took about 12 days and 18 days for the AE/PE
ratio of the silt and FFT placed on wet underlying
Devon silt, respectively, to reach the value of 0.8.
Results also show that it took three and seven
days for the second layers of silt and FFT to reach
the value of 0.8, respectively. As all samples
desaturate below the AE/PE ratio of 0.8, their
evaporation rates are the same.

In summary, the Devon silt desaturates much
faster (about 1.5 times) than the layer of FFT when
placed either on dry or wet underlying sand.

Table 10. Properties of the material during drying after placement of the first layer on dry sand

First layer placement on dry sand

Second layer placement on dry first layer

Initial 1 Boundary Residual Initial 2 Boundary Residual
Underlying AE/PE=1 AE/PE=0.8 AE/PE=0 AE/PE=1 AE/PE=0.8 AE/PE=0
material (Day) (Day) (Day) (Day) (Day) (Day)
Silt 0 8 14 25 28 41
FFT 0 12 19 25 33 46
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Table 11. Properties of the material during drying after placement of the first layer on wet sand

First layer placement on wet sand Second layer placement on dry first layer

Initial 1 Boundary Residual Initial 2 Boundary Residual

Underlying AE/PE=1 AE/PE=0.8 AE/PE=0 AE/PE=1 AE/PE=0.8 AE/PE=0

material (Day) (Day) (Day) (Day) (Day) (Day)
Silt 0 12 18 25 28 40
FFT 0 18 23 25 32 46
—&— 1stlayer1 FFT on dry sand —8-2nd layer FFT on 1st layer1 dry FFT
T—e—1st| it on dry sand —o—2nd layer silt on 1st layer dry silt

1.0
0.8

0.6

AE/PE

0.4

0.2

0.0 . . i i a3 )

0 5 10 15 20 25 30 35 40 45 50
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Figure 8. Drying curves of the Devon silt and FFT placed on dry underlying sand
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Figure 9. Drying curves of the Devon silt and FFT placed on wet underlying sand

OBSERVATIONS AND CONCLUSIONS for the tested deposit layers regardless of the

underlying material properties and conditions
The AE/PE rate is a function of soil texture, water showed similar curvatures at an AE/PE ratio of 0.8.
availability and drying rate. All of the drying plots |t was concluded that an AE/PE of 0.8 represented
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the boundary between the saturated and
unsaturated states of all the deposit materials. All
of the samples’ AE/PE ratios declined rapidly after
an AE/PE of 0.8 and reached near zero within the
same time. As the samples continued to
desaturate below the ratio of 0.8, their evaporation
rate is the same.

The AE/PE ratio of the first layer of silt/FFT placed
on dry underlying sand results in lower initial water
content and reached the boundary of AE/PE = 0.8
much faster than that placed on wet underlying
sand. This is attributed to the drainage of water
released from the silt/FFT deposit layer to the
underlying sandy texture material. The silt/MFT
layer placed on wet underlying sand with a higher
initial water content initially dewatered much
slower than that placed on dry sand.

There is no significant difference in drying time
during the drying of the second silt/FFT layers
placed on previous dry layers of the same material.
A comparison between the drying rates of the first
and second layers of Devon silt and FFT placed on
either dry or wet underlying Devon silt shows that
the Devon silt desaturates much faster (about 1.5
times) than FFT.

The oil sands industry is currently conducting a
wide range of field tests as well as commercial-
scale trials aimed at dewatering FFT deposits
using atmospheric drying. The results of this study
have demonstrated that the deposition of the first
layer of FFT on a dry underlying porous sand
material will result in rapid drainage of the water
released upon deposition and therefore reduce the
drying period of the FFT. The results of this study
will help the oil sands operators in the construction
and management of dedicated disposal areas for
oil sands FFT.
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ABSTRACT

In the atmospheric fines drying technique, mature
fine tailings (MFT) are treated with polymers and
deposited in thin layers on a sloped surface for
sub-aerial drying. During the whole drying period,
the tailings deposits can experience rewetting
during periods of rainy weather or as result of the
the placement of new layers. This paper addresses
the shrinkage and swelling behavior of flocculated
MFT (FMFT) under drying and rewetting cycles.
The shrinkage and swelling paths of tailing

samples were assessed by laboratory experiments.

The results showed that the shrinkage-swelling
process in a FMFT sample is reversible once the
initial drying did not extend below the shrinkage
limit of the soil or the soil reached an equilibrium
stage which occurred after at least four shrink-

swell cycles. The effects of the flocculation
procedure on the shrinkage behavior were
investigated.

INTRODUCTION

In Alberta, the atmospheric fines drying technique
is currently being implemented on a commercial
scale. In general, this technique involves the
deposition of polymer treated mature fine tailings
(MFT) of the oil sands mining process in a thin
layer on a sloped surface. Upon deposition, the
released water flows to the lower point and it is
collected and recycled to the oil extraction process.
The remaining clay sediments are subjected to
atmospheric conditions for natural drying. Once a
layer of mud is dried, another layer is placed on
top of it and this process is repeated to build a soil
deposit. Desiccation is the dominant process in the
whole disposal period, meanwhile, the flocculated
MFT experience rewetting due to environmental
factors (i.e. precipitation) and the placement of
new layers. As a result, the tailing deposits
undergo cyclic shrinkage and swelling. In
geotechnical engineering, the shrinkage and
swelling behavior of soils is usually presented by
the soil shrinkage or swelling characteristics curve,
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SSCC, in which the volumetric water content is
plotted versus void ratio. The shrinkage curve for a
soil is one of the soil property functions, which is
required when undertaking numerical modeling
studies to predict the mechanical behavior of
unsaturated soils (Fredlund 2000). The shrinkage
behavior of clays with high water content has been
extensively studied in recent years. Fredlund et al.
(2011) assessed the SSCC of MFT sludge and
used it to determine the primary reference point of
the soil water retention curve (SWRC). The
rewetting properties of MFT or flocculated MFT,
however, are seldom reported.

This paper summarizes some results of the
experimental program conducted at Delft
University of Technology on oil sands fine tailings.
In this research, the shrinkage and swelling paths
of FMFT during several drying and rewetting
cycles were determined. The data obtained from
these experiments provide an insight into the
properties of flocculated MFT and are necessary
input for numerical modelling (e.g. Vardon et al.,
2014).

SHRINKAGE AND SWELLING THEORY

The soil shrinkage is defined as the specific
volume change of soil relative to its water content.
It can be measured in most soils with more than
10% clay content (Boivin et al., 2006). The
shrinkage property of a soil is characterized by its
shrinkage curve which is a normally presented as
a water content-void ratio plot. Figure 1 shows a
typical shrinkage curve for a saturated soil. Several
different stages of deformation can be identified
from the curve. These stages are: (a) structural
shrinkage, (b) normal shrinkage, (c) residual
shrinkage and (d) zero shrinkage (Haines, 1923;
Stirk, 1954). The structural shrinkage occurs only
in well-structured soils. In the case of clay paste,
this stage doesn’t exist. In the normal shrinkage,
decrease in total volume is equal to the volume of
water lost. At the end of this stage, air enters the
voids at a point that is regarded as the general air
entry point and it is quite close to the plastic limit of



the soil. In the next stage, decrease in water upon
drying exceeds the volume change of the bulk soil.
Finally, the bulk volume of the soil remains
constant as the water volume further decreases.
During this stage, reorganization of clay particles
does occur, leading to the formation of microscopic
cracks.(Bruand and Prost, 1987, Cornelis et al.,
2006). The shrinkage limit of a soil is defined as
the water content corresponding to the minimum
volume that a soil can attain upon drying to zero
water content. It can be used to evaluate the
shrinkage potential, crack development potential,
and swell potential of cohesive soils. The
shrinkage limit is determined experimentally, it can
also be inferred from the SSCC which is shown in
the graph.

Proposed by Fredlund et al. (2002), the shrinkage
curve of an unsaturated specimen is similar to the
one shown in Figure 2. There are also three stages
during drying. In the first shrinkage stage, the
shrinkage curve follows the line for the constant
degree of saturation that the soil possessed before
shrinkage. In the last stage, the void ratio remains
constant as the water content further decreases.

I: Non-structured soil
2: Structured soil

Liquid

3
3
=
Plastic fimit !
Shrinkage Limit E 3
Zero | Residual | Narmal Structurdl
Water content
Figure 1. Typical SSCC for a nonstructured

soil (solid line, 1) and a well-
structured soil (dashed line, 2) after
Cornelis et al. (2006)

Similar to the multistage shrinkage behavior of a
soil, swelling of a desiccated soil also occurs in
different stages that are, namely, (1) primary
swelling, (2) secondary swelling and (3) zero
swelling (Day, 1999). Most of the swelling
completes in the primary swelling stage that occurs
at a very rapid rate. In the second stage, some
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microcracks close and the entrapped air further
reduces. In the third phase, the soil reaches it
maximum capacity of retaining water and no
further volume changes take place.

=S

Void ratio

:
«

Water content

Figure 2. Schematic presentation of SSCC for
a partially saturated clay after
Fredlund et al. (2002)

MATERIALS AND METHODS

Materials and sampling method

MFT used in this program were obtained from
Muskeg River Mine in Alberta, Canada. The MFT
slurry contains 35% solids by weight and has a
bulk density of 1200 kg/ma. Particle size analysis
showed that approximately 90 % of solids are fines
(<44 microns) and 60% of the material is classified
as clay size particles (<2 microns). The specific
gravity of the solids in MFT is 2.30. MFT sludge
was flocculated by a high molecule weight polymer
which was obtained from polymer company. Prior
to flocculation, the MFT sludge was diluted to 21%
in solids content suspension and about 500ml
suspension was poured into a cylindrical mixing
container which is 88 mm in diameter. A certain
amount of polymer solution was injected into the
tailings, then the MFT-polymer mixtures were
agitated by a rotating paddle impeller which is 60
mm in diameter. The primary flocculation tests
showed that the optimal dosage of polymer was
10009 dry polymers per ton of solids (1000g/t) and
the optimal flocculation result was achieved when
the mixtures were mixed at the speed of 200 rpm
for 3 minutes. The optimum of flocculation result is
defined as the fastest settling speed of flocs and
the maximum amount of water released during 24



hours. After the mixing was completed, the sludge
was allowed to settle for 24h and the released
water was decanted. Next, the slurry was
compressed in slurry consolidometer under air
pressure (5-10 kPa) and oedometer (10-20 kPa) to
remove excess water.

To pump

Hanging hook
Movable clarip
Suppon
Air inlet
Air outlat -
Pointer = Valye
Rubbar siop - Stand
Balloon Water
Sol sample
| — Electronic balance
I
Figure 3. Setup for Tariq and Durnford

balloon shrinkage test (Cornelis et
al., 2006)

Soil shrinkage test

Determination of shrinkage curve requires
continuous measurement of weight and bulk
volume of a soil specimen during shrinkage. Two
basic methods were employed to determine the
SSCC. The first method (the geometry method) is
to directly measure the dimension of the specimen
at different stages of drying. The sample was
confined in an oedometer ring and placed on a
wax paper, and then the drying was commenced.
At regular time intervals, the mass and dimension
of soil were measured. The second method is
called balloon shrinkage test developed by Tariq
and Durnford (1993). The setup used in this test is
shown in Figure 3. A soil clod (20-30 cma) was
inserted into a rubber balloon which was closed by
a stopper with an air inlet and outlet. To allow
drying, both valves were kept open and the air inlet
was connected to an air pump which passed air at
a low pressure (200 L/h) over the specimen. The
mass of the specimen was measured by an
electronic balance. The volume was determined by
closing the air outlet and apply a small vacuum
through the inlet to ensure a perfect fitting of the
balloon around the soil sample, submerging the
balloon under water and measuring the mass of
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water replaced by the soil sample using the
Archimedes principle. At the end of shrinkage, the
soil sample was dried at 105 °C in the oven to
calculate the water content at each measurement.
The void ratio, e, and the degree of saturation, §,,
are calculated using the following formulas:

e = Gs (1+w)
Pp

1 (1)

_ Gsw

S,

()

e

where G specific gravity of solids, w
gravimetric water content, p, = bulk density of soil.

Soil swelling test

Three different methods were used to investigate
the swelling behavior. The first method is the
volumetric swelling test performed with the
oedometer device. The desiccated specimen was
immersed under water in an oedometer cell and a
surcharge pressure was applied on top of the
specimen. The pressure applied was selected not
to cause compression of the specimen during
wetting process. The axial swelling of the
specimen was monitored by a dial gauge that was
connected to a computer. In the test two different
boundary conditions were applied on the
specimens. In the first condition, the only pressure
applied on the specimen was the weight of the top
loading cap. In this case, the soil was allowed to
swell freely in both lateral and axial direction. In the
second condition, the specimen was trimmed to be
contained in an oedometer ring. During wetting,
only axial swelling was allowed and measured.

In the second method, the tailing sample was
wetted by applying a vacuum pressure (about 1
bar) in the vacuum saturation device. As shown in
Figure 4, the soil specimen was contained in a
steel ring between two pieces of porous stones
and immersed under water in a vessel which is
connected to the vacuum pump. During the
saturation process, the lateral swelling is fully
constrained while the axial swelling is partially
constrained due to the elasticity of the rubber
elastic. At different time, the total height (H) was
measured using a caliper. Then the porous stones
were removed and the weight of the soil and the
ring) were determined. The third method is
opposite to the shrinkage process, which aims to
determine the rewetting paths of the SSCC. At the
end of the shrinkage test, the soil sample (soil clod
or cylindrical specimen) was immersed in water for



free swelling or confined swelling. The weight and
volume of the sample were measured at different
time by following the similar procedure to the
shrinkage test. Prior to each measurement, free
water left on the soil surface was removed by filter
paper. To prevent collapse of the soil sample due
to prolonged soaking, the cylindrical specimen was
wound around by a plastic electrical tape (Figure
5). Since the electrical tape has some flexibility,
the soil is in partially constrained condition in
lateral direction.

Vacuum

N

Water

Soil

Steel ring-

Elastic

Porous
stonc

Figure 4. Vacuum saturation device used for
rewetting of soil specimen

Figure 5. FMFT sample in the confinement of
the electrical tape

RESULTS AND DISCUSSION

Shrinkage curve and shrinkage limit

Figure 6 provides the water content versus void
ratio plots for saturated FMFT which were
determined using the balloon method and the
geometry method. The results obtained by the two
methods were quite similar for the same material.
However, the balloon method was capable of
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generating a fluent curve which can be best fitted
using the equation proposed by Fredlund et al.
(1997, 2002, 2013). The equation has parameters
with physical meaning, and is of the following form:

1
w¢ (E)
ew) = ag, (= +1) 3)
where ay, = the minimum void ratio, by, = slope of
the line of tangency, ¢ = curvature of the shrinkage,
w = gravimetric water content, and ay/b,, = G/S, =
constant for a specific soil. In this case, the fitted
parameters are: a,, = 0.705, by, = 0.303, ¢ = 6.693
and a,/by=Gy/S,=2.33. Note that the experimental
data did not coincide perfectly with 100%
saturation line in the normal shrinkage stage,
which is probably due to the accuracy of
measurement. According to the SSCC determined,
the plastic limit of FMFT was close to 40% (0.4)
and the shrinkage limit was 31% (0.31). The
minimum void ratio attained by the specimen was
0.70.

= Fredlund equation
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Figure 6. Observed SSCC for the flocculated
MFT specimen (flocculated at the
dosage of 1000g/t and mixed at 200
rpm for 2 min)

Swelling potential and swelling curves

Oedometer swelling tests provided information on
the rate and magnitude of axial swelling for the
tailings samples in different conditions. Figure 7
shows a time — vertical swell curve monitored for
a desiccated FMFT (4% in water content) during
free swelling. The three swelling stages (i.e.



primary, secondary and zero swelling) were
identified from the curve. About 88% of total
swelling completed in the first day upon wetting.
The swelling speed then reduced significantly in
the second stage and no swelling occurred in the
third stage. Figure 8 shows the specimen at the
end of swelling test, from which one can see a
main horizontal crack and several minor vertical
cracks on the side wall of the specimen.
Occurrence of cracks could be attributed to the
properties of FMFT and the method of experiment.
In this case, microcracks may occur in the drying
process due to reorganization of clay particles.
Since there is no confinement on the soil during
wetting, some of the cracks open up and grow
bigger with increasing water content. The
experimental results showed that this phenomenon
was common for the FMFT samples when the
specimen was not sufficiently confined during the
long-term immersion in water. In this test, the total
vertical swelling was 13% of the original height.
The final void ratio and the saturation degree of the
specimen were calculated using Eq. (2) and (3)
and they were 1.17 and 90%, respectively. Note
that in void ratio calculation the measured bulk
volume of the soil contained the extra volume of
cracks and it was larger than the real clay volume,
thus the void ratio of the specimen was to some
extent overestimated while the degree of
saturation was underestimated.
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Figure 8. FMFT specimen at the end of free
swelling test

Table 1. Results of one-dimensional swelling
tests for FMFT specimens

Sample ID 1 2 3 4
Surcharge (kPa) 1 1 1 20
Before swelling
Height (mm) 16.6 19 19 15.2
Water content (%) 20 6 20 1.7
Void ratio 069 065 0.0.69 0.72
Saturation (%) 57 21 58 53
After swelling
Height (mm) 206 229 23.0 15.8
Water content (%) 44 40 40 27
Void ratio 118 091 1.03 0.82
Saturation (%) 87 92 90 76
Swell potential 29 16 13 6

Table 1 offers the results of confined swelling
tests. In this test, the FMFT samples were 50 mm
in diameter and immersed in water under different
surcharge pressures. The swell potential given in
the table is calculated as:

(4)

Swell potential = 2 %100
1+eg
where Ae = increase in void ratio at the end of
swelling, e, = void ratio of unsoaked sample. The
results showed that the swelling potential of a
specimen is related to its bulk volume, initial water
content and surcharge pressure. In general, when
the soil specimens are wetted in the same manner,
the sample which initially has a smaller size, lower
water content and lower surcharge pressure will
have a larger swelling potential. Due to the lateral
confinement of the ring, vertical cracks were not
observed on the specimens, unlike for the free-
swelling test (Figure 9). However, several very fine
horizontal cracks occurred on the specimen,



except for Sample 4 which was under a
significantly higher surcharge pressure. The final
degree of saturation at the end of swelling was
about 90% for samples 1, 2 and 3 and 73% for
sample 4. As the free and confined swelling tests
showed that the samples (provided they have an
initial water content below 20%) did not reach full
saturation upon rewetting under atmospheric
conditions and apparently some entrapped air
could not escape, the question was raised whether
the desiccated tailings could reach a higher
saturation value if they were saturated under
vacuum conditions.

—d—Free swell specimen

== Specimen confined by
electrical tape

=& Specimen confined by steel
ring saturated with vacium

Voud ratio

0.6

06

Water content

Figure 9. Rewetting curves for FMFT wetted in
different conditions

Figure 9 shows the rewetting curves measured for
different desiccated FMFT specimens. Specimen 1
and 2 were soaked with water in a container at
atmospheric conditions. Specimen 1 was free
swelling in all directions while specimen 2 was
partially confined in lateral direction by an electrical
tape (Figure 5). Specimen 3 was confined in a
steel ring and saturated in a container under
vacuum (Figure 4). It was seen that void ratios
attained in the swelling path were higher than the
corresponding values in the shrinkage path at the
same water content, which is referred to as
hysteresis. All of the swelling curves shared a

similarity that two stages of swelling were identified.

The first stage is a curvilinear portion with a higher
tangent slope than the shrinkage curve in the
same range of water content. In the second stage,
the void ratio increases with the water content in a
linear manner. The linear portion is parallel to the
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100% saturation line. The results showed that the
curve 1 and curve 2 were “parallel” to each other
during the first and the early part of the second
stage. At a water content of about 38%, the curve
2 bend off towards the 100% saturation line and
formed a new line parallel to the 100% saturation
line. Some fine cracks (0.1-0.2 mm) occurred on
the specimen 1 and 2 during the second swelling
phase. Reflected on the graph, the linear portion of
the swelling path extended further since increase
in bulk volume is equal to increase in crack volume.
The curve 3 indicated that with the help of vacuum
pressure (1 bar), most of the trapped air was
discharged and thus a higher degree of saturation
was obtained. Swelling cracks were successfully
prevented due to the confinement of the steel ring
and the porous stones. At the end of the second
stage, the swelling curve approached the line of
full saturation.
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Figure 10. Effects of initial water content on
the rewetting behaviors of FMFT

To evaluate the effect of the water content after
drying on the swelling behavior of FMFT a couple
of samples were dried to different water content.
The specimens were then immersed under water
without any confinement and the determined
rewetting paths are shown in Figure 10. The graph
shows that the rewetting paths are similar to each
other in shape which consists of a curvilinear
portion and a linear portion. As their initial water
content decreases, length of the curvilinear portion
increases and the residual saturation after
rewetting. Note that for sample 4 which had the
water content before swelling slightly higher than
the shrinkage limit, the linear portion of the



swelling path coincided with the drying curve. We
can conclude that once the soil drying does not
extend below the shrinkage limit, the rewetting
process is reversible. Otherwise, hysteresis occurs
in the rewetting curves resulting a higher void ratio
than the drying path.

Multiple shrinkage and swelling cycles

Figure 11 shows the shrink-swell paths of FMFT in
the second drying and rewetting cycle. The soil
specimen had the saturation degree of 86% at the
end of the first shrinkage-swelling cycle. In the
second cycle, the shrinkage path first followed the
86% saturation line before joining the initial
shrinkage curve and ended at the same water
content as the first drying process. The swelling
path in the second cycle was above the drying
path and it was almost the same as the swelling
curve in the first cycle. Hysteresis in further drying
and wetting paths reduced compared with the first
cycle.

Shrink-swell cycle 2

Start of 2md

Void ratio

08 4
i ——2nd drying
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Water content
Figure 11. Shrinkage and swelling paths in

the second drying and rewetting
cycle

Based on the experimental results, a schematic
presentation of the drying and rewetting paths is
given in Figure 12. In this graph, point A is the
minimum water content attained by the soil
specimen during fist drying process. When the saoil
specimen is rewetted at this point, the difference in
void ratio between the rewetting and drying path
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(hysteresis) is maximized. The linear portion of the
rewetting path AD is parallel to the 100%
saturation line. Once the soil is dried for the
second time at the point D, the drying path will
follow the saturation line 1 and finally arrive at
point B which has the same void ratio as point A. It
indicates that the shrinkage curve for a partially
saturated specimen will finally reach the initial
shrinkage curve for the fully saturated specimen.
The second rewetting path BE and the third drying
path EC is similar to the curve AD and DB,
respectively. The slope of the linear portion of the
rewetting path is always less than that of the drying
path.

Saturation l\)
Saturation 2

First rewetting
Second drying
Second rewetting

Void ratio

Initial shrinkage curve

Water content

Figure 12. Schematic presentation of
shrinkage and swelling curves for
FMFT sample

Shrinkage and swelling behavior of a single
desiccated FMFT specimen during five successive
drying and rewetting cycles is illustrated in Figure
13. It was seen that hysteresis in drying and
rewetting paths reduced with the increasing
number of swell-shrink cycles. An equilibrium
stage of soil occurred in the fourth cycle and the
swell-shrink path was reversible.This phenomenon
is quite similar to that observed by Tripathy et al.
(2002) who performed drying and wetting tests on
compacted expensive clay in four full swell-shrink
cycles.
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Figure 13. Shrinkage and swelling paths of
the FMFT specimen in drying and
wetting cycles

Effects of flocculation procedure

As indicated by Yao et al. (2012), the behavior of
FMFT was affected by aspects of the flocculation
procedure including type and dosage of polymer
and mixing conditions. Figure 14 illustrates the
effect of polymer dosage on the shrinkage
characteristics of flocculated tailings. The curves
showed that the minimum void ratio for the non-
flocculated MFT was about 0.40 which increased
to 0.57 and 0.7 after being treated with polymer at
the dosage of 500g/t (0.5g/kg) and 1000g/t,
respectively. The results indicate that, after being
treated with polymer, the volume of the desiccated
tailings increased by 12% and 25% for the FMFT
specimens with 500g/t and 1000g/t, respectively.

Figure 15 shows the shrinkage results determined
for FMFT samples that were mixed in different

conditions at a fixed dosage (1000g/t). In the
residual and zero shrinkage stage, void ratios of
the specimen varied with its mixing intensity and
duration which is actually related to the mixing
energy input. It indicates that when the specimen
is over-mixed the final void ratio reduces relative to
the specimen in optimal mixing condition. It is
assumed that if the mixing is too intensive flocs are
broken down and consequently leave an less open
structure after settling and drying.
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CONCLUSIONS

This paper explored the shrinkage/swelling
behavior of flocculated MFT during drying and
rewetting. The determined soil shrinkage
characteristic curve (SSSC) showed that the
shrinkage limit was 30% and the minimal void ratio
was 0.7 for the tailing material that was treated by
polymer at the dosage of 1000g/t and mixed at 200
rpm for 2 min.

Results of soil swelling tests showed that the
rewetting properties of tailings were dependent on
the initial water content, the confining pressure and
the wetting method. Specimens with initial water
contents below the shrinkage limit did not reach full
saturation when allowed to soak up water under
atmospheric conditions. When vacuum was used
to rewet the soils full saturation was reached. In
the free swelling condition, horizontal and vertical
cracks occurred on the specimen which finally
destructed the specimen. Therefore, the measured
rewetting path of the specimen did not approach
the fully saturation line. The determined rewetting
curve consisted of a curvilinear portion and a linear
portion that is parallel to the 100% saturation line.

Under the following conditions the shrink-swell
process of the specimen is reversible: (1) when the
initial drying process does not extend below the
shrinkage limit of the soil and (2) when the soil is
subjected to at least four shrink-swell cycles to
reach an equilibrium stage. Otherwise, hysteresis
occurs in the drying and rewetting paths showing
larger void ratio in the wetting path than in the
drying path.

Aspects of flocculation such as polymer dosage
and mixing conditions can influence the properties
of FMFT. Different polymer dosage results in
different minimal void ratios of the specimen at the
end of shrinkage, indicating a different volume of
desiccated tailings.
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ABSTRACT

The coefficient of permeability function is one of
the soil properties required for numerical modeling
of transient seepage problems. Inaccuracies in the
estimation of the coefficient of permeability can
lead to erroneous numerical modeling results and
can significantly affect subsequent engineering
decisions. Both the degree of saturation and void
ratio are factors that influence the coefficient of
permeability. Methodologies presently available
estimating the coefficient of permeability for an
unsaturated soil are based on an assumption that
no volume change occurs when soil suction is
changed. In other words, consideration is only
given to the influence of changes in degree of
saturation. Conventional estimation techniques
produce reasonable results when estimating the
coefficient of permeability for unsaturated soils with
low compressibility such as sands or silts, but the
analysis protocols require changes when
predicting the coefficient of permeability for
materials that undergo volume change as soil
suction changes, (e.g., Oil Sands tailings slurry).
This means that the void ratio changes need to be
considered as well as changes in degree of
saturation. This paper presents a revised
estimation procedure that considers the controlling
factors of both volume change and desaturation.

INTRODUCTION

The oil sands bitumen extraction process in
northern Alberta produces large volumes of high
water content tailings composed of sand, silt, clay,
and a small amount of unrecovered bitumen.
When discharged into the tailings pond, the
extraction tailings segregate with the sand plus
about one-half of the fines dropping out to form
dykes and beaches. The remaining water, bitumen,
and fines flow into the tailings pond as Thin Fine
Tailings (TFT) at approximately 8% solids content
(BGC Engineering Inc., 2010). The fines settle to
20% solids content in a few months and to
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30%-35% solids content in a few years. Upon
reaching a solids content of 30%, the fine tailings
are referred to as Mature Fine Tailings (MFT). MFT
remains in a slurry state for decades and may take
many years for self-weight consolidation because
of its low water release rate (FTFC, 1995).

Significant portions of the fines remain in
suspension after deposition resulting in a tailings
management challenge for the industry. Different
processes and technologies have been suggested
to improve the water release characteristics of
tailings. A more advanced disposal methodology
named Fines-Sand Mixture Tailings (FSMT) has
been developed and applied to improve the
dewatering behavior of MFT.
Composite/consolidated tailings (CT), thickened
tailings, non-segregating tailings, and MFT-sand-
overburden mixtures are four different FSMT
disposal opinions that have been considered for
treating Oil Sands Tailings (Sobkowicz &
Morgenstern, 2009; BGC Engineering Inc., 2010).
Sorta (2013) investigated the fundamental
geotechnical behavior of FSMT at various SFRs
including the relationships between Atterberg limits
and clay content. The preliminary design of the
tailings disposal often involves the numerical
modeling of the dewatering behavior of FSMT at
various SFRs. The correct numerical modeling of
the dewatering behavior requires an appropriate
coefficient of permeability function and a proper
water storage function.

Both the void ratio and the degree of saturation are
factors that influence the coefficient of permeability.
Historically, the study of the coefficient of
permeability for a soil has been categorized into
two groups, namely, saturated coefficient of
permeability and unsaturated coefficient of
permeability. Saturated coefficient of permeability
for most soils is a constant and thus measured
experimentally. For a saturated soil that changes
volume, the saturated coefficient of permeability
becomes a function of the changing void ratio
(Taylor, 1948; Chapuis, 2012). In unsaturated soil
mechanics, the methods present in the existing



literature for estimating the coefficient of
permeability for an unsaturated soil is based on an
assumption that no volume change occurs as soil
suction is changed, considering only the influence
of the degree of saturation. Van Genuchten-
Burdine equation (1980), van Genuchten-Mualem
equation (1980) and Fredlund, Xing and Huang
(1994) permeability function are three well-known
unsaturated coefficient of permeability functions.
These conventional methods produce reasonable
estimations for the coefficient of permeability
functions for either unsaturated soils with no
volume changes or saturated soils with volume
changes. FSMT has been found to be a typical sail
that undergoes volume change as soil suction is
increased during a drying process. In other words,
neither a conventional unsaturated coefficient of
permeability function nor a saturated coefficient of
permeability function can mathematically describe
the coefficient of permeability function of FSMT
that undergoes a drying process featured by both
desaturation and volume change. Both the void
ratio and the degree of saturation must be
considered when estimating the coefficient of
permeability function for a drying FSMT.

This paper presents a revised methodology for the
estimation of the coefficient of permeability
function for soils that undergo volume change as
soil suction is changed (e.g., Oil Sands tailings).
Both the void ratio and the degree of saturation are
taken into account as two influencing factors.
Experimental data for Total tested thickened
tailings are used to illustrate and explain the new
estimation method.

(%)

Gravimetric watar content w

CONCEPTUAL THEORY

Oil Sands tailings are a typical material that
undergoes volume change as soil suction changes
during a drying process. The drying process of
such materials is complicated by the fact that both
volume change and desaturation can occur during
an increase in suction. The entire drying process
can conceptually be divided into three stages. The
first stage is within a suction range from zero
suction up to the air-entry value (AEV) of the
material. The AEV of the material (i.e., bubbling
pressure) is the matric suction where air starts to
enter the largest pores in the soil (Fredlund and
Xing, 1994). The soil undergoes volume change
with no desaturation during the first stage. During
stage 1, the void ratio is the only factor controlling
the coefficient of permeability of the material. In
other words, the coefficient of permeability for a
soil at the first stage is really the saturated
coefficient of permeability changing with soil
suction because of the changing void ratio that
occurs with changing soil suction. The soil remains
saturated as soil suction increases from zero to its
AEV. Once the AEV is reached and exceeded,
desaturation commences featuring the beginning
of the second stage. The second stage of the
drying process starts at the AEV and ends at a
point where no further volume change occurs as
desaturation continues with increasing soil suction.
During the second stage, both volume change and
desaturation impact the coefficient of permeability
of the material.

w—(rav aretne water content-SWCC

100

131 change pont

1000 10000

100000

1000000

Soil suction o (kPa

Figure 1. Conceptual plot showing three stages distinguished on the w-SWCC of a typical high

volume change material.
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At the end of the second stage, the third stage
starts from the no-further-volume-change point and
lasts until the zero water content point is
approached. The coefficient of permeability for the
soil at this stage is influenced by the degree of
saturation.

The total suction corresponding to zero water
content appears to be essentially the same for all
types of materials. All materials become
completely dry at a suction of approximately 10°
kPa (Fredlund and Xing, 1994). Figure 1 is a
conceptual plot showing the three stages
distinguished for the w-SWCC (i.e., gravimetric
water content SWCC) of a typical high volume
change soil. The true air-entry value (AEV) should
be determined from S-SWCC (i.e., degree of
saturation SWCC).

ESTIMATION OF COEFFICIENT OF
PERMEABILITY FUNCTION

Degree of saturation and void ratio are two
controlling factors that influence the coefficient of
permeability for a particular soil. Both degree of
saturation and void ratio need to be considered in
the estimation of the coefficient of permeability
function over the entire suction range for a material
that undergoes volume change during a drying
process.

The coefficient of permeability at a particular soil
suction during a drying process is the product of
the relative coefficient of permeability and the
saturated coefficient of permeability of the soil at
the same state when it is undergoing single-phase
water flow. A material at the same state means
that it has the same skeleton with the same porous
structure and void ratio without considering the
degree of saturation.

k@) = kr(lp)xkps(lp) (1)
where,
k() = coefficient of permeability at a particular
suction v,
k.(y) = relative coefficient of permeability at the
suction of ¥,
kps () potential saturated
permeability at a suction of .

coefficient of

The potential saturated coefficient of permeability,
k,s() does not mean that the material remains
saturated at the suction of ¥ with a saturated
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coefficient of permeability of k, ) . ky,(¥)
indicates the saturated coefficient of the
permeability of a saturated material which has the
same solid porous skeleton as the material at a
suction of ¥ during a drying process.

The relative coefficient of permeability must range
between zero and one. In Phase 1, when soil
suction vy is less than the air-entry value (AEV), the
soil remains saturated. The relative coefficient of
permeability k,. (i) for a saturated soil is 1.0. The
coefficient of permeability k(i) is the saturated
coefficient of permeability equal to the relating
potential saturated coefficient of permeability
k,s(¥) when the soil suction ¥ is less than the
AEV. In Phase 2 and Phase 3, when soil suction
exceeds the AEV, desaturation starts and the
relative coefficient of permeability decreases from
one down toward zero as the soil continues drying
out. The coefficient of permeability k(i) for a soil
in the unsaturated state is smaller than the
potential saturated coefficient of permeability
k,s(¥) due to the influence of desaturation.

Degree of saturation and void ratio are two main
factors that control the coefficient of permeability of
a particular material. Equation (1) reveals that
degree of saturation influences the relative
coefficient of permeability k,.(y) while void ratio
affects the potential saturated coefficient of
permeability k,;(1). Changes in the degree of
saturation change the tortuosity of the flow path
within the porous media. The tortuosity controls the
relative coefficient of permeability. In other words,
the degree of saturation exerts an influence upon
the relative coefficient of permeability by impacting
the tortuosity of the flow path within the porous
media. Theoretically, the saturated coefficient of
permeability of a soil depends on pore sizes and
the pore distribution or arrangement within the soil
(Chapuis, 2012). A change in void ratio changes
pore sizes, thus influencing the saturated
coefficient of permeability of the soil. Degree of
saturation and void ratio together govern the
coefficient of permeability for a material that
undergoes volume change as soil suction changes
during a drying process, k().

A number of research studies have been
undertaken on changes in the saturated coefficient
of permeability as a function of void ratio for
saturated soils that undergo volume change
(Chapuis, 2012). Equation (2) (Taylor, 1948) is
found to be able to mathematically describe the
relationship between the experimentally measured



saturated coefficient of permeability, kg, and void
ratio, e. This equation can be utilized in
conjunction with a relative coefficient of
permeability function to generate a coefficient of
permeability function for a material that undergoes
volume change as soil suction is changed during a
drying process.

107 ¢ e*

ksac(e) = T ite (2)
where:
k... = saturated coefficient of permeability,
e = void ratio,

C, x = fitting parameters.

Void ratio is related to soil suction during a drying
process where the material undergoes volume
change as soil suction is increased (Fredlund et al.,
2011). The relationship of void ratio to soil suction
can be mathematically described by combining the
shrinkage equation (Fredlund et al, 2002) and the
mathematical equation for the gravimetric water
content, w-SWCC (Fredlund and Xing, 1994). The
potential saturated coefficient of permeability,
k,s(¥) can be mathematically described based on
Equation (2) used in conjunction with the
relationship of void ratio versus soil suction. The
shrinkage curve equation (Fredlund et al, 2002) is
shown as Equation (3).

)

where:
a, = the minimum void ratio, e,

ash/bsh =
= curvature of the shrinkage curve,

slope of the line of tangency,

c:h

W = gravimetric water content.
And the equation for the gravimetric water content,

w-SWCC (Fredlund and Xing, 1994) can be written
as shown in Equation (4).

w (1=t (1+y/p,)/In(1+10°/y, )

(1n(exp(l) + (T/I/af» )n’ ))m,

(4)

w(y)=

Where:
y = soil suction;
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a,,n,m,andy, = mathematical fitting

parameters;
w, = initial saturated gravimetric water content;

W(fl’) = gravimetric water content at a designed

soil suction of ¢ .

The relative coefficient of permeability function
k.(y) forms another important component
composing the coefficient of permeability function
k() for a soil that undergoes volume change as
soil suction changes. The relative coefficient of
permeability of a material is a function of sail
suction reflecting the influence of degree of
saturation on the coefficient of permeability.
Considerable research has been undertaken on
the estimation of the relative -coefficient of
permeability in unsaturated soil mechanics. The
relative coefficient of permeability is primarily
determined by the pore-size distribution of the soil
and its prediction is generally based on the soil-
water characteristic curve. The Fredlund et al.,
(1994) permeability function is one of those
commonly used unsaturated permeability functions.
The Fredlund (1994) permeability function takes
the following form:

’ we'(e}')dy
e
k()= IZW)g(ey J-0(y..)
]n(;/[;v) ¢
where:

b = In(1000000).

y = a dummy variable of integration representing
the logarithm of soil suction.

6”(6"’)dy

The soil-water characteristic, SWCC, presents the
relationship between the amount of water in a soil
and various applied soil suctions. There are four
designations of water content commonly used to
define the amount of water in a soil, namely,
gravimetric water content, w, volumetric water
content, 6 (where the volume of water is
referenced to the original total volume of the soil
specimen), instantaneous volumetric water content,
6; (where the volume of water is referenced to the
instantaneous total volume of the soil specimen),
and degree of saturation, S. With each designation
of the water content, there is one form of the
SWCC. As a result, there are four different forms
of SWCC, namely, gravimetric water content-
SWCC (w-SWCC), volumetric water content-



SWCC (#-SWCC), instantaneous volumetric water
content-SWCC (6-SWCC), and degree of
saturation-SWCC (S-SWCC).

For soils that do not undergo volume change as
soil suction changes, all four SWCCs provide the
same information to the geotechnical engineer
when estimating other unsaturated soil property
functions. However, for a soil that undergoes
volume change as soil suction changes in a drying
process, w-SWCC, 6-SWCC and S-SWCC are
different from one another. It should be noted that
S-SWCC must be used for the estimation of the
relative coefficient of permeability function with
Equation (5), while 6-SWCC should be used for
the estimation of the water storage function in all
cases.

PRESENTATION OF THE
EXPERIMENTAL DATA

The thickened tailings, tested by Total E&P
Canada (Total) are typical materials that undergo
volume change as soil suction changes in a drying
process. Box #11 and Box #2 (Fredlund et al.,
2011) are two thickened tailings with different
SFRs (sand fine ratios). Box #11 has a SFR of 0.8,
and Box #2 has a SFR of 0.1. The experimental
data of Box #11 and Box #2 are presented and
interpreted using the proposed theory for the
estimation of the coefficient of permeability
function.

The thickened tailings in Box #11 had a liquid limit
of 35% and a plastic limit of 15%. Box #2 had a
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liquid limit of 55% and a plastic limit of 22%.
Shrinkage curves and soil-water characteristic
curves were measured. The shrinkage curve of the
thickened tailings with SFR 0.8 (Box #11) is
presented in Figure 2. The best-fitting parameters
of the shrinkage curve for the thickened tailings
with SFR 0.8 are ay, = 0.394, by, = 0.162, and
csn = 3.208. The average specific gravity of the
tailings with SFR 0.8 was 2.43. The shrinkage
curve of the thickened tailings with SFR 0.1 (Box
#2) is presented in Figure 3. The best-fitting
parameters of the shrinkage curve for the
thickened tailings SFR 0.1 are ag, = 0.440 ,
by, = 0.185, and ¢, = 7.277. The average specific
gravity of the thickened tailings with SFR 0.1 was
2.38.

Figure 4 shows the gravimetric water content, w,
plotted versus soil suction for Total tested
thickened tailings Box #11 and Box #2. The
experimental data for the gravimetric water content
soil-water characteristic curve, w-SWCC was best-
fitted with Fredlund and Xing (1994) equation,
Equation (4). The best-fitting parameters for Box
#11 are a; = 0.457 kPa, ny = 0.792, m; = 0.907
and vy, = 52.84 kPa. The initial gravimetric water
content for Box #11 was 73.8%. The best-fitting
parameters for Box #2 are af =1.250kPa,
ny = 0982, my; = 0.612 and ¥, = 107.4kPa. The
initial gravimetric water content for Box #2 was
77.70%. w-SWCC is used in conjunction with the
shrinkage curve to calculate other forms of SWCC
and properly interpret the SWCC results to
determine the true AEV and estimate the relative
coefficient of permeability function.

Fittng parameters of the
shrnkage squation (SFR 0 8)

[ o, =0304

b, =062

’
'e % Cu = 3.208

»
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60 80 100

Grmvimetnc water content. %

Figure 2.

Shrinkage curve for Total tested thickened tailings of SFR 0.8 (Box #11).
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Figure 3. Shrinkage curve for Total tested thickened tailings SFR 0.1 (Box #2).
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Figure 4. Gravimetric water content versus soil suction

The experimental data for the relationship of
saturated coefficient of permeability versus void
ratio were also obtained for Total tested thickened
tailings. The experimental data were best-fitted by
Equation (2). Figure 5 shows the measured data
and the best-fitting curves for Box #11 and Box #2.
The fitting parameters for Box #11 are C = 226.47
and x = 3.277. And the fitting parameters for Box
#2 are C = 8.073 and x = 3.042.

These three curves obtained from the laboratory
test, namely the shrinkage curve, the w-SWCC
and the curve of saturated -coefficient of
permeability versus void ratio form the basis to
further estimate the appropriate coefficient of
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permeability function for a soil that undergoes high
volume change as soil suction changes, such as
thickened tailings tested by Total.

INTERPRETATION OF THE
EXPERIMENTAL DATA

The gravimetric water content-SWCC, w-SWCC is
combined with the shrinkage curve to obtain other
forms of SWCC. The resulting plot of the S-SWCC
is presented in Figure 6. The true air-entry value
(AEV) for a material that undergoes volume
change as soil suction is changed is obtained from



the S-SWCC of the soil. Using the graphical in Figure 7. The 6-SWCC is the correct form of
construction method suggested by Vanapalli et al.,  SWCC that should be used for the estimation of
(1998), the true AEVs interpreted from the S-  the water storage function in the case where soil
SWCCs in Figure 6 are 33.2 kPa for Box #11 and  undergoes volume change as soil suction is
658 kPa for Box #2. The plot of 6-SWCC is shown increased in a drying process.
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Figure 5. Measured data and its best-fitting of saturated coefficient of permeability versus void
ratio for Total tested thickened tailings (Box #11 and Box #2).
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Figure 6. Measured data and its best-fitting of the S-SWCC for Total tested thickened tailings (Box
#11 and Box #2).
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Figure 8. Measured data and its fitting for the relationship of void ratio versus soil suction for
Total tested thickened tailings (Box #11 and Box #2).

The relationship between void ratio and soil
suction is obtained by combining the w-SWCC and
the shrinkage curve. The plot of void ratio versus
soil suction is shown in Figure 8. For Box #11, the
void ratio decreases from 1.798 to 0.603 when the

soil suction increases from 0 to its AEV of 33.2 kPa.

The void ratio at the AEV of 33.2 kPa is 0.603 for
Box #11. For Box #2, the void ratio decreases from
1.849 to 0.507 when the soil suction increases
from 0 to its AEV of 658 kPa. The void ratio at the
AEV of 658 kPa is 0.507 for Box #2. For both Box
#11 and Box #2, the soil specimen experiences
significant volume change before the soil suction
reaches the AEV during its drying process.
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Comparing to the volume change at the early
stage of the drying process before the AEV is
approached, the volume change of the specimen is
relatively small and insignificant after the soil
suction exceeds the AEV.

The saturated coefficient of permeability is related
to void ratio, while void ratio changes with soil
suction during the drying process of Total tested
thickened tailings. As a result, saturated coefficient
of permeability can be written in terms of sail
suction. When the saturated -coefficient of
permeability is related to soil suction, it is referred
to as potential saturated coefficient of permeability



to make a distinction because there are both
saturated and unsaturated conditions during the
entire drying process. The curves of the potential
saturated coefficient of permeability versus soil
suction for both Box #11 and Box #2 are shown in
Figure 9.
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Figure 9. Potential saturated coefficient of
permeability versus soil suction for
Total tested thickened tailings (Box
#11 and Box #2).

The curves of the relative coefficient of
permeability versus soil suction for Total tested
thickened tailings Box #11 and Box #2 are
presented in Figure 10. Figure 10 shows that the
relative coefficient of permeability remains 1.0 until
the soil suction approaches the AEV of the soil.
When the AEV is surpassed, the desaturation
starts and the relative coefficient of permeability
reduces from 1.0 towards zero. The correct curve
for the relative coefficient of permeability versus
soil suction is obtained from S-SWCC with the
AEV as the lower limit of integration for the integral
in the denominator of Equation (5). After having
the relative coefficient of permeability function
shown in Figure 10 and the potential saturated
coefficient of permeability function shown in Figure
9, the coefficient of permeability function can be
obtained by multiplying the relative coefficient of
permeability function with the potential saturated
coefficient of permeability function according to
Equation (1). The curves of the coefficient of
permeability versus soil suction for Total tested
thickened tailings for Box #11 and Box #2 are
presented in Figure 11.
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versus soil suction for Total tested
thickened tailings (Box #11 and
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Figure 11. Coefficient of permeability versus
soil suction for Total tested
thickened tailings (Box #11 and
Box #2).

CONCLUSIONS AND SUMMARY

This paper presents a revised theory for the
reasonable estimation of the coefficient of
permeability function for materials that undergo
volume change as soil suction changes based on
the Fredlund et al., (1994) permeability function.
Both volume change and desaturation are taken
into account in the revised theory. The coefficient
of permeability function proposed in this paper
consists of two main components, namely, the
potential saturated coefficient of permeability
function and the relative coefficient of permeability
function. The coefficient of permeability function is
the result of the multiplication between the
potential coefficient of permeability function and
the relative coefficient of permeability function. The



potential saturated coefficient of permeability
function is controlled by the void ratio as soil
suction changes and reflects the influence of
volume change on the coefficient of permeability.
The relative coefficient of permeability function
must be estimated from S-SWCC using the AEV
as the lower limit of integration. The influence of
desaturation on the coefficient of permeability is
reflected in the relative coefficient of permeability
function. The experimental data for Total tested
thickened tailings Box #11 and Box #2 are used to
explain and illustrate the detailed procedure for the
estimation of the coefficient of permeability
function using the estimation method suggested in
this paper.
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ABSTRACT

Evaporative drying of oil sands tailings is one
approach operators continue to consider as a
method for managing tailings inventory. Many of
the key parameters that define actual evaporation
rates are not controllable, such as potential
evaporation (PE) rates and precipitation events.
Tailings basin operators must consider the
potential adverse impact of these uncontrollable
parameters in combination with those that can be
controlled when sizing drying. Because most of the
uncontrollable, and some of the controllable, input
parameters can be characterized by probability
distributions, the evaporative drying of oil sands
tailings can characterized using Monte Carlo
simulations.

In this study, we used Monte Carlo simulations to
define the time requirements (as a probability
distribution) to achieve a target outcome. Sample
targets include water content or strength. Time to
reach the target was a function of both constant
and probabilistic inputs. Example inputs that did
not vary included tailings type and the degree of
tailings pretreatment. Probabilistic input
parameters included climatic parameters (e.g., PE
rate) and geotechnical properties of the tailings as
a function of pretreatment (e.g., initial water
content and yield stress of deposited tailings). We
used GoldSim™ to perform the simulations. From
the simulation results, the probability distribution
of, for example, the minimum required time to
reach a target strength was developed for sets of
specified control parameters. These results and
methods are suitable for use in economic trade-off
evaluations balancing input controls with drying
bed design and operations.

INTRODUCTION

Oils sands tailings management has been and
continues to be a primary challenge for operators.
How best to integrate tailings management with
ongoing operational needs has been a topic of
research for over two decades. The Alberta Energy
Resources requirements for tailings management
include two objectives: 1) reduce containment of
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fluid tailings to facilitate progressive reclamation
and 2) create a trafficable landscape at the earliest
opportunity.

Thin lift drying has been identified as a promising
option to manage tailings and operators have
studied the various mechanisms of tailings drying
and how to optimize the technology. As described
by Song and O’Kane (2013):

“Evaporative  drying  technology takes
advantage of the evaporation potential,
following tailings deposition, to assist with
dewatering tailings. The evaporative drying
rate  of fluid tailings is affected by
environmental factors, characteristics of the
tailings, and tailings depositional
conditions/processes. The  environmental
factors include solar radiation, air temperature

and relative humidity, wind speed, and
precipitation intensity and duration.
Characteristics of the tailings include salt

concentration in the pore-fluid in the tailings
and potential to form a crust (Simms et al.,
2009) as well as tailings hydraulic
characteristics. The factors associated with
tailings deposition processes / conditions
include tailings filling rates (i.e. deposition lift
thickness and frequency), capillary barrier
effects, and under-drainage conditions
(Boswell and Sobkowicz, 2010). Both the
foundation material in a tailings storage facility
(TSF) and deposited tailings in the TSF can
influence tailings dewatering through under-
drainage.”

Research has defined most of the mechanisms at
work in thin lift drying and operators have proven
that the technology can work at larger scales.
These activities have generated data and/or
equations that can be used to help develop models
to predict the performance and the design
requirements of thin lift systems.

The goal of our work is not to necessarily advance
the research of these mechanisms but rather to
develop a tool that can help operators integrate the
different mechanisms/results from studies to date
and help model the relative impacts of the
mechanisms relative to each other. The tool is



designed to present the results as a distribution so
that operators can understand the level of design
risk associated with outlying events and make
operational choices as to how to address or
mitigate these risks. The tool can then be used to
evaluate the effect a selected mitigation strategy
will have on reducing the range of outlying events.

To help do this, we have reviewed the literature
and harvested available information in the form of
relevant empirical datasets, including statistical
distributions and equations, in an attempt to model
and to provide a statistical representation of the
expected behavior to help with design and
planning efforts. A single point modeled outcome
(deterministic simulation) is not helpful from a
design standpoint because it does not quantify the
effect of multiple uncertainties on the drying
process. It also minimizes the impact of observed
or expected process variation on performance. We
used a probabilistic Monte Carlo approach to
define the expected range and frequency of
outcomes using the defined inputs. We used the
GoldSim simulation software (GoldSim Technology
Group, Version 11.0.7), which is designed as a
flexible programming platform for performing time-
dependent probabilistic simulations of complex
natural and engineered systems.

Once the model is developed, it can be used a
number of ways including to identify the expected
design variability using a certain set of inputs
(including exploring the impacts of using a different
drying endpoint other than 5 kPa), perform
culpability analyses to define which variables make
the most sense to control (economic or operational
considerations) and to evaluate impacts of adding
or removing functions from the process.

APPROACH

Monte Carlo Simulations

Monte Carlo simulations seek to characterize the
uncertainty in a modeled system by propagating
the defined uncertainty in the input parameters
through the model. Uncertainty in the input
parameters is quantified in terms of probability
distributions, which define mathematically how
likely each parameter is to take on specific values
(Thomopoulos, 2013). Probability distributions can
be determined by fitting distributions to available
data or by using subjective experience and/or
professional judgment to define a distribution’s
bounds or shape.
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Monte Carlo simulation is one method for
translating uncertainties that rely on repeated
simulation of uncertain systems rather than
numerical solutions to determine output probability
distributions. In a Monte Carlo simulation, the
entire modeled system is simulated a large number
of times (hundreds or thousands of realizations).
Each individual realization represents one possible
performance of the system in which all uncertain
parameters are sampled from the defined
probability distributions, and results in a single
value for each model output. The results of these
many realizations are then assembled into
probability distributions of the possible model
outcomes. The resulting distributions represent the
cumulative uncertainty in the model output
resulting from the uncertainty and variability in the
model input parameters and their complex
interactions with one another.

Estimating Time Requirements

An objective of these Monte Carlo simulations is to
estimate the time requirements to dewater a
poured lift of flocculated mature fine tailings (MFT)
to a solids content of 60% by weight. This solids
content was selected on the basis that it
corresponds to an undrained shear strength of
5 kPa for flocculated MFT (Beier et al., 2013). The
5 kPa undrained shear strength target, while not
necessarily the right target for reclamation, has
been an important “target” since its adoption as the
1-year strength requirement for tailings in Directive
074, hence its use here. The simulations could
readily be rerun with alternate “target” endpoints.

Following the conceptual dewatering model for
flocculated MFT presented in Kolstad et al. (2012),
three dewatering mechanisms were considered:
the water release from the flocculated MFT during
the initial 10 to 14 days following deposition,
evaporation, and percolation to the drying bed’s
foundation. Total dewatering time was equal to the
10 to 14 days for water release plus the number of
days required for evaporation and underdrain
percolation to achieve a 60% solids content. A total
of 500 realizations were performed for each
calendar month. Simulated time requirements were
expressed as cumulative distributions.

The situation considered by the Monte Carlo
simulations was the pouring of flocculated MFT
into a dedicated drying bed with a known slope.
The initial lift thickness was assumed equal to the
equilibrium flow depth for the poured MFT (shown
below in Equation 1) (Liu and Mei, 1990):
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In Equation 1, h is the equilibrium flow depth [m], T
is the yield stress of the poured flocculated MFT
[Pa], p is the bulk density of the MFT [kg/m3], g is
the gravitational acceleration constant [9.8
m/sec2], and 0 is the angle of the bed slope
(degrees). Bulk density was calculated from the
solids content assuming a solids specific gravity of
2.3 (Song and O’Kane, 2013). Water release from
the flocculated MFT was a 10 to 14 day long
process. Beyond 14 days, dewatering was only
accomplished by evaporation and under-drainage
flow. The effect of additional drying mechanisms
such as freeze-thaw cycling was not included.

As indicated in Figure 1, the time-requirement
simulations required several input parameters to
estimate the mass of the water that must be
removed to achieve a 60% solids content by
weight and to estimate the rate at which water is

removed by evaporation [g/(m2+day)]. Probabilistic
distributions were developed for several input
parameters: daily actual evaporation rates, initial
yield stress of the poured MFT lift, the initial solids
content of the poured MFT lift, and the solids
content of the MFT after water release.

The primary parameter not modeled with
probabilistic distribution was hydraulic conductivity
of the bed material. The daily under-drainage flow
rates were estimated from a Darcy’s Law
calculation that assumed a unit gradient at the
base of the MFT deposit. The required unsaturated
hydraulic conductivity was obtained from the
simulated void ratio for flocculated MFT at the end
of a simulated day and from a correlation provided
in Song and O’Kane (2013). The slope of the
drying bed was assumed to be a constant 2%,
though this also later modeled with a distribution of
values.
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Figure 1. GoldSim algorithm for estimating time requirements for dewatering a poured lift of
flocculated MFT. Bulleted input parameters were characterized by probabilistic
distributions. Italicized input parameters were constants, but could be characterized by
probabilistic distributions.
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PROBABILISTIC INPUT PARAMETERS

Actual Evaporation Rates

Probabilistic  distributions of daily actual
evaporation (AE) rates on a semi-monthly basis
were developed from 30 years of weather data and
field-observed ratios of AE rates to potential
evaporation (PE) rates.

Daily PE rates were calculated from hourly 1982-
2011 Fort McMurray weather data obtained from
the Integrated Surface Database maintained by the
National Climatic Data Center (NCDC, 2014). The
hourly PE rates were estimated using the ASCE
hourly reference evapotranspiration equation
(ASCE, 2005). The net radiation component of the
ASCE approach was modified to consider the
effects of cloud cover using the algorithms found in
the EPA’'s PCRAMMET software (EPA, 1999).
Also, the default albedo value and air-phase
resistance factors in the ASCE approach were
changed from values for cropland to values more
representative of mud flats (Arya, 2001). The PE
calculations assumed a flat tailings surface and
assumed that the drying bed was not inclined
toward the sun. The semimonthly daily PE rates
are provided in Figure 2.

Daily AE rates were estimated by multiplying the
calculated daily PE rate by 0.75, which assumes
most precipitation reports as run off (Kolstad et al.,
2012). Daily AE rates were compiled on a semi-
monthly basis. The semi-monthly daily AE rates
were assumed to follow a normal distribution and
were expressed in terms of an average and
standard deviation. The probabilistic AE
distributions for the first-half of June (JUN) and the
first-half of September (SEP) are provided in
Figure 3. The plotted daily AE rate distribution for
JUN has a greater average and standard deviation
than the SEP distribution.

Yield Stress of Poured MFT

Equation (1) suggests that the process for
flocculating MFT influences initial lift thickness via
the yield stress and the initial solids content (bulk
density) of the poured MFT. The probabilistic
distribution of yield stress for flocculated MFT
assumed in the Monte Carlo simulations is
provided in Figure 4. The mean yield stress for the
log-normal distribution is 225 Pa. The distribution
spans from 125 to 364 Pa (90% confidence
interval) which approximates the target design
range reported in Wells et al. (2011).
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from 1982 through 2011. “A” refers
to the first half of the month. The PE
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Figure 3. Probabilistic distributions of the
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JUN and the first-half of SEP based
on hourly Fort McMurray weather for
1982 through 2011.
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stress for flocculated MFT poured
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Solids Content of Poured MFT and of MFT after
Water Release

The Monte Carlo simulations used two probabilistic
distributions of solids content as input parameters.
First, the solids content of the flocculated MFT as it
is poured onto the drying bed is used to estimate
the initial lift thickness via equation (1). The second
is the solids content of the deposited MFT after 10
to 14 days of water release, which is associated
with occurrence of most of the self-consolidation of
the flocculated solids.

The probabilistic distributions for the solids
contents of the poured MFT and of MFT after
water release used in the simulations are provided
in Figure 5. The normal distribution assumed for
the poured MFT solids content has a mean of 30%
by weight and spans from 22 to 38% (90%
confidence interval), similar to the ranges
documented by other authors (Kolstad et al. 2012,
Wells et al. 2011, Song et al. 2011). The normal
distribution assumed for the MFT solids content
following water release has a mean of 48.5% by
weight, representing an average removal of
approximately 25% of the total water in the poured
MFT. This is consistent with the results presented
by other authors (Kolstad et al. 2012, Wells et al.
2011, Song et al. 2011).

The difference between the mean of poured MFT
and MFT after water release in Figure 5 is about
one-half of the water that must be removed to
achieve a solids content of 60%. Thus, evaporation
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and under-drainage flow must remove the
remaining half of the required water to achieve an
undrained shear stress of 5 kPa.
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Figure 5. Probabilistic distribution of the

solids contents (% by weight) for the
poured MFT and for MFT after water
release.

RESULTS

Time Requirements

The cumulative distribution of time required to
achieve a 60% solids content for a 2% bed slope
are plotted in Figure6. The plotted time
requirements are the sum of the 10 to 14 day
water release period and of the time for
evaporation and under-drainage flow to dry the
MFT deposit to a 60% solids content.

The simulated drying times were shorter for MFT
deposits placed in the drying bed during the
beginning months of the drying season. Such lifts
will be exposed to the highest AE rates of the
season. AE rates are greatest from the second half
of May through the first half of August. With an
unfavorable combination of input parameters, there
may be insufficient time remaining in the drying
period for simulated MFT placement in the later
months of the season to achieve a 60% solids
content. For example, Figure 6 suggests that 80%
of MFT lifts poured in May and June will require
less than 55 days to achieve a 60% solids content
— and thus be complete before the end of summer.
MFT poured in August and September will require
113 and 147 days (i.e. to or beyond the end of the



calendar year) at the 80 percent return frequency,
respectively. These results are similar to those
from work previously performed (Kolstad et al.
2012) which provides a level of confidence that the
model is representative.

Sensitivity to Initial Lift Thickness

The influence of selected parameters on the time
to achieve 60% solids was evaluated during the
Monte Carlo simulations. One observation was that
the dewatering during water release had little
correlation with overall time requirements, due to
the relatively low variance of the solids content
distribution after water release used for the
simulation (Figure 5). The total drying time
requirements were largely influenced by the rates
of evaporation and under-drainage. This result
would change if the effectiveness of water release
were not controlled as demonstrated by the narrow
distribution of the curve representing water content
for MFT after water release.

Second, simulated time requirements were
dependent on poured lift thickness, which
incorporated both the yield stress and initial solids
content (equation 1). This makes sense, because
the initial lift thickness influences the initial mass of
water that must be removed per unit evaporative
area.
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Figure 6. Cumulative distribution of time
requirements to achieve a 60%
solids content (by weight) as a
function of the month the flocculated
MFT was poured onto a drying bed.
A constant bed slope of 2% is
assumed.

52

As illustrated in Figure 7, the sensitivity of the
simulated time requirements to lift thickness is
important throughout the year but is even more
pronounced as the lift placement occurs later in the
drying season. Increased sensitivity in Figure 7 is

indicated by the apparent increase in slope
representing the distribution of results as
placement changes from May to July to
September.

The reduction in evaporation rates in the later
portions of the drying season (Figure 2) means
that thicker lifts or a slightly adverse combination of
input parameters will prevent the lift from reaching
60% solids by the end of the drying season.

In Figure 7, the longest drying times for a given
initial lift thickness were associated with low-end
AE rates (representing adverse weather
conditions) relative to the typical conditions for
each month. In these situations, the primary
means of water loss from the deposit is through
the relatively consistent removal by under-
drainage. In operational designs with multiple lifts,
reduced under-drainage (not considered here)
could further limit drying and increase the potential
for long time requirements, especially for MFT
placed late in the drying season. This suggests
that operators consider the tradeoff in space
requirements, handling requirements and other
operational considerations between faster-drying
single lift beds placed on free draining sand layers
against placing multiple lifts on top of each other
that will have lower under-drainage flow rates and
associated limiting drying rates. This simulation
tool can be used to help evaluate and optimize
operation plans based on site-specific space and
operational constraints.

Effect of Variation of Bed Slopes

Drying beds are designed with a target bed slope.
Therefore we initially evaluated drying rates
keeping the bed slope constant. However, we
expect construction methods and non-uniform
dispersal and accumulation of material over
multiple lifts may result in slope variations. To
address this operational consideration, we also
evaluated the impact slope variability might have
on drying rates.

After running the Monte Carlo simulation with a
constant slope of 2%, the simulation was repeated
with variable bed slope assuming a uniform
probabilistic distribution of slopes between 0.5 and
3.5%. The resulting cumulative distributions of time
are plotted in Figure 8.
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solids content (by weight) as a
function of the month the flocculated
MFT was poured onto a drying bed
with varying bed slopes. The uniform
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bed slopes ranged from 0.5 to 3.5%.

Relative to the simulations with a constant drying
bed slope (Figure 6), the simulations with a
variable slope have little difference in the drying
time on the low end of the result distributions
(below the 50 percent return frequency). The
possibility of a steeper-than-2% slope, therefore,
does not appear to significantly increase the
likelihood of a rapid drying time due to the
environmental limitations on the drying rate.

On the high end of the result distributions (above
the 50 percent return frequency), however, the
simulations with a variable bed slope show
increased drying times, especially for the second
half of the drying season (e.g., July-September). At
the 80 percent return frequency, MFT lifts poured
in May, June, July, August, and September have
simulated time requirements of 68, 72, 105, 172,
and 189 days, respectively and appear to be
related to shallower bed slopes and the
corresponding increases in lift thickness. These
values represent a 26% to 52% increase in the
drying time that can be achieved with 80 percent
probability. Therefore, controlling drying bed slope
in the second half of the drying season should be
considered by operators if attempting to achieve
drying goals prior to freeze-up.



Suggested additional inquiries

The results and methodology suggest they could
be further developed and lend themselves to other
applications. While the impact of precipitation on
AE is embedded into the PE vs AE ratio, additional
detail on how and where the precipitation reports
could be incorporated into this analysis. Also, the
further definition of inputs that feed into the poured
solids content and yield stress (such as admixture
type or method) could be evaluated.

This methodology could be used to perform
desktop optimization studies of tailings bed design
including economic and space requirement
evaluations. It could also be applied to other
tailings disposal methods where variables
controlling performance can be represented either
mathematically or using empirically derived
distributions or a combination of the two.
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ABSTRACT

As a promising technology in disposal of mature
fine tailings (MFT), atmospheric fines drying (AFD)
is currently being implemented on a commercial
scale at Shell Canada’s Muskeg River Mine near
Fort McMurray, Alberta. AFD involves the use of a
polymer flocculent to bind fine particles in MFT
followed by thin lift sub-aerial drying. Upon
deposition, the tailings-polymer mixtures are
subjected to atmospheric conditions. The disposed
layers undergo a cyclic drying and rewetting
process due to precipitation and deposition of
additional lifts on top of the dried layer. The current
research aims to numerically simulate this process,
including both periods of drying and wetting. An
existing numerical drying model was extended with
a realistic rewetting behavior, based on the
shrinkage and water retention curves for drying as
well as for rewetting. This improved model, that
was validated with test results from laboratory
columns, was used to simulate a large scale drying
field test that is currently being performed by Shell
Canada. The results of the simulation are
published here without prior knowledge of the
results by the authors, forming a Class A
prediction.

INTRODUCTION

Mature fine tailings (MFT) or fluid fines can be a
major challenge in the production of oil from oil
sands. In general, MFT is a mixture of the clay
and silt particles that remain in suspension in the
tailings after the sand and other larger particles
have settled. Naturally these particles may take
decades to settle and can cause significant
challenges in the amount of land that is required.
One technology that has been developed to treat
these tailings is atmospheric fines drying (AFD)
(Shell, 2011). In this technology, MFT is mixed
with a flocculent to help the particles settle and
increase the speed of dewatering. The material is
then laid in layers in a drying area which is open to
the elements. The material layers have a slope to
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actively drain water that has been driven out of the
material or runoff from rain.

This work extends the development of the
numerical model development reported by van der
Meulen (2012), van der Meulen et al. (2012) and
Nijssen (2013). In addition to this paper, a
complementary paper is also presented in this
conference on the wetting and drying
characteristics of the material (Yao et al., 2014).
The initial data of the field tests (initial lift size and
climatic data) has been provided by Shell Canada
(personal communication, 2014) from a field site,
with the results of the deformation not yet provided
for the authors — with this work thereby forming a
Class A blind prediction.

THEORETICAL FORMULATION

The basis of the model has previously been
reported (Kim et al., 1992, implemented by van der
Meulen, 2012; van der Meulen et al., 2012;
Nijssen, 2013) and therefore is only briefly
reported here for clarity, alongside the details of
several modifications.

For drying/wetting behaviour the processes can be
reduced to a 1D scenario, with the assumption that
lateral deformation does not take place. The soil
undergoes large deformations therefore a material
level coordinate system has been adopted:

dz

l+e

dm (1)

where m is the 1D material coordinate, z is the
Cartesian (real) coordinate and e is the void ratio.

Drying processes / Water transport

Water transport is governed by Darcy’s Law with
the water potential, ¢, made up from a gravimetric
component, y,z (where y, is the volumetric
weight of water), an overburden component, Q,
and a suction component, ¥. The suction is linked
to the water content, 6 =V, /V (where V,, and V
are the volumes of water and solids), via an



empirically determined Soil Water Retention Curve
(SWRC). Both the well-known van Genuchten
SWRC and the modified van Genuchten SWRC
(Romero and Vanaut, 2000) have been
implemented. The modified van Genuchten curve
limits the maximum suction predicted by the
SWRC. As this model is designed for virgin soils
(sludges) subsequent re-wetting re-drying loop is
likely to be significantly different from the first
drying behaviour, with a lower water content
yielded for the same suction value. Therefore,
following the approach of Rijniersce (1983), a ten
times stiffer relationship in a log-linear space has
been utilized.

The hydraulic conductivity, K, used is a function of
void ratio and degree of saturation.

The drying/wetting processes considered, i.e. the
boundary conditions, are:
Base boundary:
1. Open (fixed zero potential), or
2. Closed (natural no flow
condition).
Top (atmospheric) boundary:

1. Flux boundary condition, calculated using
the maximum of the average evaporation
potential (including precipitation and the
inverse) and the soil flux in the last
element. Any free water is assumed to
run-off.

The top boundary has been set up so that
a time series of evaporation potentials /
precipitation can be input.

boundary

Soil Deformation

The soil deformation is governed by a shrinkage
curve — an empirical material curve linking the
volumetric water content, 8 =V, /V, (where V,,
and V, are the volumes of water and solids), and
the void ratio. Hysteretic reswelling behaviour and
non-linear compression due to additional
overburden are also included. The shrinkage curve
is defined as (Fredlund et al., 2002):
1

chh m
e =Ash W-l_ 1

sh

)

where Ag, is the minimum void ratio, By, is a
parameter defining the slope and Cg is a
parameter defining the transition between the
linear portion and the minimum void ratio. The
degree of saturation at which the sludge initially
dries from is defined as B, /Ag,. Parameter Ay, is
defined as a function of overburden stress as:
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1
Ay, = A% [1 - —log 3)

(G’ )]
10 a'o
where A?, is defined as the minimum void ratio
under zero overburden conditions, ¢’ is the current
stress, @’y is the initial stress and €4, is a material
parameter.

Governing equation

The deformation behaviour is dominated by the
shrinkage during drying, therefore the model has
been implemented as a one directional coupling —
with the water behaviour being the solved
equation, with the mechanical (non-linear)
constitutive behaviour being characterized by
equations (2 and 3). The governing equation is
therefore based upon the conservation of water
mass. The equation solved is therefore (after Kim
et al., 1992):

aa—f - % [K* (% 4 SF1 4 SF2- g—i)] (3a)
SFl=(1+e)—(0+7y) S—Z (3b)

d%e ™M
SF2 ZWfo 6 +ys)dm (3¢)

where t is the time, K* is the hydraulic conductivity
transformed into the Lagrangian coordinate system
(K*=K/(1+e)) and y, is the density of the
solids.

Numerical implementation

The theoretical formulation has been implemented
in a discrete spatial domain via a finite difference
formulation, and solved recognizing the highly non-
linear behaviour utilizing an explicit Runge-Kutta
method as implemented in Matlab. To account for
hysteresis behaviour a constant time delay, i.e. not
based upon the timestep, has been incorporated,
via the selection of the dde23 solver (Shampine
and Thompson, 2001).

Software implementation

A user interface has been developed utilizing the
Matlab interface, so that the model can be easily
operated. A main graphical window, controls the
analysis, with separate windows for inputting (i) the
material properties; (ii) the simulation settings (e.g.
number of material layers, atmospheric conditions,
etc..) and (iii) plotting the results.



The simulations are able to be saved, loaded or

results. Figure 1, shows an overview of the user

run from the main window. A suite of datafiles is interface.
used to contain the analysis data (geometry,
precipitation conditions), the material data and the
a) b) c)
| B - B B -
a) is the main controller ————————n T e -
to load other windows, —— =
run simulation, save
results and load analyses; d)
Bror—— e =
b) is the simulation settings
window, “r P _
c) is the material properties - EEm . Evmm. e - E—
window:; and — =1 = s
d) plots the results. == =
"'ﬁ_—_‘- : —'l‘l—ﬂ_ :

Figure 1. Overview of user interface

EXPERIMENTAL DATA

Two sets of experimental tests have been
undertaken and are available to test the simulation
tool developed. First column tests have been
undertaken and secondly field tests undertaken by
Shell Canada. In the field tests the results have
not been made available to the authors of this
paper. Material properties of both the materials
used in the laboratory and in the field test are
summarized below. Column test were available on
both flocculated MFT and non-flocculated. In this
work only the columns with flocculated MFT have
been simulated to match the material in the field
tests.
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Material properties
Soil Water Retention Curve

The modified van Genuchten SRWC is shown
below:

1

Se = C(s) ((1 + (awrc - <P)nWRC)mWRC) (42)
In|1+ 4
Cs)=1- [ In (C;V)VRC] (4b)



_ 6—-WCR
T WCS — WCR

s, (40)

where S, is the effective degree of saturation,
WCR is the residual (volumetric) water content,
WCS is the water content at full saturation and

Aywre: NMwres mygpe and ayge are fitting
parameters, where my. is defined as mypgc =
1_-1/nWRc. )

Calibrated material parameters  for  the

experimental data are: WCR = 0.06, WCS = 2.2,
a =500000cm, aygc=0.11lcm and nypc=
1.23. The resulting fit alongside experimental data
for the Shell field tests (personal communication,
2014) is shown in Figure 2.

Shrinkage Curve

The shrinkage curve and associated experiments
are reported in detail in Yao et al. (2014). The
parameters for equation 2 and 3 were A%, = By, =
0.5, C,, = 3 and C,4y = 2.5. The experimental and
numerical data are shown below in Figure 3.

Hydraulic Conductivity
The hydraulic conductivity, K, against void ratio in
saturated conditions has been calibrated against

oedometer tests shown in Figure 4. Material
parameters are Ay = 1.7 and By, = 4.4.
5
L # Experimental data field
2
= Fitted modified VG
E 1.5
i
1
05 \
0 e
1006400 1006402  1.00E+04 LO0E06  1.006408
Suction [¢m)

Figure 2. Soil Water Retention Curve
Column tests

The column settling tests are reported briefly here.
The experimental procedure was that the column
was filled to 20cm height with MFT with a water
content of 4.27. After 16 days another 20cm height
was added. An air pump has been used to provide
dry air to the column surface. Six columns were

62

tested, 3 with flocculent and 3 without. Additionally
a water filled column was tested to investigate the
water evaporation potential. The water in this
column was found to evaporate at 1.04cm/day.
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Figure 3. Shrinkage Curve
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Figure 4. Saturated hydraulic conductivity

All columns were weighed throughout the
experiment and additionally for a single column
visual measurements of the height of tailings and
water was noted. In contract with the field tests,
where water is able to run-off, the water that is
removed from the sample through settling/
overburden sat on top of the mud.

The results of a single multistage column test is
shown in Figure 5 for both observed height and
weight. The data is representative of all tests. It
was noted that the evaporation rate from all the



experimental columns is significantly lower (~40%
lower) even when free water is at the top of the
column. This reduction is suggested to be due to
oil residue at the top of the water (Figure 6). Due
to run-off this reduction is unlikely to occur in the
field tests. The weight reduction is observed to be
linear at all times, suggesting that evaporation was
not significantly limited by flow through the
material.
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Figure 5. Experimental column test data a) for
height and b) for weight.
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Field tests

Three different field tests were undertaken by Shell
with data briefly reproduced here (personal
communication, 2014). The evaporation potential
and precipitation has been measured daily. The
monthly average values are shown in Figure 7.
The experimental protocol for the three tests are
shown below in Table 1.

The average initial water content was 3.5 with a
standard deviation of 0.25, therefore a uniform
initial water content has been used.

Figure 6. Oil residue at the top of the
experimental column

Table 1. Field test experimental protocol

. Thickness

Test Lift Days from start (cm)

1 0 90.0

2 37 50.0

. . 3 257 50.0
Thin multi-

lift 4 290 50.0

5 317 60.0

6 346 110.0

7 365 40.0

1 0 100.0
Thick multi-

lift 2 257 180.0

3 346 130.0

Deep stack | 1 ‘ 0 450.0
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SIMULATION RESULTS
Column tests

The experimental column, with results presented in
Figure 5, has been simulated. The column has
been discretized into 40 initially evenly spaced
vertical divisions, i.e. 20 per layer. The material
parameters described above were utilized. It was
observed (see Figure 5a) that water had collected
at the surface of the column initially for both layers.
As the model presented does not have a facility to
account for pooling, for the time periods where
pooling was observed, no evaporation is applied to
the boundary. Therefore in this time period, any
consolidation is due to the overburden pressure.

The simulated height for select initially evenly
spaced layers, with the observed result is
presented in Figure 8, with the experimental
results shown in red with data points and the layer
surfaces shown in dotted bold lines.

The results show good qualitative agreement,
although, in the early stages of the test for each
layer, the simulated settlement rate is significantly

higher than shown experimentally. It is
hypothesized that this is due to the very high
hydraulic  conductivity predicted from the

relationship illustrated in Figure 4.

The model is seen to be sensitive to hydraulic
conductivity relationship. By calibrating the
hydraulic conductivity parameter Ay, from 1.7 to
1.3 the results shown in Figure 9 are yielded. It is
seen that the results match both qualitatively and
quantitatively. Two major deviations are noted: the

first at the end of the first stage, where the model
simulates a higher settlement, and the second at
the start of the second stage of the test. The first
is attributed to shrinkage away from the sides of
the column experimentally — meaning that the
assumption of 1D flow and deformation is not valid
at this time. The second is an overestimation,
which qualitatively is well represented. It is partly
attributed to a degree of experimental error and
partly to a combination of settlement of particles vs
consolidation modelled here.
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Figure 8. Numerical and experimental
settlement results for the column
test.
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Figure 9. Numerical and experimental
settlement results with calibrated
hydraulic conductivity for the
column test.
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Figure 10. Simulated water fluxes for the
column test.

In the simulations, the first layer is seen to show
limited swelling after the deposition of the second
layer and remain approximately constant. This
highlights the potential advantage of depositing in
layers.

The water fluxes at the same locations as the
settlements are shown in Figure 10. The first layer
is shown in blue and the second in red for clarity.
The thicker lines for each layer are the layer
surfaces. It can be seen that initially the fluxes due
to the self-weight are high and reduce rapidly.
These are responsible for the water pooling on the
surface. The step in water flux observed in Figure
10 at day 10 and day 26 are due to evaporation
starting (being switched on in the simulation) as
the pooled water is no longer observed. This step
in the fluxes are responsible for the gradient
change in the deformation in Figures 8 and 9.

The void ratio over time is shown in Figure 11 with
profiles through the length of the column shown in
Figure 12, with the base of the figure coinciding
with the base of the experimental column. It is
clearly seen that in the early parts of each test,
where the water is pooling on the surface, the
consolidation behaviour yields a void ratio that is
smoothly transitioning from top to bottom with the
highest void ratio is at the surface When the
evaporation is driving the consolidation, the
consolidation of the layers is more uneven, with
the layers nearer the surface deforming
significantly. The addition of a second layer, halts
the rapid decrease in void ratio, but does not
cause a rapid re-swelling.
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Figure 11. Void ratio against time for the
column test.
Field tests

Each field test has been simulated with the layers
as shown in Table 1. The original permeability
parameters were used and in addition, as runoff
was expected a reduction in the evaporation flux
has not been applied. The evaporation potential
and precipitation are averaged monthly and utilized
from the start date shown in Figure 7. It is seen
that for the multi-stack experiments a period of
drying occurs at the start of each test, whereas for
the deep stack test the initial period is one of
wetting. The discretization is 10cm of the initial
dimensions in each analysis.
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Figure 12. Profiles of void ratio.

Deep stack

The deformation of the deep stack analysis is
shown in Figure 13. It is seen that the deformation

mostly occurs at the start and decreases as time
progresses. In addition there are some periods of



increased deformation around the 250 day and
300 day time, coinciding with the periods of
greatest evaporation. It is worth noting that should
the periods of evaporation have been earlier, then
no benefit would have been gained as the flux due
to overburden would have been greater and the
evaporation would have been from the water
runoff. This is seen clearly in Figure 16, where the
fluxes are shown. The y-axis of the figure has
been plotted on a logarithmic scale so that the full
range of fluxes can been seen. Figure 14 shows
the void ratio against time. It is clear that the
surface is affected greatly by the periods of high
evaporation, but that the desaturation effect is
limited in depth.

an 1
400 \
&1 b
0PN g
T 200 o Teazs i et et TS T i
o LR N e S L T
=) T —— e I e e e oty
& 250 = e e
8 g
—
o 200 s I, o W e e
§ 150 it T ————— .
£ e = --""‘—--.—.__
100
1] o T
0 T T T T T
gl 50 100 150 200 250 A00 250 400 450
Time [days]

Figure 13. Settlement numerical results for
the deep stack field test.
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Figure 14. Void ratio against time for the deep
stack field test.

In Figure 15, void ratio profiles are shown for
various times, with the profiles moving from the
right to the left over time. It shows that once the

surface is significantly dried then further drying is

slow. This is due to the reduction of surface
permeability.
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Figure 15. Void ratio profiles, spaced every 30
days, for the deep stack field test.
The start position is in red on the
right and the end with the red
dashed line on the left.
Coordinates are material level
coordinates (see Equation 1).

Thick multi-stack

The settlement of the thick multi-stack is shown in
Figure 17. The relatively uniform curves suggest
mainly a single dominant water drying behaviour,
which in this case is driven by the overburden. An
increased gradient from approximately 300 to 325
days coincides with a period of increased drying
due to evaporation — as can be seen from Figure
7. The water flux, shown in Figure 18, indicates
this is where the evaporative flux is higher than the
overburden driven flux (or self-weight
consolidation), illustrated by the four black arrows.

It can be observed from Figure 18 that the two
main periods of evaporative drying (between the
1% and 2™ arrows and 3™ and 4" arrows), are
when the overburden flux is high as a new layer
has been deposited.

Figure 19 shows void ratio profiles for the test.
Denser layers due to evaporation at the end of the
layers can be observed, however these are
relatively shallow bands due to the limited
evaporation time.
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Figure 17. Settlement numerical results for
the thick multi-stack field test.
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Thin multi-stack

The final depth to surface of the thin multi-stack
field test at 450 days is 285cm. The water fluxes
are shown in Figure 20, with the final void ratio
profile shown in Figure 21. Again, as with the thick
multi-stack  simulation, the main period of
evaporative drying occurs when new layers are
deposited, therefore the benefit of additional
evaporation is neglected. The void ratio profiles
show, as with the other simulations, that the
overburden driven consolidation dominates for a
considerable portion of the time and that the
additional  benefit of evaporation driven
consolidation is limited to small depths in certain
layers.
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Figure 20. Water fluxes against time for the
thin multi-stack field test.
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The third layer deposited in the summer, while
deposited at a time of evaporation, only has a
limited period of time when overburden driven
fluxes are dominant as the layer is thin.

DISCUSSION

An overall comparison of the field test simulations
is given in Table 2. It is predicted that in this case
the Deep stack test may have the minimum
percentage of initial height remaining after 450
days, although there is only little difference in the
final settlement of the tests.

Table 2. Summary of finals heights of field test
simulations.

Total height hFe':“"r'L %height
Test deposited 9 after 450
(cm) after 450 davs
days (cm) Y
Thin multi-lift 450 285 63
Thick multi-lift 410 265 65
Deep stack 450 274 61

Overburden driven consolidation occurs with the
densest layers occurring at the base, therefore the
permeability reduction is smallest at the top. This
aids ongoing overburden driven consolidation and
means that the deepest slurry heaps may drain
fastest, rather than in layers over time. In addition,
in these tests the main evaporative times occur
during layering for the multi-layer experiments and
after considerable drying time for the deep stack
test. However, lower void ratios, i.e. denser
material, is produced when evaporation is
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dominant, however the depth that these denser
layers can be formed is limited by the reduction in
permeability at the surface.

The deep stack is shown to have virtually stopped
settling at the 450 day final simulation time. This is
due to the denser low-permeability layer at the
surface, caused by evaporation. The multi-stack
experiments however, have not stopped settling
and do not have such a dense low-permeability
surface layer. Therefore it is likely that finally the
multi-stack tests will have a higher final settlement.

Therefore, by planning layers that are deposited in
periods of time when there is little evaporation
initially, i.e. winter or autumn, then summer
evaporation can be exploited to densify layers.
Moreover, thinner layers could be used in the
summer. Additionally if dense material is required,
thin layers of e.g. 0.25m would be necessary.

As previously stated, the field tests are a Class A
(i.e. blind) prediction, therefore differences
between the simulations and the field cases may
be expected. A number of possible causes and
unknowns have been compiled and briefly
discussed below:

e The model is a 1D model and the real
behaviour may have 3D effects, e.g. lateral
shrinkage and slopes. Water may also flow
through the soil under the surface downslope.

» Surface desiccation may occur.

* Oil on water surface may affect evaporation.

e Surface run-off on rainy days has not been
explicitty modelled, although is included as
water pooling is not allowed.

* Snow and ice is not included, except for not
having evaporation. Overburden driven fluxes
are still allowed.

* Unsaturated hydraulic conductivity is unknown.

e The material is modelled as a uniform
continuum, but some large voids (air or water
filled) occur.

Comparison with measured field results will take
place and will be published in a subsequent
publication.

CONCLUSION

A model is presented to simulate atmospheric fines
drying (AFD) of mature fine tailings (MFT). The
model contains various features of drying,
including overburden and evaporation driven pore
pressure changes and changes due to swelling



and shrinkage cycles. The model is based upon
the finite difference method and has been
implemented via a graphical user interface for
ease of use. The model has been utilized to
simulate a column test undertaken in laboratory
conditions, where the results compare favorably.
Further, three field tests have been simulated,
where the results are not known. A comparison
with measured field results will take place and will
be published in a subsequent publication.
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ABSTRACT

Fine oil sand tailings prepared from two thickener
pilots were tested in a multilayer deposition
simulation employing a 0.7 m by 1 m in plan
instrumented test cell. Each tailings type involved
sequentially depositing three lifts of 0.20 m, with a
drying time of about 1 month before placement of
the next lift. The two tailings types varied in the
amount of dissolved solids in the pore-water, and
in some other physical properties such as
hydraulic conductivity, though both types of tailings
had similar Atterberg limits. Whereas accumulation
of dissolved mass at the surface contributed to
decreasing evaporation in the first few days,
evaporation would subsequently increase in
concert with the development of cracks. The
influence of cracks is reflected in the evaporation
data, where exposure of wetter material correlates
with an increase in evaporation. Though the overall
evaporation rate was similar for both types of
tailings (about 4 mm / day), the lower salinity
tailings exhibited much more uniform drying with
depth. This is explained by the higher hydraulic
conductivity measured for these tailings. This
hypothesis is borne out by coupled unsaturated
flow-consolidation modelling. The comparison
between the model and the experiments also
highlights the importance of cracking to the

efficiency of evaporation as a dewatering
mechanism.
INTRODUCTION

To address the problem of poor consolidation of
fine tailings produced from the surface mining of oil
sands, and to meet regulatory criteria for
undrained shear strength post-deposition (ERCB,
2009), Total E&P Canada Ltd., as Operator of the
Joslyn Project (referred as Total below), is
exploring thickened tailings technology for
dewatering the fine tailings. With the aid of
flocculants in a thickener, tailings are produced
with a solids concentration ranging from 50 to
55%. To allow for reclamation within a reasonable
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time, Total is investigating tailings that will be
deposited in thin lifts (<1m) where further
dewatering and strength gain is expected through
the processes of evaporation, freeze-thaw, and
consolidation to allow for reclamation within a
reasonable time.

This paper reports on a study investigating
dewatering in relatively thin (~0.2 m) lifts by
evaporation and consolidation. Multi-lift deposition
is simulated in a 1 m by 0.7 m plan area
experiments in the laboratory. Innocent-Bernard
(2013) and Innocent-Bernard and Simms (2013)
reported on a multilayer deposition test on one
type of thickened tailings. This paper reports on
two sets of drying box tests, using two different
sets of tailings generated by the same pilot plant.
The study investigates the influence of cracking
and salinity on evaporation, and uses a coupled
unsaturated flow- consolidation model to interpret
the experiments.

Background

Water driven to the surface during evaporation in
saline tailings (or soils) leaves behind dissolved
mass. As the concentration near the surface
approaches the solubility limit of constituent
mineral phases, salts precipitate along the pores,
cracks and on the surface. Several authors (Chen
1992, Fujiyasu & Fahey 2000, Fujimaki et al. 2006,
and Shimojima et al.1996) have shown that this
phenomenon can lower the evaporation rate by as
much as 90%. The mechanisms by which this
occurs may include an increase in albedo, the
depression of water vapor pressure at the surface
due to increased osmotic suction, and the physical
obstruction by salt precipitates to moisture flow
(Fujiyasu & Fahey 2000, Simms et al. 2007,
Fisseha et al. 2010, Dunmola & Simms 2010).
Simms et al. (2007) reported that salts at the
surface shut down evaporation three (3) weeks
after the start of a single layer field deposition trial
at the Bulyanyulu Gold mine in Tanzania. Although
the authors measured an increase in albedo, they
concluded that it was not the sole contributor.
Dunmola (2012) surprisingly found that for high



total suctions (> 1 MPa), osmotic suction was the
dominant contributor (> 60%) to total suction in a
gold tailings. Dunmola (2012) also found that total
suction can be capped in some saline soils or
tailings by the solubility limit of precipitating
minerals phases, but further drying beyond this
limit, correlated with mineral precipitation, reducing
the evaporation rapidly to a low residual value.
Fujiyasu and Fahey (2000) observed a significant
decrease in evaporation in clayey tailings as a
result of crust formation due to the rapid
accumulation of salts at the tailings surface
irrespective of the initial salt concentrations of the
tailings under study.

It is well accepted that the presence of cracks
increases evaporation from soil. Whereas there is
some disagreement in the literature regarding
whether the formation of cracks actually can
increase evaporation above the potential rate,
cracking definitely facilitates increased water loss,
particularly in the case where surfaces become
less permeable (Vogel et al., 2005). Fujiyasu et al
(2000), in a field investigation of evaporation from
highly clayey (60% kaolinite, Liquid Limit (LL) of
96%) fresh water tailings, reported an increase in
evaporation rates with the appearance of cracks.
The authors noted that when the top of the tailings
had a very low water content, evaporation from
cracks contributed significantly to total water loss.
Simms et al (2010), however, reported no
significant increases in the evaporation rate as a
result of surface cracking in laboratory drying tests
on gold thickened tailings (Plasticity Index (PI) of
1-3%). Obviously, the difference in size and
frequency of cracks between these two studies
was substantial.

It was anticipated that the behavior of thickened oil
sand tailings might be somewhere between these
two cases.

MATERIALS AND METHODS

Materials

The materials tested were two sets of fine grained
oil sand thickened tailings of 55 % and 50% solids
concentration (product of Total's 2010 Tailings
Thickening Pilot), hereafter referred to as Tailings
A and Tailings B. The tailings had settled during
shipping, releasing pore water. Chemical analyses
were performed on pore water to assess
composition. Results on Type B indicate major
concentrations of sodium (650-689 mg/L), chloride
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(449-463 mg/L), bicarbonate (774-810) and
sulphate (68-74) were present. The average
electrical conductivity (EC) was 3.05 mS/cm. Both
tailings batches were remixed to a solids
concentration of 50% and tested for basic
geotechnical properties.

The key differences between the two batches of
tailings were the i) pre-shipment solids content, ii)
the SFR as determined from standard hydrometer
tests, iii) total dissolved solids and corresponding
electrical conductivity of pore-water and pore-water
composition, and iv) Hydraulic conductivity versus
void ratio data from fixed wall hydraulic
conductivity tests. No substantial differences were
detected in mineralogy, rheology, or water-
retention curves from re-mixed samples (Innocent-
Bernard 2013). While there was some variability in
terms of LL, this variability occurred in both
Tailings bathes. The drums either had a LL near
25 or 35. PL (plastic limit) and SL (shrinkage limit)
were 20 and 18 for both tailings types. Key
differences in basic material properties are
summarized in Table 1.

Table 1. Differences in basic properties, A and

B tailings

Batch | Solids | SFR /| EC Na
Clay (microS/ in
content | cm) pore-
from water
MBI (mg/L)

A 55% 1/0.33 2400 530

B 50% 0.75 3000 660
/0.38

Saturated hydraulic conductivity values were
determined using fixed-wall permeameters, and
are presented in Figure 1, along with void ratio-
hydraulic conductivity relationships from MFT and
in-line flocculated cyclone overflow oil sands
tailings (Jeervipoolvarn 2010). There is clearly a
substantial difference in hydraulic conductivity. The
Type A tailings exhibited at least an order of
magnitude higher hydraulic conductivity than the
Type B tailings at a given void ratio. The measured
data is fitted with two power functions of the form
Ae7,e being the void ratio.

Methods - Experimental

The multilayer deposition tests were conducted in
a0.7m (W)x1m (L) x 1m (adjustable height) box.
A lift thickness of 0.2 m was employed. For each
batch, three layers were subsequently deposited.
Each layer was given about a month before



placement of the next layer. The box was mounted
on load cells (Figure 2) to directly measure water
loss through evaporation and drainage. Drainage
was measured using a tipping bucket placed at the
base of the drainage port. Geotextile material was
placed at the base of the box to prevent soil
particle loss.

1.0E+00
1

1.0E-01

1.0E-04

1.0E-05

Void ratio

Figure 1. Measured and fitted hydraulic

conductivity data for Tailings A and

Figure 2. Multilayer Deposition Test

Above the box, four (4) ultrasonic non-contact
distance sensors were placed to monitor the
variation in height of the sample to estimate
vertical volume change. T5 Tensiometers (UMS)
were placed horizontally within 5 cm and 10 cm of
the top of each layer to measure matric suction.

Six (6) volumetric water content sensors
(Decagon) were also placed at the same heights to
measure volumetric water content (VWC),

temperature and bulk electrical conductivity (EC).
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Above the soil surface, a Relative Humidity (RH)
Easy Log USB sensor was placed to observe RH
and temperature change. Two electrical standing
fans, set at the lowest speed, were used to
simulate wind. The box was placed in an area of
the laboratory bound by tarpaulins and with no
sunlight reaching the setup thus minimizing the
effect of radiation.

The top 1 cm of the tailings surface was sampled
daily to measure total suction using a Dewpoint
Potentiameter (WP4-T, Decagon Devices Inc.), as
well as to obtain samples for gravimetric water
content and electrical conductivity measurement.
Additionally, surface crack development was
monitored by the measurement of crack
dimensions to estimate surface area and volume.
Surface cracks were classified according to the
shapes shown in Figure 3. Crack surface area
(SA) and crack volume were then calculated based
on these three geometries.

When the average water content of a given layer
reached a GWC of 18% (corresponding to the
shrinkage limit), sections of the tailings were
removed and profiled for water content, total
suction, and electrical conductivity with depth. The
next layer was then deposited.

Perimeters are indicated in grey. W: Width; D: Depth

Figure 3. Crack Dimension and Measurement
The relative evaporation, RE, which is the ratio of
Actual and Potential Evaporation rates, (AE/PE),
was calculated using measured AE and PE rates.
PE was calculated from the Penman-Monteith
equation using relative humidity (RH) and
temperature measurements, and back calculating
the wind parameter assuming the evaporation
during the first few hours was equal to the potential
evaporation. The wind parameter was assumed to
remain constant throughout the experiment. AE
was determined directly from the load cell
measurements, subtracting measured drainage.

Methods — Numerical

The experiments were modelled using a custom
coupled consolidation-unsaturated flow software



developed by SoilVision, Saskatoon,
Saskatchewan, obtained in January 2013. The
software combines existing SVSolid (deformation
analysis product of SoilVision) and SVFlux
(unsaturated flow product of SoilVision) codes.
Unsaturated behaviour is incorporated into
consolidation by defining hydraulic conductivity,
void ratio, and degree of saturation as three-
dimensional functions of matric suction and vertical
stress. These functions can be defined by
measurements made using consolidation tests for
data along the vertical stress axis, and
measurements made during soil-water
characteristic curve tests of water content and void
ratio. A 3-D curve-fitting freeware (NLReg) was
used to interpolate between the two sets of data.
The SoilVision code uses a six parameter function
to define each of these three material parameters.

The material property data used to generate the
three functions are from the SWCC measurements
of the tailings provided by Total, saturated
hydraulic conductivity tests at different void ratios
performed on those tailings, and void ratio-
effective stress measured in the drying box tests
themselves. It was assumed that the form of the
saturated hydraulic conductivity—void ratio function
was similar to other polymer-amended fine tailings
streams, such as reported by Jeerivapoolvarn
(2010) for sheared in-line flocculated cyclone
overflow tailings, and by Dunmola et al. (2013) for
in-line flocculated MFT.

The only difference between the material
properties for modelling the drying boxes was the
hydraulic conductivity function. The hydraulic
conductivity value at a given void ratio was an
order of magnitude higher for the drying box for
Tailings A. The hydraulic conductivity relationships
are shown with the measured data in Figure 1.

RESULTS

Where results from both tailings batches are not
presented in the same figure, the plot for Tailings B
follows the plot for Tailings A.

Evaporation

Evaporative behaviour was very similar between
the two tests (Figure 4). For each layer deposited,
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evaporation was characterized by an initial period
of evaporation rates cycling between a low value
and the potential evaporation, and a later period
where the evaporation rate was relatively stable at
about 2 or 3 mm/day. The overall evaporation rate
across all 6 layers was 4 mm /day (within +/- 0.5

mm/day).
10
= 9
3 g
E 7
£,
: 3
Z 2
a i
: 0 20 40 60 80 100
Time (Days)
(a)
- 8
£
E
= 6
=
‘f-éf—\
S5
[
&
g 2
< 0 T T T T 1
0 20 40 60 80 100
Time (Days)
(b)
Figure 4. Actual evaporation in drying box

tests

The initial fast decline in actual evaporation is due
to rapid drying of the surface crust, accompanied
by concentration of dissolved mass and mineral
precipitation. Typically, water content in the top 1
m fell from 100% to less than 30% after the first 24
hours (Figure 5). This was accompanied by a rapid
increase in total and osmotic suction, driven by
mass transport of dissolved solids and decreasing
water content at the surface. The values of total
suction after 1 or 2 days were greater than 1 MPa,
which is sufficient to substantially decrease AE
(Innocent-Bernard et al. 2013).
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Figure 5. Surface GWC and total suction at the top 1 cm of tailings in both drying box tests

Figure 6. Crack initiation within 24 hours after placement of Layer 2, high saline tailings test, and
the same crack 3 days later, showing exposure of fresh tailings.
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Figure 7. Volumetric water contents In drying
box tests

The formation of a crust, was, however, co-incident
with cracking, which facilitated exposure of fresh
material. Wetter tailings would occasionally flow
into the cracks, perhaps due to the “sinking” of the
denser crust. The evolution of one crack is shown
in Figure 6. This mechanism would continue for 15
days or greater, as old cracks dried out, and
subsequently new cracks appeared.
Measurements of water content and total suction in
the cracks confirmed that crack surfaces were
substantially wetter and would allow for more
evaporation than at the surface. In most layers,
however, this process eventually stopped, and
evaporation assumed a constant residual value of
about 2 or 3 mm /day. Overall, despite the complex
drying behaviour, for each layer in the two tests,
the average evaporation rate was 4 mm /day (+/-
0.5 mm /day). The average water content of each
fresh layer took about a month to reach the
shrinkage limit (18% GWC).
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placement of each layer

Differences between the two types of tailings are
evident in the uniformity of drying within a layer,
shown in Figure 7 in terms of VWC sensor data,
and profiles of GWC with depth taken at the end of
the drying period for each layer. Drying occurs
with more uniformity in Tailings A. This is most
evident in the final GWC profile for layer 1 for both
tests. In layer 1 for Tailings B, the bottom 5 cm
was not much lower than the water content at
deposition (100%). It then rapidly decreased to a
value of 10% near the surface. In Tailings A, the
distribution of GWC from top to bottom in Layer 1
was 7% to 24%.

Modelling

The first layer of each box was modeled. As stated
in the methods section, the only difference
between the two simulations was to use hydraulic
conductivity functions with one order of magnitude
difference at any void ratio (Figure 1).



Modelled and measured results are compared in
terms of evaporation and settlement in Figure 9.
Final profiles of solids concentration at the end of
layer 1 and volumetric water contents are found in
Figures 10 and 11. Saving predictions of overall
settlement, the model predictions provide
reasonable fits to the measured data, and explains
the differences between the two types of tailings.
Therefore, our hypothesis as to the hydraulic
conductivity difference being the key contributor to
the different dewatering behavior of the two tailings
types (more uniform dewatering in Type A), is
borne out.

= * = Modelled evaporation

16 ====Modeiied settlement

<@  Measured actual evaporation
Measured settlement

7 —

Evaporation or settlement (cm)

8 °a<>° =
/””
OV -
4 e~ ,,—/
2 P
0 =&
0 5 10 15 20 25 30
Time (Days)

—
[V
-~

‘g I = = «Actual Evap. - Maodelled
216 0 Actuai Evap. - Measured
E 14 —Cottiement - Modelled
5 Settlement - Measured
£

W

"

s

]

c

(<]

b=

m

g

]

&

Time (Days)

b)

Figure 9. Measured and modeled evsaporation
and settlement

The model under-predicts overall settlement for
two reasons. The first reason is related to the
reverse gradient in solids concentration (and
density) predicted for the top 3 cm, as shown in
Figure 10, which only develops in the last 10 days
of the simulation. This appears to be due to the
increase in total stress near the surface. In reality,
however, the influence of salts is to cap the
gravimetric water content immediately at the
surface (Figure 5) near the shrinkage limit.
Therefore at the surface, the model simulates
more desaturation than occurs in reality.

The second reason for the discrepancy is the
influence of cracks. Cracking, by providing a
pathway for evaporation to occur from tailings at
depth, will mean that evaporation will induce a
greater volume change, as more of the evaporative
demand is being consumed by volume change of
wetter tailings, rather than by desaturation of
tailings near the surface. This phenomenon is
illustrated in Figure 12.
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Figure 12. How cracks promote greater
volume change in a drying layer of
tailings
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SUMMARY AND CONCLUSIONS

The key findings of the study are:

1.

Both salinity and cracking had important
effects on the evaporative behavior of the
tailings, although they had somewhat
compensating effects. The initial decrease
in evaporation at the surface is strongly
linked to the accumulation of osmotic
suction at the surface, which is allayed by
exposure of fresh material through
cracking.

Despite the complexity of the drying
behavior, the overall rate of evaporation
from both sets of tailings over the 3 month
tests was 4 mm/ day, where the potential
rate average 6 mm /day.

The two batches of tailings were produced
at the same pilot plant, with no
documented variation in extraction or other
processing parameters. This once again
highlights the need for robust deposition
designs that handle tailings variability.

The difference in the hydraulic conductivity
function was proposed to be the reason to
explain the differences in dewatering
behavior, with Tailings A undergoing
considerably more uniform drying with
depth. This hypothesis was borne out by
the modelling exercise.

The coupled unsaturated—consolidation
model was able to replicate most of the
experimental data with reasonable
agreement, save underestimating the rate
of settlement. It is argued that this is due
to:

i) the shutdown of evaporation at the
surface due to salts, and

ii) the presence of cracks causes greater
volume change by allowing evaporation to
proceed from deeper materials.
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ABSTRACT

Recent pilots on emerging oil sand tailings
technologies have confirmed that deposit thickness
is an important parameter controlling tailings
dewatering, and a key parameter governing cost.
Controlling or managing deposit thickness
continues to be an important challenge for full-
scale implementation of tailings technologies that
exhibit a yield stress. From the perspective of
deterministic modelling of such deposits, there are
many challenges, including measurement of the
relevant rheological parameters, and how to
handle time-variant rheology when modelling. This
paper investigates both these issues. The stress
that best quantifies when the tailings stop, which
we call the “arresting stress”, is examined for
polymer amended fine oil sand tailings It is shown
that a controlled decreasing shear stress test
appears tto simulate the stress history likely to
occur in the field. No amount of shearing
completely eliminates the floc structure, and the
floc structure recovers when the tailings are flowing
at relatively low flow rates. The increase in yield
stress post-deposition due to dewatering is also
studied, as this may affect field scale geometry.
Fortunately, the yield stress does not seem to
appreciably increase for less than a day following
deposition.  Also presented are 3-D numerical
simulations of bench scale tests, and 2-D
simulations of bench and field scale tests using the
commercial non-Newtonian flow model CFX.

INTRODUCTION

Several new fine tailings technologies in the oil
sands generate polymer-amended materials that
exhibit a yield stress upon deposition, and will
therefore stack at a gentle slope. Anecdotally
reported challenges with deposition geometry in oil
sand pilots or commercial trials include i) poor
spread-ability and associated lift thickness
variation, underutilization of impoundment
footprints, and overflowing of embankments, or ii)
accumulation of low yield stress material at deposit
topographical lows. While these challenges can
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and have been dealt with by increasing the number
of deposition points or otherwise increasing
operational flexibility, or by rehandling the tailings,
such solutions come at a cost. Improving
understanding of the flow behaviour of new tailings
products may reduce these potentially substantial
costs. Consider an operation that deposits tailings
at a volume of 500,000 m3/day, which dewaters to
300,000 m3/day, but requires rehandling: The cost
of moving this material is likely to be well over a
million dollars a day.

Prediction of tailings deposit geometry for hard
rock tailings has been studied for many years,
primarily in regards to beach slope prediction
(Simms et al. 2011). The most commonly used
beach slope prediction methods in practice are
either those that assume the beach slope to be
constrained by eroding behaviour of self-formed
channels during tailings deposition (Fitton et al.
2014, and McPhail 1998) or those that involve
predictions based on flow behaviour, usually
involving simplifications of fluid mechanics (Li et al.
2011). Some of these methods have been used for
oil sand tailings (Charlebois 2013). However,
uncertainty in prediction of beach slope remains
high, and pour geometry cannot be predicted using
these methods.

The present paper contributes to improved
understanding of flow behaviour of polymer
amended tailings in two ways: i) Assessing what is
the best way to measure the yield stress
appropriate to model pour flow and deposition
geometry, and ii) Attempting to model such flows at
bench and pilot scales using either 3D or 2D
numerical simulations. This is a continuation of
work presented at the Paste 2014 conference in
June (Mizani et al. 2014).

Determining the yield stress as the material flows
down the beach and comes to a stop is not trivial,
as the structure of the material is degraded by
shear, but also may recover at lower shear rates.
Mizani et al. (2014) used oscillatory tests to show
that the structure indeed recovers, and proposed
that a unique yield stress can still be used to model
deposition. (Mizani et al. 2014) also noted, that for



field scale deposition, where deposition of a
particular layer of tailings in may take days, that
increase in yield stress of the tailings deposited
early in the pour (due to dewatering) can influence
the shape of the layer. This paper, therefore,
continues to investigate shearing and recovery
effects, but also studies the rate of yield stress
increase for freshly deposited material.

Mizani et al. (2014) presented a 3-D numerical
analysis of a flume experiment on polymer-
amended MFT using the commercial CFX model.
This paper presents another example of 3-D
deposition, but also investigates the use of the
simpler and faster 2D implementation of the same
model.

MATERIAL

The MFT and reclaim water used in this study were
obtained from Shell Canada’s Muskeg River Mine.
With the raw MFT having an initial solids content of
35.5%. The procedures followed for preparing floc
solution and flocculated MFT are as outlined in
Mizani et al. (2013). Comparability of laboratory
and field samples is shown in Mizani et al. (2013a).
Tests were undertaken between 15 and 30
minutes following sample preparation. Basic
properties of the MFT are reported in those
references.

RHEOLOGY AND TEST PROCEDURE
ON LABORATORY-PREPARED
POLYMER AMENDED MFT

An Anton Paar Physica rheometer with a vane
fixture was used to characterise the rheology of the
tailings. The vane fixture has four thin blades, each
measuring 4 cm in length and 2.2 cm in diameter.
A number of rheometry techniques have been
investigated, to examine which measure of yield
stress is most appropriate for modelling deposition
(what the author term the “arresting stress”).
Rheometry  techniques performed included
measurements of dynamic oscillation and the
following techniques:

Conventional flow curve — strain rate is increased
in steps from zero or decreased from a high rate.
In a given step, after an equilibrium value of stress
is achieved, the strain rate is increased or
decreased.
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Stress growth —application of a low and constant
shear rate. Yield stress is taken to be the peak or
maximum stress measured.

Constant stress (Creep)— stress is increased in
increments, strain is monitored. Yield stress is the
stress at which strain increases indefinitely.

Stress relaxation - In this mode the material is first
sheared at a constant shear rate. The speed is
then reduced slowly or suddenly to zero. The yield
stress is defined as the stress exerted by the
material on the vane (Dzuy and Boger 1983).

Constant stress with stress decreasing in steps -
The sample is initially sheared at high stress level.
The stress is then decreased in steps. The yield
stress is defined as the stress at which no
significant movement of the vane is observed.

Several of these tests have been presented
elsewhere (Mizani et la. 2014, Mizani et al. 2013).
Select stress growth, controlled decreasing stress
tests, and oscillatory measurements are presented
for polymer-amened and raw MFT.

It should be noted that all rheometry tests were
performed at about %2 hour following preparation of
the polymer -mended samples.
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Figure 1. Flow curves on raw and flocculated
MFT
Flow curve

Flow curves for raw and amended MFT are shown
in Figure 1. Unlike typical flow curves, these show
an initial spike in shear stresses at the start of the
test, possibly due to errors arising from incomplete
yielding of the sample or slip of the sample at the
edge of the cylinder. Both ascending and
descending curves are illustrated in this plot, which



shows a hysteresis loop that becomes more
apparent as the floc dosage increases. Shearing of
the flocs would explain the decreasing shear stress
with increasing shear rate observed in the 725 g/t
sample. Despite shearing, these samples retain a
substantial yield stress (about 100— 150 Pa) on the

descending loop.

Stress Growth

In stress growth technique a low and constant
shear rate is applied to the vane and the torque is
measured as a function of time. The torque is then
converted to shear stress. The peak in the torque-
time curve is related to the yield stress of the
material.

Stress growth tests conducted on amended MFT in
the range of 600 to 1200 g/t at shear rate of 0.1s”
are illustrated in Figure 2. Polymer was added to
raw MFT at an initial solid content of 35.5%. In the
following figure the test results on raw MFT at
different solid concentration (36%-61%) are
presented.

Figures 2 and 3 illustrate that the addition of the
polymer generates a substantial increase in
yield stress when compared to the MFT at the
same density (36% solids), but that the value of
the stress growth yield stress is much higher
than the yield stress on the descending branch of
the flow curves in Figure 1.
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Figure 5. Viscosity plots for samples prepared
at 850 g/t: stress was decreased in
steps from 250 Pa to 30 Pa, and each
step was held for 600 seconds

Controlled stress rheometry

Tailings experience different levels of shear stress
as they flow down the beach. The highest level of
shearing happens at the deposition point, and
decreases with distance. Controlled stress tests
were thus conducted to simulate the shear stress
history of the material as experienced in the field.
In these tests, a high stress was initially applied to
the sample for a set time, and then the stress was
gradually decreased in steps until the material
stopped flowing. Figures 4 and 5 illustrate two of
these tests conducted on MFT samples dosed at
850 g/t, where the stress was decreased from
800 Pa to 5 Pa in only 45 seconds (Figure 4) and
from 250Pa to 30Pa in nearly 50 minutes
(Figure 5). Each stress level was held for five
seconds in the first test and 10 minutes in the
second test. Due to overflowing of tailings from the
rheometer at high stress levels, the 50-minute test

1800 2000
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(pertaining to data in Figure 5) was started at lower
stress levels. A dramatic increase in viscosity was
observed when stress reached a level of 50 Pa in
both cases. Therefore, the duration of shearing did
not have a significant effect on the arresting
behaviour.

EFFECT OF AGING AND SHEARING ON
TAILINGS STRUCTURE

To further investigate the effect of shear history on
rheology, the authors adopted the three interval
thixotropy test, a method previously used by
Watson et al. (2011) to evaluate floc breakage.
This technique was used to study the effects of
shearing and aging on the structure of the
flocculated MFT. In this technique, the linear
viscoelastic (LVE) region limit is first determined
using the single frequency sweep test as explained
in Nasser and James (2008). This sweep is
performed by increasing the maximum stress
applied to an oscillating vane, and measuring the
materials responding strain over time. Very simply,
this allows for the determination of the relative
elastic (instantaneous response) and plastic
component of strain, which are quantified in terms
of the moduli G' and G".
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Figure 6. Effects of frequency on oscillatory
test on G' and G" for different
frequencies for Flocculated MFT at
850g/ton



Figure 6 and 7 illustrate the results of this test
conducted on raw MFT and amended MFT dosed
at 850 g/t. Two tests were done at different
frequencies,10 Hz and1 Orad/s, to show the
independence of the behaviour to loading
frequency. For the amended MFT , below 50 Pa,
G’ and G” do not appreciably change, and G’ is
much larger than G”. These data imply that, below
50 Pa, the structure of the material is not disturbed
by the oscillations of the vane, and the behaviour
of the material is largely elastic. Beyond that point,
structure degrades, and eventually, beyond
300 Pa, G’ drops below G”, and the material is
dominated by viscous behaviour. For raw MFT, the
LVE range is determined to be around 7 Pa and G’
dropping below G”, at approximately 10Pa.

After establishing the LVE range, the baseline
rheology is then determined by applying an
oscillating stress below the LVE range to ensure
that the material is undergoing elastic deformation
only. The material is then sheared at a high
constant stress for a certain amount of time, after
which an oscillating stress (the same as in the first
step) is applied on the material. Recovery of the
sample over time is then determined as the ratio of
storage modulus from the end of the third interval
to the storage modulus at the end of the first
interval. Further details on this test can be sound in
Mizani et al. (2014) and Watson et al.(2011).
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Figure 7. Oscillatory test on raw MFT at 36%
solids

Figure 8, presents the G’ values of raw MFT before
and after shearing stage. Results indicated a 100%
recovery after each loading for various solid
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contents — there is fact there is no degradation of
structure. However, this is not the case for
flocculated MFT. Figure 9 illustrates percentage
recovery of samples measured under shear
loading similar to that experienced during
deposition. After applying an oscillating shear
stress of 10 Pa, the MFT material dosed at 850 g/t
was sheared at 500 Pa for 10 seconds. The stress
was then gradually decreased in steps (250 Pa,
100 Pa, 50 Pa, and 20 Pa), and each stress level
was applied for only 10 seconds, giving a total time
spent in Stage 2, of 50 seconds.

The test was then repeated on a newly prepared
sample, but this time, each stress was held for one
minute. A higher recovery rate was recorded in the
latter case, which could be attributed to the longer
time spent at low stress levels, despite the longer
time at higher shear levels, thus giving the material
more time to recover from the damage
experienced. Therefore, the material recovers
structure even as it flows.

Comparing the G’ of the two materials, the elastic
modulus (G’) for the amended MFT is about twenty
times that of the raw MFT at the same density.
That is, the density of the polymer amended MFT
at the time of testing (30 minutes after sample
preparation) was not substantially different from
that of the raw MFT, and the corresponding higher
yield stress can be attributed to structure, not a
density increase.
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stress of 50 Pa for 1 min
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CHANGE IN YIELD STRESS OF
POLYMER AMENDED MFT POST-
DEPOSITION

Rheology of the tailings increases as the material
dewaters. Thus, if field deposition of a given layer
takes long enough, the shape of the layer would be
influenced by the gain in vyield stress due to
dewatering of the tailings deposited closer to the
start of the pour. In order to measure the changes
in the strength gain of amended MFT over time,
stress growth tests were conducted on samples
ranging in solid content and age. Amended MFT
were placed in containers 10 cm in height after
preparation and were tested at different times. A
depth of ten (10) cm was chosen as it is the
minimum height required for samples in the
rheometer, and would minimize the role of self-
weight consolidation. Thus, it is important to note
that the degree of dewatering reported here is
much less than occurs in actual lift thicknesses
(0.5 m and higher).

Results are shown in Figure 10. While yield stress
growth after 1 day appears to be correlated with
dewatering (solids concentration), before Day 1 the
yield stress of the material does not appreciably
change, independent of dewatering. This is good
news from a modelling perspective, in terms of
simplicity of modelling deposition for less than 1
day, at least for this material.
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NUMERICAL SIMULATION OF BENCH-
SCALE FLOWS

Flows of pours at various floc dosages were
simulated using the volume of fluid (VOF) method
using the ANSYS CFX software. This is an
established model used for simulating free surface
flows of non-Newtonian material and to track the
free surface of a fluid (Scardovelli and Zaleski,
1999; Minussi and Maciel, 2012).

1400 37

w
-3
w

1200

1000

'3 - .
< 50 355 £
¢ . ! ! L 3
5; 600 { a * Stress growth yield stress | B8
3
T 400 # Solids 345
> ® —
200 ™ 34
B
0 338
0 2 € 8 10 12 14 16
Time (Days)
Figure 10. Yield stress increase due to

dewatering in 10 cm thin samples
of polymer amended MFT

The following mass and momentum equations for
an incompressible fluid are solved:

V-V =0 1)

p%+pV-(V-V)=—VP+V-r+pg (2)

Where p is density, T is stress tensor, P is pressure
and g is gravitational force.

Volume fraction is defined as the ratio of the
heavier phase (in this case tailings, the other
phase is air) in each cell to the total volume. In
case of two phase flow the interface will be located
where volume fraction has a value between 0 and
1. Other cells will either have a volume fraction of 0
(filled with air) or 1 (filled with tailings). Viscosity
and density in each cell can be then calculated
through:

p=2,VFpyady =% Fn) O

Due to its simplicity, the Bingham model was used
to describe the material rheological properties in
these simulations. This model is commonly used
for describing the rheological behaviour of



viscoplastic fluid. is

formulated as

Bingham plastic model

(4)

T=7, +K}-/

Where:

T, = vyield stress.
¥ = shear rate.
K = viscosity.

Modelling of bench scale tests using 3D
formulation

Initial modeling efforts were directed at 3D small
scale simulations. Early results are presented in
Mizani et al. (2014) Shown here is a simulations
used of flow in a flume 2.00 m long, 0.15 m wide,
and 0.30 m high. A total of 5.7 kg of tailings
(viscosity = 0.5 Pa.s and yield stress = 60 Pa) were
deposited through a circular inlet located 15 cm
above the bottom of the flume. This yield stress
value provides the best fit to the final geometry of
the experiment (Figure 11). The numerical results
show a somewhat longer horizontal distance
compared to the experimental data. There is some
error due to the plunge pool retaining its shape in
the model, which does not happen in reality. Also,
high shear stresses are only imposed on the
sample for relatively short times (seconds), so the
rheology may be in a less sheared state, and the
actual arresting stress maybe somewhat higher.
However, the best fit yield stress (60 Pa) is close to
the value indicated by the controlled stress tests
simulating shearing on the beach (50 Pa). Results
of the numerical simulations at various times are
illustrated in Figure 12. Stress plots at the bottom

of the flume illustrate the gradual decrease in
shear stress away from the deposition point.

2D simulations of bench and field scale

Although the 3D simulations compare well with
bench scale experiments, considerabe computer
resources are required to produce results in a
timely manner. Therefore, a number of 2D
simulations were conducted to investigate the
utility of theses simpler simulations. We employed
the simplest way to implement flows in the model,
by using dambreak type initial conditions, which
are numerically easier to implement than flow
boundary conditions. Figure 13 shows the initial
condition of the simulations, where x and y define
the arbritrary initial position of the tailings.

Figure 14 shows changes in free—surface profile of
a material with a 100 Pa vyield stress, which comes
to rest at 0.6 s. While the shape of the flow near
the toe (far from the deposition point) displays an
increasing slope, the shape of the profile near the
deposition point shows a decreasing slope from let
to right. The former is the same as would be
generated by predictions using lubrication theory
(Mizani et al 2013b, Henriquez and Simms 2009),
and is similar to what is seen in low-inertia flume
tests. The latter conforms more closely to the
shape of mature field deposits close to the
deposition point. In reality, inertia would be
generated by pour flow rate and not conversion
from the potential energy of a high initial deposit.
However the same backwater profile would be
generated by sufficiently high flow rates.
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Figure 11. Numerical-experimental comparison of deposition of 5.7 kg of flocculated MFT

into the flume
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Figure 15. 2D simulation: Effect of height of
initial configuration on shape of
final profile for a 100 Pa yield
stress material

Figure 15 shows the influence of height of the
initial position of the tailings mass for a 100 Pa
yield stress fluid. Increasing the height does
increase the run-out, as well as the concavity in the
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profile closer to the deposition point. The final
profiles predicted by the numerical simulations are
compared with the analytical solution for 100Pa
yield stress fluid derived from lubrication theory, as
per Henriquez and Simms (2009) and Mizani et al.
(2013 b).

CONCLUSION

In this study, the rheological parameters of
polymer-amended MFT and unamended MFT were
examined using different rheometry techniques
using a vane fixture characterizes when the tailings
stop flowing and hence the yield stress
appropriae for deposition modelling. Additionally,
the study presents numerical simulation of pour
geometry. Specific conclusions are:

e Controlled shear tests were designed in
order to simulate the stress history of the
tailings as they flow down the beach. These
tests showed that, despite considerable
shearing, a residual yield stress of about
50 Pa was always retained by the material.

e Similar behaviour was also shown by
oscillatory rheometry, which showed that
though substantial degradation of the yield
stress can occur by shearing. Recovery of
the original structure of the polymer-
amended tailings can occur, even while the
tailings are still flowing.

e By comparison, the structure of raw MFT
was not degraded under shear, but
presented much lower moduli and lower
yield stress than the polymer amended
material

e Study the effect of dewatering on the
rheology of already deposited tailings
showed that the yield stress did not
appreciably change for the first day following
deposition. This will simplify modelling for
field scale deposition.

e 3D numerical modelling of flume tests
confirmed that using the yield stress
measured by controlled decreasing shear
tests was appropriate for deposition
modelling

e 2D numerical modelling, which s
computationally much less expensive than
3D, was able to capture some behaviour
noticed at the field scale, such as concavity
in the profile close to the deposition point. At
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this time, modelling of real field profiles data
is ongoing.
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ABSTRACT

Several technologies utilizing polymer to
accelerate dewatering of oil sand fine tailings are
under ftrial in the oil sands industry. Dewatering
occurs through several mechanisms, including
particle aggregation through application of the
polymer, but also consolidation and desiccation
through evaporation, drainage, or freeze-thaw.
Understanding the relative contribution of each
mechanism will assist in selecting optimal
thickness, polymer dose, and rate of rise, to
minimize and control impoundment footprints.

This paper reports on the role of desiccation on
both dewatering and strength development in
subsequently buried polymer amended MFT.
Coupled unsaturated flow —consolidation modelling
of field case is presented, and the role of cracks in
promoting efficiency of evaporation is discussed.
Experimental results include consolidation data,
and simple shear element tests on samples of
polymer-amended MFT that were self-weight
consolidation with and without desiccation. A light
amount of desiccation is shown to change the
consolidation and the shear strength behavior of
the tailings.

INTRODUCTION

Many dewatering technologies currently being
trialed and developed in the oil sands use polymer
to aid dewatering. Such technologies all also rely
on post-deposition dewatering to meet regulations,
improve geotechnical performance, and reduce

tailings volumes. Post deposition dewatering
includes consolidation, as well as surface
processes (evaporation and freeze-thaw).

Selection of optimal deposition design, or, how
thick should a deposit be to take advantage of all
these mechanisms at minimal cost, is improved by
knowing the relative contributions of each
mechanism to dewatering. Also, each mechanism
may alter the strength behaviour: At the same
density, tailings that have dewatered by
evaporation may have a different strength that
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tailings dewatered by consolidation. It has been
been recently shown that for hard rock tailings,
desiccation  substantially improves strength
characteristics, even for tailings subsequently
buried and consolidated after drying (Daliri et al.

2014.). Further, desiccation can also improve
consolidation (hydraulic conductivity)
characteristics, and therefore the rate of

dewatering of subsequently buried tailings.

Of course MFT and various amended MFT
products are quite different from hard rock tailings.
The goal of this paper was to see how addition of
polymer and desiccation by evaporation would
modify the consolidation and strength behavior of
MFT. These results are put in context using
coupled unsaturated flow-consolidation modelling
of field and laboratory data of in-line flocculated
MFT. Specifically, the paper presents:

1. Review of desiccation-consolidation
modelling originally presented by
Soleimani et al. (2014).

Modelling of a new field case.

Presentation of consolidation and strength
characteristics of polymer amended MFT,
and polymer amended MFT that
underwent a light degree desiccation

These results are then briefly discussed in the
context of deposition planning.

UNSATURATED FLOW-
CONSOLIDATION MODELLING

From a modelling perspective, a number of
different phenomena have to be coupled, or at
least accounted for, to describe dewatering during
deposition. Soleimani et al. (2014) reviewed a
number of different modelling approaches for
coupling desiccation to consolidation (Simms et al.
2013, Abu-Hejleh and Znidarci¢ 1995, Seneviratne
et al. 1996). Our group is working with a custom
version of a coupled unsaturated flow finite strain
consolidation model, developed by the software
company SoilVision. The attraction of this model



over other methods lies in its relatively more
realistic treatment of unsaturated flow. This is
especially important in characterising the transfer
of water between layers when a new layer is
deposited on top of an older layer that may be
partially unsaturated. The cost, however, is greater
demand on computer resources, are more difficulty
achieving convergence.

In saturated conditions, finite or large strain
consolidation  formulations  require  relations
between void ratio (e) and effective stress (o’), and
between hydraulic conductivity (ksa) and void ratio:

e=Ao0

(1)
(2)

In unsaturated conditions, the relationship between
water content and void ratio with matric suction is
determined by measuring the soil-water
characteristic curve (SWCC). These tests are
usually performed on samples of about 20 — 90
centimetres in height, which therefore have low
total vertical stress. For fine-grained soils, volume
change must be measured during the SWCC test
in order to accurately determine the degree of
saturation and the relationship between void ratio
and suction. Hydraulic conductivity as a function of
the degree of saturation is usually determined
theoretically from the measured SWCC (Leong
and Rahardjo, 1997).

ksat = CeD

In the case of a fine-grained soil, where
consolidation may be occurring simultaneously
with desaturation, the material properties required
(volume change, water content, and hydraulic
conductivity) are now functions of both total stress
and matric suction. Therefore, all these properties
are now three-dimensional surfaces. For example,
one surface for void ratio for a hypothetical soil is
shown in Figure 1. In the SoilVision formulation,
these surfaces are represented using a six-
parameter fitting function developed by Vu (2002).
We fit this function to data in the 0 suction plane
(saturated consolidation data) and the 0 total
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stress plane (data measured during the SWCC
test), in order to define the six fitting parameters.

In Soleimani et al (2014), our group presented
analysis of a 0.50m column of polymer-amended
tailings using a dose of 650 ppm anionic polymer.
A reasonable fit to height, pore-water pressure
(and matric suction), and density depth profiles
were obtained by adjusting only the measured
hydraulic conductivity versus void ratio function in
the saturated range (Equation 2), upwards by one
order of magnitude.
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Figure 1. Example of a constitutive surface

for void ratio.

The height of the measured and modeled tailings
is plotted in Figure 2. The biggest discrepancy is
for the first few days of dewatering, due to
flocculation-induced sedimentation, which is not
incorporated in the model. Thereafter, however,
the simulation closely matched the experiment.
The model was then applied to simulate one of test
cells for AFD at Shell Muskeg River Mine. Figure 3
shows the prediction and measured solids
concentration with depth 33 days after deposition
of the first lift in one of the test cells. This
prediction was without additional calibration, and
the fit is quite reasonable. More details on these
modelling results are available in Soleimani et al.
(2014). The Shell AFD test cells are described in
Dunmola et al. (2013).
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Figure 2. Measured and modelled depth of MFT placed in column within a few minutes of mixing
with 650 ppm anionic polymer (Modified from Soleimani et al 2014.
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Figure 3. Modelling solids concentration in first thin lift of Shell AFD test site, deposited
September 2012 (Modified from Soleimani et al. 2014).

The field case in Soleimani et al. (2014), did not
test the unsaturated component of the model, as
this lift was placed in late summer, and dewatered
during relatively wet weather. Another field case is
presented here from Shell AFD, deposition of a
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2.26 m layer on top of 0.7 m of previously
deposited tailings in May 2013 and left 89 days .
The average PE was about 3.8 mm/day. The
bottom boundary, at the interface between two lifts,
was assumed to be no flow. The materials



parameters were the same as used for modelling
the laboratory test and the field case in Soleimani
et al. (2014).

Modelled and measured solids content profiles are
shown in Figure 4. The model successfully
simulates the change in gradient of density, from
increasing with depth to decreasing with depth at
the surface, which is due to evaporation. However,
dewatering is more uniform with depth in the
measured data.

This is likely due the presence of significant
cracking (Figure 5). Field measurements of total
suction and water content at the surface taken
from this lift a few days before deposition of the
next lift, show very high suctions at the surface of
the tailings, but much lower values within the
exposed crack surfaces. The total suction
measurements are made on small (< 100 g)
samples of about 1 cm depth, which are waxed,
and later measured for Total suction using a WP4
Dewpoint Hygrometer. Figure 6 compares field
measurements with laboratory derived SWCC.

From our group’s experience using “drying box”
tests, the values of total suction at the surface
correlate with very low evaporation rates (e.g
Innocent-Bernard et al. 2013). Cracking not only
maintains overall evaporation from the deposit
near the potential evaporation, but facilitates more
uniform drying with depth. Put another way,
cracking improves the efficiency of drying, as more
water loss will come from volume change, as
opposed to only de-saturating a thin layer near the
surface.

Work is ongoing between various parties working
at the Shell AFD site to better quantify the role of
cracking. Layer thickness in clays influences crack
morphology, deeper layer having less frequent but
wider cracks However, what this means is the
modeling described in this paper is conservative
with respect to quantifying the contribution of
evaporation to dewatering.
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050 =>-17 days
= after
< deposition
o —m-
2 100 47 days
° after
° deposition
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Figure 4. Measured and modelled solids concentrations in Shell AFD thick multlift cell for lift

deposited May 2013.
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Shear strength of polymer-amended tailings

The coupled unsaturated flow consolidation
modeling appears to be relatively robust and
conservative, and therefore we expect it to be a
useful tool to help engineers evaluate potential
deposition schemes in terms of dewatering. The
flip side of the question is what is the strength
associated with a certain degree of dewatering,
and what is the role of stress history (desiccation
versus consolidation), if any?
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Figure 5. Transect of total suctions (MPa)
across crack in thick multi-lift cell
early August.

100 |
0.90 e S|
so MM
080 + *
g A m.o hd
0 /0 =
0so 1|
2 0.40 M“.b * Summeér 2013 Total sucoon
3 “ J(: i .|-~.'!l Mory \I.l""‘
020 1
0.10 !

) 5000 1000.0 1500.0

Matric or Total suction (kPa)

Figure 6. Laboratory and field derived SWCC
for polymer amended MFT.

We attempted to analyze strength by performing
simple shear element tests on polymer-amended
MFT after self-weight consolidation, and polymer
amended MFT after self-weight consolidation and
some desiccation. Polymer amended samples
were prepared at 650 ppm according to mixing
protocols documented in Mizani et al. (2013).
Samples were then deposited into 0.10 m diameter
0.25 m tall PVC split columns. After about three
months, the columns were removed, and the
bottom 3.5 cm of the material was trimmed and
placed in a specialized oedometer that had the
same diameter as the simple shear device
(70 mm). The samples at the start of the
oedometer ranges in solid concentration between
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60 and 62%, with void ratios of an average of 1.25.
Separate samples were loaded to 25, 50, and 75
kPa.

Desiccated samples were prepared by allowing
evaporation to take place at the surface of the split
mold columns under ambient conditions of the
laboratory (~1.5 mm / day potential evaporation).
The time was varied until relatively uniform
samples could be trimmed from the top of the
sample, at about 60-64% solids. This corresponds
to a low degree of desiccation (Less than 20 kPa
suction).

The oedometer results are compared in Figures 7
and 8. For samples with no desiccation, we
modelled consolidation in the oedometer using the
consolidation model described in the previous
section, and wusing the same consolidation
functions wused in the unsaturated fllow-
consolidation analysis. We assumed double
drainage (pore-water pressure = 0 boundaries),
and, for purpose of numerical stability, ramped up
loading of the samples over 1 hour (as opposed to
instantaneous loading). Measured and modeled
results, shown in Figure 7, were in relatively close
agreement, though better for the 75 kPa simulation
than the 25 kPa simulation. Simulation of
oedometer tests may serve as a means to verify
other tests used to obtain large strain consolidation
parameters. Both the test itself and the modelling
can be done over two days.

The desiccated samples had somewhat initially
higher void ratios (1.4 compared to 1.25) for about
the same initial solids content, due to a small
amount of desaturation of the desiccated samples.
Desiccated samples, as shown in Figure 8, were
somewhat stiffer than non-desiccated ones.
Desiccation increasing the  stiffness  of
subsequently consolidated materials has been
documented for hard rock tailings (Daliri et al.
2014).

What is the effect on strength? Samples were
transferred to the simple shear device, reloaded to
the same stress level, and then sheared at a rate
of 20% shear strain per hour. Both desiccated and
non-desiccated showed relatively similar behavior:
shear stress increasing and leveling off (Figure 9),
while exhibiting contractive behavior in the stress
path (Figure 10). No strain softening, however,
was detected. The behavior is similar to other soft
clays, in that the ultimate strength is not reached
until relatively high shear strains.
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Figure 9. Shear stress versus shear strain
from simple shear tests on polymer
amended MFT.

On an effective stress basis, there is some but no
substantial difference between the desiccated and
non-desiccated samples at a given consolidation
pressure. The desiccated samples are perhaps
somewhat stiffer at early strain response, but if one
overlays the shear stress plots normalized with
consolidation pressure (Figure 11), the differences
are difficult to distinguish.
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There is a significant difference, however, in terms
of shear strength versus void ratio. Figure 12
shows that the desiccated samples give similar
strengths to the non-desiccated samples, but at
higher void ratio (lower densities).
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Figure 11. Shear stress normalized with
effective normal consolidation
pressure in simple shear tests.
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DISCUSSION

Cracks appear to be an important aspect for near-
surface dewatering. The presence of cracks
means that dewatering due to evaporation will be
greater than what 1-D models predict. Cracking
may also assist greater consolidation due to
freeze/ thaw effects, by allowing cool air deeper
access into the deposit, at least before snowfall.

Many in industry would prefer to minimize cycling
of tailings deposition and rehandling by maximizing
layer depth. The role of surface processes and
cracks in strengthening the tailings at the surface
remains important in such scenarios, to create a
thick crust that has sufficient bearing capacity
despite softer soil at depth.

We see some evidence that stress history due to
desiccation has positive effect on strength (greater
strength at lower density) compared to tailings that
only underwent consolidation. This needs to be
balanced against differences in compressibility
(and possibly hydraulic conductivity) of the
desiccated tailings, to see if this phenomenon can
be usefully applied in deposition design.

Though the tailings are soft, no catastrophic strain
softening behavior was observed. This may
somewhat alleviate the concerns raised by Beier et
al. (2013) on the potential sensitivity of polymer-
amended MFT. We plan to conduct cyclic shear
tests to investigate possible strain softening
behavior.

CONCLUSIONS

1. Coupled unsaturated flow consolidation
modeling shows reasonable but somewhat
conservative comparisons to field cases
presented in this paper and in Soleimani et al.
(2014). Cracking appears to be an important
mechanism promoting more efficient
dewatering with depth due to evaporation.

2. A small degree of desiccation ((< 20 kPa
suction) was sufficient to increase the
stiffness of the tailings under subsequent
loading in an oedometer

3. The oedometer measurements could be

modeled using a large strain consolidation
code. This may be a means to verify
compressibility and hydraulic conductivity
measurements obtained by other kinds of
tests.
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Shear strength behavior in terms of effective
stress was very similar between the lightly
desiccated and non-desiccated tailings, the
desiccated tailings perhaps showing slightly
greater stiffness at low shear strains. No peak
and therefore no post-peak softening were
observed in the simple shear tests.

The lightly desiccated tailings do show greater
strength at a given density. Whether this is
favourable phenomenon from the perspective
of deposition design, needs to be investigated
further in light of the different dewatering
characteristics of the desiccated tailings (for
example, lower compressibility).
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ABSTRACT

Bottom seepage from oil sands tailings ponds into
underlying strata may result in long term
environmental impact. Generally it is assumed that
the tailings will consolidate at the bottom of a pond
and seal against possible leakage. However, little
research has been performed to evaluate this
phenomenon. To simulate a tailings pond
underlain by a permeable stratum, 2 m high
standpipe tests with bottom drainage layers were
performed on i) typical oil sands fine tailings, ii)
higher hydraulic conductivity fine tailings, and iii)
coagulant modified fine tailings. The results from
the three standpipe tests which were conducted for
up to 2 years were used to validate a finite strain

consolidation model.  The model used
compressibility ~and  hydraulic  conductivity
relationships  obtained from large strain

consolidation tests on the three materials. It was
found that the model was capable to qualitatively
capture these behaviours in the standpipes. The
model was then used to investigate the potential
seepages through the bottom of tailings deposits in
a commercial scale. The downward seepage rates
and the downward seepage volumes for
commercial scale tailings ponds containing these
three types of tailings were compared. The rate
and amount of bottom leakage from a commercial
tailings pond depended on the consolidation
properties of the tailings but was not significantly
greater for the higher hydraulic conductivity
tailings. Such analyses can also be used to
preliminary model the long term downward
seepage from end pit lakes.

INTRODUCTION

Recent research published by Environment
Canada has provided a strong indication that oil
sands tailings water is seeping into the Athabasca
River (Frank et al. 2014). Potential seepage paths
from a tailings pond are sketched in Figure 1.
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Figure 1. Potential seepage paths from a

tailings pond (not to
(modified from CEMA 2012)

scale)

In this figure the vertical scale is exaggerated to
show details better. While the height of the tailings
dam may be from 50 m to 100 m, the width of the
pond can be up to several kilometers. The bottom
area of the pond therefore is much greater than the
area adjacent to the surrounding dyke. The oil
sand companies attempt to keep tailings seepage
rates low with monitoring systems and collection
wells and ditches built into tailings containment
structures as shown in Figure 2.

Tailings
discharge pipe

Seepage monitoring
system

Seepage
return pipe

Seepage
return pipe

Devonian Limestone

Figure 2. QOil sands tailings pond seepage
control (not to scale) (modified

from Alberta Government 2014)

This figure is also not to scale and the downward
seepage through the bottom area of the pond may
be much greater than the seepage through and
under the dykes. Because of the large bottom area
of the ponds, the monitoring and collection
systems in the dykes may not monitor the
downward seepage and the collection systems
may have little effect on the amount of bottom



seepage. The rate and amount of bottom seepage
depends on how well the consolidating tailings at
the bottom of the pond seal the bottom, the
hydraulic conductivity of the underlying strata and
the hydraulic head in the underlying strata.

Figure 3 shows the regional subsurface structure
underlying the McMurray Formation oil sands in
the Athabasca oil sands area. Strata immediately
underlying oil sand tailings ponds vary greatly from
permeable outwash sand and gravel to low
hydraulic conductivity shale. The most important
stratum is the thick Prairie Formation composed of
halite (salt) which is the originator of solution
channels and sink holes which contribute greatly to
downward and horizontal flow beneath the oil
sands deposits.

The Alberta Energy Regulator has made it a
priority that each operator must employ a tailings
technology and management plan in a manner that
allows the tailings to dewater and form a solid
deposit within the life of the mine (ERCB 2009).
Several tailings dewatering technologies and
deposition plans have been introduced in order to
reach the reclamation goals. Many rely on self-
weight consolidation in a deep deposit scheme
where tailings are deposited in a containment area
or a mined-out pit underlain by the original ground
or the bottom of the mine. Typical design basis
assumes that a tailings deposit will seal itself at the
bottom due to self-weight consolidation and that
bottom seepage is practically small and negligible.
A few articles have described a technique to seal a
tailings pond bottom by using fine tailings material
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(Clark and Moer 1974, Soderberg and Busch
1977); however, little research has been performed
to evaluate this bottom seal assumption. Seepage
of tailings water into an underlying stratum can
result in a long term detrimental environmental
impact. The rate and amount of bottom seepage
therefore should be evaluated as part of the design
process.

In this paper, a consolidation model base on finite
strain consolidation theory was utilized to study
seepage into the bottom of tailings deposit for
three tailings types — one is caustic oil sands
tailings representing a typical tailings material;
another is a non-caustic oil sands tailings with a
greater hydraulic conductivity; and the third is a
coagulant modified caustic fine tailings. Large
strain consolidation tests on all three materials
developed the compressibility and hydraulic
conductivity relationships required in the model,
void ratio as a function of effective stress and
hydraulic conductivity as a function of void ratio.
Validation of the large strain consolidation test
results and the finite strain consolidation model
was performed by modelling test results on the
three tailings in 2 m high standpipe tests with a
bottom drainage layer which ran for about two
years. The validation analyses showed that the
developed material relationships and the numerical
model can qualitatively model the long term
performance of the bottom drainage standpipe
tests. The model and material relationships were
then used to assess the potential seepage through
the bottom of commercial scale tailings deposits.

Figure 3. Regional subsurface structure (Schneider et al. 2012, OSRIN 2012)
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PROPERTIES OF THE THREE OIL
SANDS FINE TAILINGS

The index properties and the consolidation
properties of the three fine tailings are discussed in
this section. The fine tailings were generated from
samples of typical Suncor Energy Inc. ore that
were processed using both a caustic and a non-
caustic extraction method (Miller et al. 2010a). An
additional fine tailings material was created by the
addition of 600 ppm of CaSQO, (in solution) to the
caustic fine tailings. The calcium sulphate was
proposed as a coagulant to improve the settling
behaviour of the fine tailings due to the
aggregation of clay particles. Therefore, aside from
changes in salinity caused by the coagulant
addition, this fine tailings will not differ significantly
from the caustic fine tailings in the index properties
but will substantially differ in the consolidation
properties.

The index properties are shown in Table 1. All
three tailings have similar relative densities of the
solids, Atterberg Ilimits and fines (<45 um)
contents. The bitumen content of the tailings was
approximately 6% by dry mass and the bitumen
has been considered as part of the solids in all
definitions and calculations.

The major difference of the three tailings in Table 1
is in the clay size content (<2 pm). Caustic oil
sands tailings are those tailings formed by the
Clark hot water extraction process. This process
uses caustic soda to disperse clay particles.
Caustic oil sands tailings typically exhibit a low
consolidation rate and low shear strength. Non-
caustic processes have been developed to
improve bitumen recovery, improve the process

water chemistry and reduce the dispersion of clays
during bitumen extraction (Miller et al. 2009).
Producing tailings with reduced clay dispersion
improves the consolidation properties of the fine
tailings (Miller et al. 2010b). Generally less clay
size particles are reflected in higher hydraulic
conductivity tailings which can consolidate faster.

Compressibility and  hydraulic  conductivity
relationships with void ratio are engineering
properties that will influence the long-term disposal
of the fine tailings. They are used in large strain
consolidation analyses of a storage pond to predict
water release rates, long term surface elevations
and long term seepage. A step loading large strain
consolidation test was developed and used to
determine consolidation characteristics of these
highly compressible tailings. These tests allow
large deformations during consolidation and direct
measurement of hydraulic conductivity. Between
each load step, a hydraulic conductivity test is
conducted to determine the hydraulic conductivity
at a specific void ratio that is then used to develop
the hydraulic conductivity-void ratio relationship.
The compressibility of the three tailings is shown in
Figure 4. The caustic and non-caustic tailings have
similar compressibilities but the CaSO, added
tailings is less compressible. It has been found that
adding coagulants or flocculants to the tailings
causes bonding in the tailings and under a load the
tailings will not compress as much
(Jeeravipoolvarn 2010). The hydraulic conductivity
relationships for the three tailings are shown in
Figure 5. As expected the non-caustic tailings has
the highest hydraulic conductivity followed by the
coagulated caustic tailings and the caustic tailings,
respectively.

Table 1. Fine tailings index properties (Miller et al. 2010a)

Tailings EZ';‘;'I‘{; Llli?r:Jiltd Plli?:ittlc sz;t(i‘zl}z') CE:mttjemnte ?% Nﬁ.’&ﬁ'i‘éﬁiﬁ? r\l(c:)lgx;j fgrifr;d
(%) (%) by dry mass) (% <45 pm) (% <2 pym)
Caustic 248 | 521 | 269 25.2 5.9 97 41
Non-caustic 245 | 583 | 282 30.1 6.7 97 30
Caustic+CaSO; | 248 | 583 | 29.1 29.2 5.9 - 28

1 — by non-dispersed wet sieve method, 2 — by non-dispersed methylene blue testing
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Figure 5. Hydraulic conductivity of the oil sands fine tailings

STANDPIPE TEST WITH BOTTOM
DRAINAGE

To validate a finite strain consolidation model with
bottom drainage, two meter high standpipe tests
with a bottom drainage layer were performed
(Figure 6). The standpipe was made of a Plexiglas
cylinder with an inside diameter of 13.3 cm and a
wall thickness 0.65 cm. Each standpipe has 10
manometers spread at 20 cm intervals to measure
pore water pressures. The standpipe also had
sampling ports at 20 cm intervals to monitor
changes in void ratio. The standpipes were
designed for double drainage to simulate the
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drainage conditions if a porous layer underlaid the
fine tailings in a tailings pond. In this setup, a
drainage channel covered by a filter was opened at
the base of the standpipe and both downward and
upward consolidation flow was allowed. The
bottom drainage head and the water surface in the
standpipe were set to 2 m. These water levels
were kept constant during the tests so no seepage
hydraulic gradient was imposed on the fine tailings
samples. The bottom of the standpipe was a
compound filter separating the tailings and a base
drainage channel. These self-weight tests were
stopped when the fine tailings had reached close
to 100% consolidation based on pore pressure



readings or at a predetermined time limit of roughly
two years.

The initial properties of the fine tailings in each
standpipe are shown in Table 2. The initial solids
contents of the three tailings were approximately
22% which is a void ratio of about 9. The caustic
tailings had not completed self-weight
consolidation by two years but sufficient
consolidation had occurred to allow a validation of
the consolidation model. The non-caustic and the
coagulated caustic tailings were close to full
consolidation in less than a year and a half.

id

kb Rk b kb ok kA

Figure 6. Two meter standpipe test

Table 2. Initial conditions of the fine tailings
(Miller et al. 2010a)

Tailings c SolidsO Voiq [nitial
ontent (%) Ratio Height (m)
Caustic 22 8.8 2
Non-caustic 22 8.7 2
Caustic+CaSO4 22 8.8 2
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VALIDATION OF THE FINITE STRAIN
CONSOLIDATION MODEL WITH
BOTTOM DRAINAGE

Standpipe tests were conducted for all three oil
sands fine tailings. The measurements in the
standpipe tests with time included elevation of
interface, downward drainage volumes and pore
water pressures. These measurements and the
calculated void ratios were used to validate the
large strain consolidation test results and the finite
strain consolidation model. One dimensional finite
strain consolidation theory by Gibson et al. (1967)
was used to model the consolidation process of
these soft fine grained soils or slurries. The theory
unlocks the restrictions of the conventional model
(Terzaghi 1923) from small strain and linearity
therefore allowing more complex problems to be
analyzed. In geotechnical engineering, the theory
is often used to simulate slurry consolidation
behaviour specifically self-weight consolidation
problems which give answers to containment size,
seepage, strength implications and excess pore
pressure dissipation in the slurry. The model
validations for the three tailings are presented in
the following subsections.

Caustic oil sands tailings

The comparison between the standpipe
measurements of top and bottom seepage
volumes and the model prediction is shown in
Figure 7. The excess pore water measurements
and the model predictions are given for four
elapsed times in Figure 8. Measured void ratio
profiles at two times and the predictions are shown
in Figure 9.
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Figure 7. Drainage volume comparison —

caustic oil sands tailings
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Figure 10. Drainage volume comparison —
non-caustic oil sands tailings
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Figure 8. Excess pore water pressure
comparison — caustic oil sands
tailings
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sands tailings

Non-caustic oil sands tailings

Figures 10, 11, and 12 show drainage volumes,
excess pore water pressures and void ratio
comparisons between the model and the
laboratory measurements for the non-caustic oil
sands tailings.
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Figure 11. Excess pore water pressure

comparison — non-caustic oil

sands tailings

Caustic Oil Sands Tailings with CaSO,

Figures 13, 14, and 15 show drainage volumes,

excess pore water pressures and void ratio
comparisons between the model and the
laboratory measurements for the coagulant

amended caustic oil sands tailings.
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Figure 12. Void ratio comparison — non-
caustic oil sands tailings
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Figure 13. Drainage volume comparison
caustic oil sands tailings with
CaSO,

Figures 7, 10 and 13 show that the bottom
seepage can be accurately predicted by the model.
The top drainage comparisons, however, show
underestimation of the upward flux by the model
during the early stage of the process. The
discrepancy is caused by the reduction of void
ratio near the top of the standpipe early on during
the consolidation process (Figures 9 and 12). This
type of behaviour has been described by several
researchers to be related to time-dependent
compressibility and/or hydraulic conductivity
(Bolger 1960, Been 1980, Pane 1985, Edil and Fox
2000, Jeeravipoolvarn et al. 2008, Miller 2010,
Scott et al. 2013).

The excess pore water pressure predictions show
a good agreement with the experimental data for
the caustic fine tailings (Figure 8).
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Figure 14. Excess pore water pressure
comparison — caustic oil sands
tailings with CaSO,
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Under estimation of the excess pore water
pressure dissipation however is found for the non-
caustic case (Figure 11) and the coagulated
caustic tailings (Figure 14) both tailings
dissipated faster than the prediction. In other
words the model with the input par