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FORWARD

It is with great pleasure that we present the Sixth International Oil Sands Tailings Conference 2018
(IOSTC’18). There have been several sweeping changes in the management of oil sands tailings since
the First International Oil Sands Tailings Conference held 10 years ago in 2008. IOSTC’08 offered an
industrial and regulatory perspective on the needs for tailings research and management. In response to
Directive 074 issued by the Energy Resources Conservation Board (ERCB, now Alberta Energy
Regulator (AER)) in 2009, IOSTC’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)). At IOSTC’14, Alan Fair provided observation on the
development of tailings management from his 30-year career in the oil sands industry, and we debuted
the research program from the NSERC/COSIA Senior Industrial Research Chair in Oil Sands Tailings
Geotechnique held by Dr. G. Ward Wilson at the University of Alberta. At our milestone fifth IOSTC’16,
we were privileged to have the Alberta Energy Regulator provide a comprehensive overview of what was
then its newest regulation, Directive 085.

The aim of IOSTC’18 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. IOSTC’18 has received strong support by the authors who have submitted
a significant number of manuscripts, the exhibitors who continue to support the conference in these trying
economic times and most importantly by our sponsors who recognize the important contribution of this
conference to meeting the challenges presented by oil sands tailings to the environment and the viability
of this most important Alberta industry.

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 Vivian Giang, Jen Stogowski, Elena
Zabolotnii and especially Sally Petaske who provided so much assistance and leadership.

The technical challenges associated with fluid fine tailings (FFT), including legacy mature fine tailings
(MFT), require novel and innovative approaches 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’18.

Nicholas A. Beier, G. Ward Wilson and David C. Sego
Co-Chairs, IOSTC 2018 Organizing Committee
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EFFECTIVE DEWATERING OF FLUID FINE TAILINGS (FFTS) BY IONIC
LIQUIDS

Zohrab Ahmadi', Paula Berton'?, Yuyan He', Robin D. Rogers? and Steven L. Bryant'?
'University of Calgary, Calgary, Canada
2CalAgua Innovations Corp., Calgary, Canada

ABSTRACT

We synthesized a series of ionic liquids (IL) initially
for dewatering of mature fine tailings (MFT).
Cationic and anionic counterparts of IL were
modified to impart desired degrees of
hydrophobicity and hydrophilicity. The tailored
ionic liquid (IL1) is able to destabilize suspended
clays and hence cause dewatering quite rapidly
after mixing with MFT. A comprehensive study on
MFT showed the effect of mixing energy (IL1 and
MFT mixture) and various dewatering process
such as centrifugation, gravitation, and filtration.
The result shows the compatibility of IL1 for
process development in the field suggesting a new
and effective path for tailing remediation. Herein,
we briefly demonstrate the extension to Fluid Fine
Tailings (FFT) as the precursor of MFT composite.
Formation of large flocs, neutralization of clay
particles inferred from zeta potential analysis, and
fast water release illustrate the IL1 resilience for
variable tailing compositions. This finding is the
basis for a novel, rapid, and low energy
reclamation process, which suggests further
process development for treatment of various oil
sands tailings in field applications.

INTRODUCTION
Background

Canada’s oil sands represent one of the largest
unconventional oil reserves of the world. Currently,
the major oil sand extraction methods include
surface mining and in situ recovery (Nasr &
Ayodele 2005). In mining, hot water is mixed with
oil sands ore, hydro transported, followed by
flotation separation. This process generates
tailings as byproducts, composed of water,
bitumen, and solids (mostly sand, enriched in fine
and clays). During the mine operation, tailings are
stored in containment areas known as tailing
ponds. While the larger mineral particles such as
sand settle rapidly and form beaches, the
composition of negatively charged clays, residue

bitumen and fine minerals form a rather stable fluid
known as fluid fine tailings (FFT) with variable
solid composition. By passage of time a mature
form of tailing is formed with around 30% solid
which stays stable for long period of time and is
known as mature fine tailings (MFT). Based upon
the most recent report from Alberta Energy
Regulator (AER), in 2016 there are over 30 active
ponds from operating oil sands mining projects
storing over 1000 Mm?3 of fluid tailings (AER 2018).

Currently, several technologies are used to
minimize the volume of produced tailings from oil
sands mining extraction, including centrifugation,
composite tailing, freeze-thaw drying, and thin lift
(Kasperski & Mikula 2011, Proskin et al. 2010).
What is common among all these techniques is
the necessity of inserting additives to the process
(Hripko 2018). The most common industry additive
in the tailing remediation is polymer flocculant.

Anionic polyacrylamide (PAM) with high molecular
weight is the standard polymer widely used in this
industry and hence widely studied (Cong & Pelton
2003, Vedoy & Soares 2015). However, the
formed flocs are not coherent and retain
considerable amount of water. The presence of a
large amount of water decreases the shear
strength of composition and hence reclamation is
not immediate. Hence, various modification and
functionalization of PAM are undertaken to
enhance the mechanical properties of the resulting
flocs (Li et al. 2017, Reis et al. 2016, Wang et al.
2014).

As alternative, we have designed and synthesized
an ionic liquid (ILs, organic salts with melting
points below 100 °C (Welton 1999, Wilkes 2002))
for MFT treatment. The tailored IL1 reduces the
water content significantly immediately after mixing
with MFT. Its interaction with MFT was examined
at variable conditions (e.g., concentration of IL1,
mixing rates, filtration, centrifugation, gravity
settling, etc.) Our investigation on the mechanism
of dewatering of MFT in the presence of IL1 shows
a novel path of operation which cannot be
obtained by polymer or coagulant additions alone.
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In addition, the interaction of IL with the water
shows that the water holds a proper quality with
extremely low suspended particles at optimized
conditions.

The tailored IL shows a great potential to replace
PAMs in the dewatering process. The rate of water
discharge of MFT in the presence of IL1 is orders
of magnitudes faster than that of PAM at optimized
conditions.

However, even when we have demonstrated its
effect for MFT treatment, a question remains
whether this IL will also show good performance
for FFT treatment. In this work, we aim to compare
the performance of IL1 for MFT vs. FFT
dewatering treatment.

EXPERIMENTS
Sample Characterization

MFT sample was received from Alberta Innotech
(Calgary, AB, Canada), while the FFT sample was
donated by a third-party company in Calgary (AB,
Canada) and the source of sample is unknown.
The composition of MFT and FFT was determined
using the Dean-Stark method (Dean & Stark
1920). Water samples of the untreated MFT and
FFT samples were obtained after centrifugation
(4000 rpm, 10 min) of the samples, followed by
filtration using a 0.2 pym filter (Durapore PVDF
membrane filter). The filtrate samples were used
for pH (Orion Star™ A215, Thermo Scientific™
Calgary, AB, Canada) and conductivity
(SevenCompact S220/S230, Mettler Toledo,
Mississauga, ON, Canada) determinations and for
elemental analysis using an inductively coupled
plasma mass spectrometry (ICP-MS, 8900 Triple
Quadrupole ICP-MS, Agilent Technologies, Santa
Clara, CA, USA).

The statistics of particle size distribution of
untreated MFT and FFT were obtained by wet
analysis method using Laser Diffraction Particle
Size Distribution Analyzer (LD-PSD, Beckman
Coulter, LS 13 320).

The electrokinetics of different clays was
examined using a Zeta/Nano Particle Analyzer
(NanoPlus HD, Particulate Systems, Norcross GA,
USA). Original MFT and FFT were diluted to about
0.7 wt% solid in the water for zeta potential
measurement. Given that the zeta potential value

depends on the viscosity of diluted sample, the
viscosity of the diluted samples was measured
using a viscometer (DV2T EXTRA, Brookfield
AMETEK, Middleboro, MA, USA).

A floor-model powder X-ray diffraction (XRD)
instrument (Multiflex, Rigaku, Scottsdale, AZ,
USA) was wused for minerals and clays
characterization on the solid phase of untreated
MFT and FFT samples. Samples were dried at
room temperature for one week and disintegrated
using a mortar and pestle to obtain a fine powder.
For data collection, the angle range was from 3 to
70 (2theta), the scan rate was 2 degrees/min, and
the voltage, current, and power were 40 kV, 20
mA, and 0.8 kW, respectively. The Jade software
(MDI Jade 2010, Version 5.5.5) was used for
identification and quantification of the mineral
phases.

Tailings Treatment Methods

For the treatment of MFT and FFT with IL1, 100 g
of each tailings sample was placed into a baffled
beaker (250 mL). Further, 8.4 mmol of IL1 was
added; previous work has shown this mass of IL1
produces the maximum water recovery. An
overhead mixer stirred (Fisherbrand™, Fisher
Scientific, Nepean, ON, Canada) the mixture for
12 min at 500 rpm. The viscosity of the samples
increased immediately after mixing, suggesting a
quick interaction of IL1. Samples turn to a pasty
mixture quite distinct from the thin slurry of the
untreated tailings.

Subsequently, water was separated by either
centrifugation  (Eppendorf™  5810R,  Fisher
Scientific) for 5 min at 500, 1600, and 4000 rpm
(53, 544, and 3340 x g, respectively) or vacuum
filtration at room temperature (21 °C). The later
was done using a Buchner filtration (Blchner flask
and funnel) and a 2.5 pm pore size filter
(Whatman). In both methods, water was quantified
gravimetrically and kept for quality measurement.

The relative percentage of water released was
calculated as the amount of the aqueous phase
released divided by the total amount of water in
the given amount of the tailings sample.

RESULTS AND DISCUSSION

Samples of MFT and FFT were received and
characterized. When their compositions are
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compared (Table 1), the first notable difference is
observed in the higher amount of bitumen present
in MFT, while the solid and water content and pH
are similar. The second difference is the
conductivity of the samples; the conductivity of the
MFT aqueous phase is 10 times higher than that
of the FFT, difference generated by the higher
concentration of ion, mainly Na* and CI, in MFT.

The composition of the solids of the untreated
MFT and FFT samples was analyzed using XRD
(Table 1) and indicates major difference in
minerals and clay minerals in the structures of
MFT and FFT. The FFT shows larger amounts of
quartz and kaolinite, but much less quantity of
illite. The latter has high surface area and surface
charge, and its abundance possibly would
contribute to the greater stability of MFT compared
to FFT.

Table 1. Compositions, water chemistry, and
mineralogy of untreated MFT and FFT

Untreated Untreated
MFT FFT

Bitumen (wt%) 5.4 0.5
Solids (wt%) 253 31
Water (wt%) 69 69
pH 8.1 8.3
Conductivity (uS) 2.6 0.25
Element (mg/L)

Na* 659 40

K* 15

Mg?* 11

Ca* 11 14

ARt 1 0.03

CI- 1260 58
Solid phase (wt%)

Quartz 30.5 37.5

Kaolinite 27.7 42.3

lllite 35.1 10.8

Siderite 3.9 -

Orthoclase 2.0 5.4

Pyrite 0.8 -

Albite - 3.9

The particle size of clay minerals and their high
surface charge are the key in the stability of the
tailing components (Long et al. 2006). A

comparison of the statistics of particle size
distribution of untreated MFT and FFT (Table 2)
indicates that in both cases all the particles
present are below 44 um. Although the mode of
the samples is the same, all other values including
the d10, d90, mean, and median show differences.
Overall, FFT is slightly finer in particle size with
mean value of 4 ym as compared with MFT with 9
pm. The zeta potential values for MFT and FFT
were -61 and -69 mV, respectively, showing high
surface charge in both matrices.

Table 2. Statics of particle size distribution
untreated MFT and FFT

PSD (um) | Untreated MFT  Untreated FFT
Mean 9 4
Median 6 3.3
Mode 9 9

d10 1.3 0.3

d9o 20 9

After the characterization of the samples, the
designed and synthesized IL for MFT treatment
(IL1) was used to treat FFT at the dosage and
mixing conditions optimized for MFT. Hence, IL1
was added to the sample and stirred using an
overhead stirrer for 12 min at 500 rpm. After
tailings mixing time, the samples were either
transferred to centrifugation tubes or transferred to
Buchner funnel, for centrifugation or vacuum
filtration, respectively. Our previous studies on
MFT treatment indicate that water recoveries from
gravity settling, centrifugation, and filtration
correlate with each other. Hence centrifugation or
filtration can be used as quick indicators for
efficacy of the ionic liquid. In all cases, an aqueous
phase was observed to separate from the treated
samples.

The first strategy to separate the phases evaluated
was centrifugation. The ftreated sample was
transferred into centrifugation tubes and these
were centrifuged at different centrifugation forces
(53, 544, and 3340 x g) for 5 min (Figure 1). The
FFT without treatment (control) releases minimal
amount of water at high centrifugation forces.
(Note: When untreated MFT was centrifuged, no
water was released, even at 3340 x g, the highest
centrifugation force evaluated in our study.) When
both FFT and MFT samples were treated with IL1,
water is released at all centrifugation forces. The
amount of water released from the FFT and MFT
samples in each centrifugation force is similar and
increases with the force of the centrifugation.
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Figure 1. Relative water released (%) from IL1-
treated MFT and FFT and from
untreated FFT (FFT-control) at
different centrifugation forces for 5
minutes

The particle size distribution of the untreated and
treated FFT show significant differences (Figure
2). Interaction between FFT solids and IL1
produced flocs an order of magnitude larger than
the original particles. Nevertheless, a few particles
remained in the treated FFT in the same size
range as the untreated particles. Table 3 shows
the statistics of particle size distribution. Every
measure verifies the substantial shift toward larger
particles due to the floc formation in the treated
FFT.

5 -
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Figure 2. Differential volume particle size
distribution of untreated and treated
FFT

Table 3. Statics of particle size distribution of
untreated and IL1-treated FFT

PSD (um) Untreated FFT _ Treated FFT
Mean 4 58
Median 3.3 40
Mode 9 128
d10 0.3 4.1
doo 9 142

The recovered water of the untreated and treated
FFT samples was analyzed (Table 4). The first
noticeable difference between untreated and
treated FFT is the slight increase in the pH of
water after treatment by IL1, together with its
increase in conductivity. The elemental analysis
reveals the changes in the water chemistry. The
concentrations of Na*, K*, and Mg?* increase in
the treated FFT while the Ca?* concentration
decreases. The zeta potential of treated FFT is
also in accordance with PSD data, decreasing in
magnitude to -4.0 mV from -69 mV in untreated
FFT. Substantial decrease in the value indicates
the capability of IL1 to neutralize the clays surface
charges and hence to induce the flocculation of
particles. The information gathered from the
aqueous phase analysis suggests that cation
exchange is taking place during the treatment of
the tailings with IL1.

Table 4. Water chemistry of untreated and
treated FFT

Untreated FFT Treated FFT

pH 8.3 9.0

Conductivity (uS) 0.25 1.23

Element (mg/L)
Na* 40 281
K* 6 36
Mg?* 7 41
Ca* 14 9
ARt 0.03 0.03
CI- 58 86

As second strategy to separate the aqueous
phase from the treated MFT and FFT samples,
vacuum filtration using a 2.5 ym size filter was
carried out (Figure 3). The water recovered was
monitored over time for nearly 20 min, until the
water discharge was extremely slow. It was
observed, as expected, that the largest portion of
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water was recovered within the initial few minutes.
In comparison, the rate of water released from
treated MFT was initially significantly faster than
for FFT (first 5 min). However, the amount of water
reaches a similar plateau with time (after 15 min):
about 55% vs. 60% water released from treated
FFT and MFT, respectively. These results illustrate
the convenience and speed of dewatering after
treatment with IL1 for both MFT and FFT.
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Figure 3. Effect of different times of vacuum
filtration on the relative water
released from treated MFT and FFT

CONCLUSIONS

In this work, we have demonstrated an efficient
dewatering mechanism of FFT using IL1. After
treatment with IL1, different strategies can be used
to separate the solids, including centrifugation or
vacuum filtration. Although the MFT and FFT
samples had different bitumen content,
mineralogy, particle size distribution, and most
importantly, the water chemistry, the IL1 was able
to dewater the FFT effectively, just as it did for
MFT. This result represents a proof of concept,
since the conditions were not optimized for FFT
but for MFT. However, even when not optimized
for FFT samples, this work demonstrates the great
flexibility of our approach to dewater FFT at similar
conditions and suggests a wide scope of
applicability of IL1 for tailings remediation in oil
sands mining operations.
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ABSTRACT

Oil sands surface mining generates fluid fine tailings
(FFTs) which are stored in open-air ponds. The
solids content of the FFTs is limited to 30-35 wt%
due to the formation of a stable colloidal suspension
which hinders further consolidation. As a result, FFT
treatment strategies with chemical amendments
have been developed. These techniques
consolidate the FFTs by releasing water from the
slurry and thus increase solids content and
ultimately soil strength. A novel amendment (XUR)
with unique performance attributes has been
identified and scaled up from benchtop testing to the
filling of 70 m3 casings. In addition to demonstrating
superior dewatering, this additive improves
released water quality and lowers the treated FFT
yield stress.

Recently, significant progress has been made in
understanding XUR’s operating ranges (including
low dosages), while maintaining superior treatment
performance. Laboratory experiments
demonstrated that long-term (> 500 hours)
monitoring of XUR treated tailings is required to fully
capture the performance. This insight enabled
significant optimization of the treatment dosage and
the reduction of the required mixing intensities. The
studies were conducted on a variety of FFT samples
ranging in clay content and solids content. The
dewatering results revealed the robustness of the
XUR amendment to variations in tailings properties
at dosages as low as 350 ppm (based on solids).

INTRODUCTION

The extraction of bitumen from oil sands using
surface mining has proven to be a viable recovery
method. The extraction is completed using the Clark
hot water extraction process which creates a
significant amount of tailings (Clark 1932, 1944).
These tailings streams have been collecting and
accumulating since the inception of this technology.
It has been determined that these streams are slow
to dewater and the consolidation of the solids is
more difficult than initially anticipated (Botha 2015,

Mikula 1996, van Olphen 1963). As such, the
volumes of these tailings continues to grow (Camp
1977, Kasperski 1992).

The fluid fine tailings (FFT) are a stable clay-
containing slurry. The stability of the suspension
leads to difficulties in the consolidation of the solid
particles (BGC 2010, Sobkowicz 2009). To
encourage the dewatering process, several
mechanical methods have been developed and
some scaled up to commercial size operations (Oil
Sands Tailings Technology Deployment Roadmaps
2012). These include centrifuges and thickeners.
These strategies often require the use of chemical
amendments to aid in the release of water from the
slurry (Mohler 2014). These amendments often
serve as coagulants or flocculants and in some
applications a blend of both provide the best
performance. Although the amendments are key in
the ultimate treatment process, there is still a need
for further improvement (Vedoy 2015).

During the evaluation of new amendments, multiple
parameters should be considered. It is important
that the tests be designed to mimic the final
application. For example, it is important to consider
the measurement timeframes when evaluating the
performance of new amendments. For some
treatment processes, like thickeners or centrifuges,
the initial dewatering performance is critical;
however, for end-pit lakes, the long-term
performance is the most significant (Holden 2014).
In addition to water release, it is important that the
amendment does not alter the water chemistry
(Allen 2008). The water will eventually be released
back into the environment and it is a critical part of
the remediation directive (Alberta Energy Regulator
2016). Furthermore, the transportability (rheology
and shear tolerance) of the treated material strongly
influences the feasibly of an amendment in the field.
During the development of any amendments, all of
these issues should be considered in order to
identify the best amendment for each application.

Dow used high-throughput screening methods to
identify amendments for the remediation of tailings
(Mohler 2012). The most promising candidates from
the screening process were scaled up 150 mL -2 L
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scales, and the dosages and shear rates were
varied (Gillis 2013). These efforts identified XUR as
a shear and dosage tolerant amendment and
enabled testing at larger scales. Specifically, FFT
was treated with XUR and 3 meter tall geocolumns
and 10 meter tall casings were filled (Poindexter
2015; Stianson 2016a, 2016b). The results
demonstrated superior dewatering and high release
water quality. Following these studies the laboratory
efforts shifted to optimize the dosage and mixing
requirements for XUR (Poindexter 2016). The
reduction in dosage did not affect the water release
chemistry or the long-term dewatering (>500 hours).
This work demonstrates the effect of shear and XUR
dosage on the short and long term dewatering for a
variety (solids and clay content) of tailings.

EXPERMENTIAL

All tailings samples discussed here were received in
275 gallon totes from Alberta, Canada and stored in
an outdoor storage area. Prior to conducting tests
with XUR, the FFT sample was thoroughly
homogenized. Each tote was mixed using a
combination of manual and overhead mixing for a
period of time ranging from 2-8 days. The manual
mixing was achieved with a combination of a paint
mixer and gardening tools. The ITM 7000 Tote
Mixer was used at 175 rpm. Both methods focused
on dispersing any solids on the bottom or in the
corners of the totes. Any residual clumps of solids
would increase sample variability. This would make
it challenging to compare results within a tote. In
addition, a wire screen (1/2”) was used during the
sample distribution process to remove any large
particles (e.g., rocks, debris). The homogenization
was deemed complete once successive samples
gave constant MBI and solids content values and
there were no tailings detected at the bottom of the
totes. The homogenization step has been critical in
obtaining  consistent data  throughout all
experimental runs. After homogenization, the totes
were distributed into five 55 gallon containers using
the bottom spout on the totes.

Dewatering Experiments

The tailings were treated using a processing skid
comprising of a tailings pump, a flocculant pump
and a proprietary dynamic mixer. The flocculant was
always used at a loading of 0.4 wt% in process
water. The dynamic mixer was run at rotational
speeds ranging from 0-1500 rpm. Each
experimental set used approximately 40 gallons of

FFT. The treated tailings flowed through the
dynamic mixer and a 1” line before being collected
in 5 gallon containers. The containers were placed
on laboratory benchtops and monitored for several
months. During this time, the samples were not
perturbed in any manner while solids settled and
consolidated. The solids content of the treated
material were calculated based on the mudline
height.

Tailings Characterization

Four FFT samples were analyzed prior to testing
(Table 1). The solids content was measured using a
Mettler Toledo HB433-S halogen moisture analyzer.
The clay content was also measured using
methylene blue index (MBI). The MBI values are
reported in units of meq MB/100 grams of Clay
(Omosoto 2008).

Table 1. Initial solids content and clay content
of the tailings samples

Sample Wt % MBI
FFT 1 40.7 8.8
FFT 2 29.3 9.0
FFT 3 32.0 8.2
FFT 4 36.8 7.5

Data Analysis

The effect of the amendment will be detailed for
short-term and long-term timeframes. The short-
term performance describes the properties
measured within the first 24 hours of settling and the
long-term performance describes the performance
beyond 500 hours.

RESULTS AND DISCUSSION

Case 1: Effect of Dosage on Dewatering
Performance

A strong emphasis has been placed on the
performance attributes of the new amendment
XUR. Specifically, the focus is to minimize the
dosage while maintaining good dewatering
performance. It was previously reported (Poindexter
2016) that neither long-term dewatering
performance nor release water chemistry were
affected by the dosage reduction. However, the
treatment dosage has a strong influence on the
initial dewatering rates (Kuvadia 2017). This work
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expands upon these previous observations and
highlights the resilience to shear of XUR-treated
tailings.

The first study was focused on understanding the
effect of dosage on the short-term dewatering
performance of XUR. Dosages ranging from 350-
1000 ppm were used to treat FFT1. Figure 1
illustrates the effect of dosage on the initial
dewatering rates. These values were measured
during the first 24 hours. Two very important
conclusions can be gleaned from this study: 1), the
dosage has a strong influence on the initial
dewatering rate; and 2), the mixer agitation speed
does not effect on the short-term performance.
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Figure 1. Initial dewatering rates for FF1

treated at a range of XUR dosages
and mixer rotational speeds

The dewatering rates for low dosages are
0.29 wt%/hour and can increase by a factor of 4 by
increasing the flocculant loading. The effect is likely
due to the influence of polymer dosage on the floc
size that is formed during the treatment process.
Specifically, as the dosage increases, the size of the
flocs increase resulting in faster initial settling. This
is an important consideration for treatment
strategies that require fast dewatering. Therefore,
for applications like thickeners and centrifuges, the
treatment dosage will be higher than what is
required for deep deposits. Preliminary laboratory
data suggests dosages greater than 350 ppm are
needed for thickener and centrifuge applications.

Secondly, the mixing intensity (rpm) does not affect
initial dewatering rates. This suggests that the flocs
that are formed are shear tolerant. The interactions
between the amendment and the suspended solids
are strong enough to form structures that are not
broken up at the shear rates generated in the
dynamic mixer. The shear tolerance exemplified by
XUR would allow for the treatment and
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transportation of tailings without any subsequent
detrimental effects on dewatering performance.
This is important as distances between treatment
locations and depositions can be several hundred
meters to several kilometers. This property of XUR-
treated tailings will be of great importance for field
implementation.

The results above pertain to short-term
performance. However, treated tailings are placed
on beaches, in ponds, or into end-pit lakes, and this
material could reside there for long periods of time
(decades). Laboratory scale work should also
consider these longer time frames. The initial large-
scale XUR work was at higher dosages (1500 -
1900 ppm) and relatively high rotational speeds in
the proprietary dynamic mixer. The process was
initially optimized using only short-term results.
During these tests, the relatively high dosages and
intense blending were required. After the earlier
studies were completed, the focus shifted to
understanding the long term effects of XUR on
treated tailings. From this work, the team learned
that monitoring samples for longer time periods
allowed for further dosage and mixing optimization.
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Figure 2. Long-term dewatering data for FFT1

Dewatering curves for XUR-treated FFT1 are
depicted in Figure 2. Each colored curves
represents averaged solids content from samples
processed using 3 dynamic mixer speeds: 0 rpm,
100 rpm, 900 rpm. The small error bars for each
data point establish that there is an insignificant
effect of mixer speed on dewatering. The long-term
performance indicates that there is a slight
reduction in performance at the higher dosages; the
highest dosage produced the lowest final solids
content. This effect is likely caused by the
entrapment of water within the floc structure. The
larger floc size enables more rapid initial dewatering
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at the cost of entrapping water and resulting in a
slight reduction in the final performance. Although
previous results have shown an insignificant dosage
effect, some FFT samples show a slight
performance reduction at higher dosages (Kuvadia
2017).

In addition to the direct economic benefit of using
less flocculant, lower dosages also reduce the water
addition requirements for treatment and lessen the
deposition area footprint. Lower dosages mean less
flocculant solution and thus less water will be
introduced into the FFT. This reduces the operation
cost associated with water handling. Furthermore,
the deposition area/volumes are used more
effectively, reducing the cost of earthworks. This
secondary effect is a result of reducing the amount
of water added to the tailings during the treatment
process. As such, a deposit can be filled with more
tailings rather than a significant volume of water.

Case 2: Effect of FFT Properties

Next, several FFT samples were treated with a low
XUR dosage and both the short-term and long-term
performance were monitored. Here, FFT2, FFT3 and
FFT4 were used. These tailings samples vary in
initial solids and clay content as detailed in Table 1.
Figure 3 highlights the initial dewatering rates for
these samples. All the samples were treated at low
dosages and at several mixing intensities.
Interestingly, the dewatering rates for these samples
are all higher than the low dosage rate for FFT1.
Specifically, the rates for FFT2 and FFT3 are
comparable to the higher dosages shown in Figure 1.

The primary difference among the samples are the
initial solids content (Table 1). FFT2 and FFT3 have
the lowest initial solids content therefore have the
most water to release. On the other hand, FF4 and
FF1 have higher solids content and less water to
release. The trend shown in Figure 3 indicates that
one should expect higher initial dewatering rates for
samples that lower initial solids content. These
results do not support the idea of diluting tailings
prior to treatment in order to obtain higher water
release rates. In fact, work presented in 2017 by
Kuvadia et al., demonstrated that this would result
in a lower final solids content. This illustrates that
higher water release rates (for diluted FFT) is simply
the removal of the added water and not the water in
the original FFT.
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Figure 3. Initial dewatering rate as a function of
dynamic mixer speed for FFT2, FFT3,
FFTA4. All FFT samples were treated at
low dosages and the conditions were
run at least three times. Circle - FFT2;
diamond - FFT3; triangle — FFT4

The long-term dewatering performance was also
monitored for these samples. These data are
plotted in Figure 4 using a logarithmic scale in order
to differentiate between the FFT samples. The
samples were monitored for more than 3,000 hours,
and the performance for all samples was
satisfactory (increase of at least 10 wt% solids). The
performance was very consistent among the
different data sets and between the different mixing
intensities. Additionally, samples FFT2 and FFT3
had similar properties and hence the performance
was very similar. Similarly, FFT4 had similar long-
term performance as FFT1. Tailings properties have
a strong influence on the dewatering performance
of XUR; however, it is encouraging that XUR
performed well across different FFT samples.
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Figure 4. Long-term dewatering performance
for FFT2, FFT3, and FFT4. Circle —
FFT2; diamond - FFT3; triangle —
FFT4
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CONCLUSIONS

The dewatering performance of XUR for short and
long timeframes was evaluated for multiple FFT
samples. The FFT samples were treated with XUR
at dosages ranging from 350-1000 ppm. The
treatment dosage had a strong influence on the
initial dewatering rate, while the mixing intensities
did not show an effect. Treatment strategies that
require fast initial dewatering rates should consider
higher (>350 ppm) dosages. Low XUR treatment
dosages are suited for deep deposits or end-pit
lakes. Furthermore, the evaluation at long
timeframes (> 500 hours) suggests that there is only
a slight dosage effect on performance. The higher
dosages are more effective at releasing water faster
but ultimately obtain slightly lower final solids
content. Lastly, the initial solids content of the
tailings also had a strong influence on the initial
dewatering rates observed.
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ABSTRACT

Thickeners play an important role in many
commercial oil sands tailings treatment processes.
Separation of solids from tailings process water by
flocculation increases tailings density and reduces
tailings volume, which are necessary to comply with
government regulations and achieve reclamation
goals. Reuse of hot process water from the
thickener overflow can save energy in the bitumen
extraction process, provided water quality is
acceptable.  Unfortunately, current thickener
operations require high levels of dilution and long
residence times to effectively dewater oil sands
tailings despite the use of long chain polyacrylamide
polymers as process aids. Additionally,
polyacrylamide flocculation can have difficulties
capturing some of the fine clay particles, resulting in
poor release process water with high turbidity.
These fine clay particles settle slowly, if at all, so
extremely large thickeners are required. Our study
focuses on the use of small doses of lime, between
600 to 1,000 ppm calcium hydroxide on a slurry
basis, as a pretreatment for polyacrylamide
flocculation of dilute fluid fine tailings. Compared to
polyacrylamide flocculation alone, a lime
pretreatment is shown to improve fines capture and
release water quality, nearly eliminating turbidity at
low soluble calcium concentrations. Lime
pretreatment to polyacrylamide flocculation also
demonstrates a faster rate of fines settling and
higher final solids content when compared to alum
and gypsum pretreatments. The mechanism of the
enhancement appears to be in part a result of
coagulation, due to charge neutralization of clay
surfaces that enhances dewatering, and from the
improvement of water quality, which may enhance
polymer performance.

INTRODUCTION

Oil sands surface mining operations in Alberta use
modified versions of the Clark Hot Water Extraction
process to extract bitumen, a highly viscous
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petroleum product, from oil sands ore with water
and caustic addition which result in tailings, a
mixture of water, clay, sand and residual bitumen.
The most troublesome of the oil sands tailings are
fine clays, which segregate from coarse sand rich
minerals in whole tailings upon beach deposition.
These fine clays, as well residual bitumen, collect in
tailings ponds as fluid fine tailings (FFT) that slowly
settle and generally resist consolidation beyond 30
to 40% solids and are unamiable for remediation
(Kasperski 1992, Scott 1985). For instance,
remediation of FFT to support and uplands
ecosystem requires a shear strength of about 20
kPa, which could require FFT be dewatered to
approximately 75-80% solids content (McKenna
2016). The oil sands operator’s inventory of FFT in
now exceeds 1.2 billion cubic meters and represent
an increasing environmental risk to the Athabasca
region and economic risk for the operators (AER
2018).

Methods to treat and prevent of FFT have been
studied extensively but have yet to provide a cost-

effective solution (Boswell 2012). Many high-
performance FFT treatment technologies rely
mechanical solid/water separations, such as

centrifuge, thickeners, or filtration, that assisted with
chemical additives (McMinn 2017, Renard 2016).

High performance thickeners are currently used by
multiple oil sands operators as means to rapidly
densify fine extraction tailings and produce low
turbidity water that could be reused in the extraction
process. Operators ftreat tailings with chemical
additives to facilitate efficient thickening; however,
to attain high clarity in release water large
thickeners with long residence times may be
required. Feed to thickeners can range from 3-10%
solids. Tailings solids levels of the underflow can
reach over 40% solids. Thickener underflow could
be deposited as “thickened tailings” which may
consolidate further over time. Alternatively,
increasing the solids content of tailings could be
beneficial for mechanical dewatering processes like
pressure filtration.
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The most common chemical additives are partially
hydrolyzed polyacrylamide (HPAM) polymers which
are used as flocculants. These flocculants act by
absorbing the small clay particles onto the polymer
which vyields large flocs that settle easier due to
changes in density and allow for quick initial release
of water; however, the HPAM flocculants often fail
to achieve complete capture of all fine clays,
especially many of the smallest clays with the
largest surface areas. Additionally, HPAM
flocculants have additionally been shown to have
trouble dewatering beyond 50-60% solids content
(Vedoy 2015), since the HPAM flocculants collect
the clay particles rather than changing the surface
properties of the clays to facilitate dewatering. A
further concern is that the HPAM flocculated solids
are fragile and can break down during
transportation.

Inorganic coagulants, such as hydrated lime
[Ca(OH)z], alum [Al2(SO4)s], and gypsum [CaSO4],
provide multivalent cations in solution that can bind
to clay particles and neutralize surface changes and
results in coagulation of fine clays as larger
agglomerates. These agglomerates are held
together through cation bridges, generally provided
by soluble cationic calcium or aluminum ions which
exchange with other cations, such as sodium, on
the clay surfaces (Ching 1994, Lane 1983, Little
1995). Unlike flocculants, solution chemistry is very
important as it will determine how much of the active
multivalent cation is available for cation exchange,
as the multivalent cations may associate with
bicarbonate or sulfate compounds which will
decrease their chemical activity. Coagulants can
also have beneficial effects beyond clay
modification such as water quality improvements
(Tate 2016). Although coagulants can be very
effective to provide clear release water and greatly
improve dewatering, they do not provide quick
dewatering in slurries composed of only fine (<45
micron) clays, such as FFT, due to their low
permeability and when used on their own. By
themselves, coagulants may be unamenable in
systems relying on rapid settling, like thickeners.

Coagulants and flocculants can be used together to
take advantage of both mechanisms, the
improvement of water quality and clarity from
coagulants and quick rate of settling from
flocculation. Previous investigations of slaked lime
treatment before flocculants  demonstrated
improvement in release water quality (Hamza
1996); however, the study did not determine slurry
pHs and dissolved ion concentrations after lime
addition. Previous investigation by our group have
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demonstrated that the optimal lime additive to FFT
in laboratory scale experiments is hydrated lime as
a 5% mass in water slurry (Tate 2017). This study
investigates a similar approach, but is updated to
understand how three common coagulants,
hydrated lime, alum, and gypsum, can be used as a
pretreatment to a modern HPAM flocculant,
envisioned for use in a high-throughput thickener.

EXPERIMENTAL DESIGN

Evaluating coagulants as a pretreatment for
polymer flocculation in thickening processes was
performed using a stand pipe style test with a diluted
FFT. Polymer selection and dosing were performed
by FLSmidth at their Salt Lake City laboratories as
a component of a previous test program (Rahal
2018).

Materials
The FFT used in the experiments was analyzed for
solids content, bitumen content and MBI as shown

in Table 1.

Table 1. FFT Properties

Bitumen | Mineral Water Solids
Content | Content | Content | Content MBI
% Mass % Mass | % Mass % Mass

1.5 28.4 70.3 27.5 12.2

The hydrated lime, Ca(OH)z, used was high calcium
from Graymont’s Indian Creek quarry. The alum,
Al2(SO4)s, was purchased from British Drug Houses
as an octadecahydrate. The gypsum, CaSQO4, was

purchased from Hi Valley Chemical as a
hemihydrate. The partially hydrolyzed
polyacrylamide (HPAM) polymer was A3331

obtained from SNF.
Methods

The experiments were completed at Graymont’s
central laboratory in Salt Lake City, Utah, USA.
Ca?*, Na*, K*, Mg?*, A**, and S were analyzed using
a PerkinElmer optima 7300 ICP-OES. CI, COs%,
and SO4? were analyzed using a Thermo Scientific
Dionex ICS-2100 ion chromotographer. pH was
analyzed on a Thermo Scientific Orion 920A+ ISE
pH meter. Particle size was analyzed on a Cilas
1190 laser diffraction PSA. Absorbance was
measured using a Thermo Scientific Genesys 10s,
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absorbance is reported as relative absorbance units
(AU).

All coagulant doses are calculated on a mass basis
of the total mass of dilute slurry.

Coagulant and Flocculant Preparation. All
coagulants (hydrated lime, alum, and gypsum) were
prepared as 5% mixtures in distilled water by mass.
The hydrated lime generates a slurry that must be
resuspended before addition, gypsum and alum
dissolved in solution without requiring remixing. The
polymer was prepared as a 0.5 g/L mixture. Polymer
was added to a concentration of 250 g/ton of dried
solid in the FFT.

Preparation of Simulated Process Water. A
simulated process water was prepared by
dissolving salts (CaClz, MgClz, Na2SOs, KCI,

NaHCO:s) to achieve a water chemistry similar to oil
sands process water. The simulated process water
is then adjusted with either HCI or NaOH to adjust
pH to 8.2.

Preparation of Dilute FFT Slurry. FFT was
homogenized using an overhead mixer for
approximately 30 minutes using an overhead mixer
and then subsampled with mixing. The FFT was
diluted to 3% solids in simulated process or oil sand
process water by mass either directly in a 1 L
graduated cylinder, for individual tests, or as a batch
in a 20 L pail. Diluted FFT prepared in a 20 L batch
must be homogenized for about 5 minutes with an
overhead mixer before subsampling with mixing.
The ionic composition of the process water in the
dilute FFT was determined by centrifuging a sample
of slurry to remove solids, syringe filtration at 0.2
microns, and analyzed with a combination of ICP-
OES and ion chromatography methods. The ionic
composition of the two dilute FFTs prepared is
shown in Table 2.

Table 2. Dilute FFT Water Chemistry Properties

Dilute
FFT
A
B

C32+

mg/L
31
29

Na*
mg/L

263

354

K
mg/L

cl
mg/L
90
178

HCO,
mg/L
498
246

CO,>
mg/L
31

0

Mg?*
mg/L
12
14

Neks
mg/L
99
205

H,CO.

mg/L
0
4

pH

9.1
8.2

32

Initial Coagulant Screening. A 1 L portion of diluted
FFT A simulated process water diluted FFT was
subsampled into a tared 1 L graduate cylinder. 5%
coagulant mixtures (hydrated lime, alum, or
gypsum) were then added and mixed in using at
least 4 quick full sweeps with a plunger. The
polymer (A3331) solution was then added and the
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dilute FFT was flocculated with 3 slow strokes of the
plunger. The amount of time for the mudline to settle
to 700 mL was recorded as is the mudline height, as
mL, after 30 minutes elapsed. The pH of the
Release water was measured, and samples of the
release water were removed using a syringe and
analyzed in a spectrophotometer for absorbance at
750 nm.

Sweep Experiment with Hydrated Lime and Alum. A
1 L portion of diluted FFT B was subsampled into a
tared 1 L graduate cylinder. 5% coagulant mixtures
(hydrated lime or alum) were then added and mixed
in using at least 4 quick full sweeps with a plunger.
The pH of the slurry was recorded, and a subsample
was removed for water chemistry analysis. The
polymer (A3331) solution was then added and the
dilute FFT was flocculated with 3 slow strokes of the
plunger. A sample of the release water was

removed using a syringe and analyzed in a
spectrophotometer for absorbance at 750 nm.
RESULTS AND DISCUSSION

The effectiveness of the coagulants as

pretreatments for flocculation was assessed by
evaluating release water clarity and settling
performance, both settling rate and final settled
volume. The release water clarity demonstrates
decreased turbidity caused by suspended fines and
dissolved organics, which is the key variable to
demonstrate effective coagulation. The water clarity
gA assessed by the absorbance of light at 750 nm
by spectrophotometer where low absorbance
indicates lower turbidity. The settling rate,
measured as time for the mudline to settled to 0.7 of
normalized height, and final settled volume,
measured at 30 minutes of settling, were
determined to assess the impact of the coagulant on
the flocculation by the HPAM polymer. The ideal
coagulant pretreatment for flocculation  will
demonstrate a low absorbance at 750 nm while
maintaining a quick time to reach 0.7 normalized
height and settle significantly at 30 minutes.

The initial coagulant screening tests compared the
effectiveness of hydrated lime, alum, and gypsum
with a broad sweep of doses. Both hydrated lime
and alum appear to outperform gypsum for
decreasing absorbance, as shown in Figure 1,
where both hydrated lime and alum achieve less
than 0.1 AU, whereas gypsum only reaches about
0.2 AU; however, all coagulants performed better
than no coagulant which had an absorbance of 1.23
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Figure 1. Initial Investigation of the Effects of
Alum, Hydrated Lime, and Gypsum

Coagulants as

HPAM Flocculation

Pretreatments
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Table 3. Point Matrix for Evaluation of
Coagulants to Assist Polymer Flocculation

Score Absorbance | Settling Rate | Settled Height
AU Seconds mL
0 >0.4 >100 >400
1 0.2-0.4 50-100 400-300
2 0.1-0.2 10-50 300-200
3 <0.1 <10 <200

AU. Figure 1, also demonstrates that, when
achieving optimal water clarity, gypsum and alum
both exhibit poor settling rates, where alum required
at least 84 seconds and gypsum required at least
270 seconds, to reach 0.7 normalized height.
Hydrated lime demonstrated rapid settling, reaching
0.7 normalized height at 4 seconds or coagulant
was used it was impossible to determine the time to
settle to 0.7 normalized height; however, this speed
is expected to be quick, likely about 2 seconds. Lime
additionally demonstrated better settling at 30
minutes, while maintaining water clarity, with settled
volume of 190 mL, when compared to either alum
or gypsum, with settled volumes of 365 mL and 360
mL, respectively. The lowest settled volume of 155
mL was seen using no coagulant.

The initial screening tests were evaluated using a
scoring matrix assigning points based on
absorbance, speed of settling, and final settled
volume as shown in Table 3. To place emphasis on
the importance of high water clarity the points
awarded to absorbance were doubled in the
calculation of total points. The highest point scoring
doses for all coagulants are presented in Table 4
where both hydrated lime performed best, followed
by alum, no additive, and gypsum. The results
indicated that hydrated lime and alum deserved
further study.

The second round of experiments investigated
hydrated lime and alum over a larger sweep of
doses, every 50 ppm from 550 to 1000 ppm for
hydrated lime and every 200 ppm from 200 to 1,000
ppm for alum. The results of the absorbance,
settling rate, and settled volume are presented in
Figure 2. Lime and alum both demonstrated
absorbance at 750 nm below 0.1 AU starting at 750
ppm for hydrated lime and 800 ppm for alum,
confirming that both coagulants are effective at
capturing fine clays and organics and promoting
high water release clarity. However, hydrated lime
appears to provide significantly superior settling
rates and final settled volumes when compared to
alum at doses with good water clarity. Interestingly,
the sweep of doses between 650 and 1,000 ppm for
hydrated lime formed a U-shape for time to settle to
0.7 normalized height and settled volume at 30
minutes with notable minima representing the
quickest settling times and lowest settled volumes,
where 750 ppm appears to produce both the
quickest settling rate and lowest settled volume.

The benefits of using a coagulant like hydrated lime
and alum results from the multi-valent cations they
contribute to the water chemistry that can act to
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neutralize surface charges and link particles.
Hydrated lime is only able to generate soluble
calcium at elevated slurry pH of 10.9 after the
calcium hydroxide has reacted with the alkalinity, as
shown in Figure 3. The mechanism of this reaction
is shown in Figure 4, where in Equation 1 calcium
hydroxide initially reacts with sodium bicarbonates
to generate insoluble calcium carbonate and
sodium hydroxide, increasing pH. As the pH
increases sodium hydroxide will react with the
remaining bicarbonates to yield sodium carbonate
(Equation 2), which can also react with calcium
hydroxide and produce insoluble calcium carbonate
and sodium hydroxide (Equation 3). Once there are
no carbonates remaining, calcium hydroxide can
dissociate to release free calcium as well as
hydroxide (Equation 4). Alum does not contain any
calcium in its structure; however, no soluble
aluminum was observed in the water chemistry of
any of alum treatments in this study. Instead alum is
shown to both increase soluble calcium and
decrease available carbonate while lowing pH in
Figure 3. These observations can be explained by
the reaction in Figure 4, where aluminum sulfate
reacts with water to form insoluble aluminum
hydroxide and sulfuric acid (Equation 5), lowering
pH. The generated sulfuric acid can then reaction
with either calcium bicarbonate (Equation 6) or
carbonate (Equation 7) to generate calcium sulfate,
also known as gypsum, and carbon dioxide gas,
which bubbles out of the system resulting in the loss
of carbonate alkalinity. The calcium sulfate can then
provide soluble calcium to the system as well as
sulfate (Equation 8). As the pH lowers below 6.5
monovalent aluminum dihydroxide [Al(OH)2*]
becomes soluble and may cation exchange on clay
surfaces to release soluble calcium. It is only below
a pH 6 that the multivalent aluminum
monohydroxide [AI(OH)?*] and soluble aluminum
[AI®*] are available for linking particles (Pernitsky
2006). For both hydrated lime and alum, calcium
appears to be a principle multivalent cation
responsible for coagulation.

To further investigate the nature of hydrated lime
and alum dose effects on settling rate and settled
volumes the data was analyzed to as a function of
soluble calcium concentration, as this is providing
the coagulative properties. This analysis, shown in
Figure 5, demonstrates the best settling properties
at a soluble calcium concentration of 32 mg/L that
for both hydrated lime (750 ppm) and alum (200
ppm); however, hydrate lime provides superior
water clarity compared to alum (0.025 versus 0.337
AU). The results suggest that 800 ppm of alum is
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Table 4. Evaluation of Coagulants

Pretreatments

Coagulant | No Additive | Hydrate Lime Alum Gypsum
Best Dose na 1000 750 1000
(ppm)
Absorbance
(AU | pts) 123 | 0 0.04 3 1001|3017 2
Settling Rate

2* 3 3 3 84 (11270 O
(s]pts)
Settled Height|
(mL | pts) 155 | 3 190 3 (365 |1(360( 1
Total Points** 6 12 8 5

* Settling of rate of no additive was estimated
** Total Points = (Absorbance Points)*2 + Settling Rate Points
+ Settled Height Points
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Figure 3. Effect of Hydrated Lime and Alum
Treatment of a Dilute FFT Slurry on
Calcium Concentration, Alkalinity,
and pH

required to reduce turbidity with a soluble calcium
concentration of 46 mg/L, but any increases above
200 ppm of alum result in significant decline settle
rate and increase in settled volume. The decrease
in performance of settling properties with increases
alum dose was also observed in the initial screening,
where its behavior shows similarities to gypsum in
Figure 1. The similarities between alum and gypsum
are most likely a result of in-situ generation of
calcium sulfate by alum. There is also a much
smaller decline in settling rate and increase in
settled volume as hydrated lime increases calcium
concentration; however, the effects are negligible
compared to those observed with alum.
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Hydrate Lime (CaOH,»))
Ca(OH)Z(aq) + NaHC03(aq) - CaCO3(aq) + NaOH(aq) + HZO

NaOHqqy + NaHCO3(qq) = NayC03(4q) + Hy0
Ca(OH)z(aq) + Na2C03(aq) - CQC03(aq) + NllOH(aq) + H20
Ca(OH)z(aq) - Ca2+(aq) + ZOH_(aq)

Alum (Aly(SO,)3)

ALy (S04)3(aq) + 6H,0 = 2A1(0H) 35y + 3H3S 044 (5)

HySO4ag) + Ca(HCO3) 5(aq)~ CaSOy(aq) + 2C05(g) + 2H,0  (6)

H2504(aq) + CaCO3(S) - Ca504(aq) + COZ(g) + HZO (7)
2—

CaS04(aq) = Ca%*(ag) +S04* 4y (8)

Figure 4. Reaction Mechanisms of Hydrated
Lime and Alum to Generate Soluble
Calcium

The effect of increasing calcium concentration
appears to improve water clarity and decrease the
flocculant performance. Improvements to water
clarity appear to be the result of decreased turbidity
from the removal of fine clay particles and organics
by the divalent calcium ion, likely due to charge
neutralization and agglomeration of these particles
which facilitates their capture during flocculation
with polymer. Hydrated lime appears to be able to
achieve this coagulation at a lower soluble calcium
concentration than alum. As calcium concentrations
rise the flocculation performance declines, possibly
due to bivalent calcium creating linkages inside the
polymer and collapsing its structure into a ball;
however, this consequence is most severe for alum
as it required higher soluble calcium to achieve
effective water clarity. Additionally, the coagulation
by alum appears to be far worse for the settling
properties compared to hydrated lime as a calcium
source — this significant difference cannot be
explained by the current study and merits further
investigation. Hydrated lime was able to provide
excellent release water clarity with only minor
decreases in settling performance.

CONCLUSIONS

This study investigated the potential benefits of
using hydrate lime, alum, or gypsum as a coagulant
before flocculation of dilute FFT slurries. Initial
screening demonstrated that both hydrated lime
and alum were able to provide significantly improve
water clarity compared to the control while
maintaining a reasonable settling rate and
dewatering volume, vastly outperforming gypsum. A
second study investigated hydrated lime and alum
in further detail, including water chemistry analysis
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which demonstrated that soluble calcium appears to
be the cation responsible for coagulation with
hydrated lime and alum. While both hydrated lime
and alum were able to achieve high water clarity,
hydrated lime achieved this high clarity at a lower
calcium concentration and therefore was able to
provide significantly better settling rate and settled
volumes compared to alum. In these experiment,
hydrated lime was the superior coagulant
pretreatment for this HPAM polymer flocculation of
FFT and deserves further study to understand
potential benefits in oil sands tailings thickener
processes.

0.40

o Alum

2 035
£ 030
C

A Hydrated Lime —

Q025
M~
45020 |-
3
© 0.15

®©
2 0.10
o oA

8005
0.00

0 20 60 80 100
10000 ;

1000 |=

-
o
o

-
o

Time to Settle to 0.7 Height (s)

100
1000

900
800
700
600
500
400 |
300
200
100

A oo’
S A A A

A

Mudline at 30 Minutes (mL)

0 20 40 60 80 100 120

Slurry Ca?* Concentration (mg/L)

140

Figure 5. Effect of Soluble Ca** Concentration
on Settling Rate for Hydrated Lime as
a Coagulant Pretreatment to HPAM
Flocculation with Comparison to
Alum

20

REFERENCES

Alberta Energy Regulator (2018). State of Fluid
Tailings Management for Mineable Oil Sands, 2017.

Boswell, J., Sobkowicz, J. and Davachi, M. (2012).
Oil Sands Technology Development Roadmap.
Project Report, 5.

Ching, H. W., Elimelech, M. and Hering, J. (1994).
Dynamics of Coagulation of Clay Particles with
Aluminum Sulfate. Journal of Environmental
Engineering, 120(1): 169-189.

Hamza, H., Stanonik, D. and Kessick, M. (1996).
Flocculation of Lime-Treated Oil Sands Tailings.
Fuel, 75: 280-284.

Kasperski, K. (1992). A Review of Properties and
Treatment of Oil Sands Tailings. AOSTRA Journal
of Research, 8: 11.

Lane, S. (1983). Lime Coagulation and Stabilization
of Total Oil Sands Tailings. Petroleum Society of
Canada Annual Technical Meeting, May 10-13.
Banff, AB, Canada.

Little, D. N. (1995). Handbook for Stabilization of
Pavement Subgrades and Base Courses with Lime.
The Lime Association of Texas.

McKenna, G. Mooder, B., Buton, B. and Jamieson,
A. (2016). Shear Strength and Density of Oil Sands
Fine Tailings for Reclamation to a Boreal Forest
Landscape. Proceedings of Fifth International Oil
Sands Tailings Conference, pp. 130-153.

McMinn, N., Gramlich, B. and Stephens, G. (2016).
The MFT Centrifuging Experience. Proceedings of
Fifth International Oil Sands Tailings Conference,
pp. 313-317.

Pernitsky, D. and Edzwald, J. (2006). Selection of
Alum and Polyaluminum Coagulants: Principles and
Applications. Journal of Water Supply, 55: 121-141.

Rahal, K., Fox, J., Leikam, J., Tate, M. and
Romaniuk, N. (2018). Impact of Calcium Hydroxide
on the Equipment and Process of Oil Sands Tailings
Treatment. To be presented at Tailing and Mine
Waste 2018.



IOSTC 2018, Edmonton, AB - December 9-12, 2018

Renard, D., Zahabi, A., McMullan, J., Sakahuni, G.,
Liu, Y., Hickson, S., Esmaeili, P., Cavanagh, P.,
Lenart, J., Loman, P., Dela Rosa, E., Huculak, T.,
Jara, R., Baier, K., Medrano, J., Mirza, J., Najafi, A.
and Clark, J. (2016). Thickening and Reflocculation
Pilot Plant. Proceedings of Fifth International Oil
Sands Tailings Conference, pp. 270-279.

Scott, J., Dusseault, M. and Carrier, W. (1985).
Behaviour of the clay/bitumen/water sludge system
from oil sands extraction plants. Applied Clay
Science, 1: 207-218.

21

Tate, M., Leikam, J., Scott, J. D., Mehranfar, M.,
Romaniuk, N. and Ozum, B. (2016). (2016). Impacts
of Calcium Compounds on Oil Sands Water
Chemistry. Tailings and Mining Waste 2016.

Tate, M., Leikam, J., Fox, J. and Romaniuk, N.
(2017). Use of calcium hydroxide as a coagulant to
improved oil sands tailings treatment. Tailings and
Mining Waste 2017.

Vedoy, D. and Soares, J. (2015). Water-Soluble
Polymers for Oil Sands Tailing Treatment: A
Review. Can J Chem Eng, 93: 888-904.



IOSTC 2018, Edmonton, AB - December 9-12, 2018

Session 2

NUMERICAL MODELLING



IOSTC 2018, Edmonton, AB - December 9-12, 2018

FRAMEWORK FOR CONSOLIDATION OF
UNCONVENTIONAL MATERIALS
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ABSTRACT

Consolidation testing and analysis have been
utilized to measure consolidation properties and
design for various materials worldwide. For most
naturally occurring materials, the application of the
test and analysis are straightforward and provide
results appropriate to engineering designs. For
unconventional materials such as tailings, their
young ages, complex compositions and deposition
configurations often make their consolidation
prediction complex and evolving. The mining
application of the consolidation information
demands increasing accuracy for essential dyke
raise, material planning and regulatory reporting
purposes. This type of material and operation
require an in-depth appreciation of the overall
objectives, background theory, laboratory testing,
supporting analytical tools and their limitations. This
paper presents an example of a framework with
practical application for estimating tailings volume
changes. The implementation of the framework in
the early stages of a project would provide an
effective and sensible approach to improving
tailings consolidation predictions for mine tailings
planning.

INTRODUCTION

The application of soil consolidation was recognized
in Mesopotamia in the fifth millennium B.C. when
the Sumerians constructed new buildings on the site
of old structures — applying the technique of
preloading as it is known today (Schiffman 2001).
Modern consolidation testing for soils and slurries,
its mathematical treatment and engineering
framework have been around since the early 20"
century (Terzaghi 1923, 1924; Gibson et al. 1967).
This modern framework has been utilized in various
types of projects worldwide including foundations of
structures and large land reclamation projects.
Successes and failures of these works have taught
geotechnical, foundation and civil engineers to be
mindful of what is underneath.
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For naturally occurring materials, the analysis of the
consolidation problem is mature involving the
estimation of material properties along with
appropriate analytical tools and design combined
with calibration through field measurements. This is
not the case for unconventional materials such as
tailings — with variety of physical and chemical
compositions, young (by geological standards) and
undocumented  histories.  Tailings  deposits
challenge the design engineers attempting to
predict tailings rate of consolidation accurate
enough for materials management and mine
planning. In the outset, this might sound like a
daunting task. The working solution is, however,
already available and lies in the history of the
development of the geotechnical engineering
discipline. This paper presents a multiscale
framework for geotechnical analysis for tailings
consolidation.

Challenges of Unconventional Materials

For typical civil engineering projects, natural
occurring soils are composed of quartz, clays and
other rock forming minerals reflecting natural crustal
abundances. Pore fluids within soil and rock
generally are in chemical equilibrium with a well-
documented set of chemical compositions. Their
particle gradation, fabric and structure are related to
their weathering and depositional environment
developed over geological time frames of millions of
years. In situ foundation soils are investigated by
drilling/sampling, cone penetration test (CPT) or
standard penetration test (SPT). Soil samples can
be recovered to obtain consolidation parameters
from one-dimensional consolidation testing.
Reliable foundation design for such deposits is a
routine practice for most of the world. The
consolidation settlement prediction of the Bangkok
International Airport deviated less than 1% from the
actual (Bergado et al. 2002) showing an example of
the reliability in settlement predictions for large civil
engineering projects.

For typical oil sands mining operations, the mined
material consists of quartz sands, clay shales,
limestones, clays, semi-solid bitumen and pore
water. The mined oil sands are then subjected to



IOSTC 2018, Edmonton, AB - December 9-12, 2018

crushing, grinding and flotation processing to
separate the bitumen from the solids. The pore fluid
chemistry is amended with caustic, coagulant,
flocculant, and other process related chemicals.
These compositions are known to vary during the
life of mine as the ore body changes and process
refinements are made to enhance bitumen
extraction and tailings dewatering. The tailings —
with their high initial water content — are forming
complex deposits as their composition changes and
different types of tailings are discharged over
different areas. The common goal for such material
is to accelerate settlement during deposition
therefore maximizing the tailings containment
capacity and water recovery; and minimizing the
settlement after the end of filling. Tailings height
prediction deviation of within £20% from the actual
has been documented in Table 1 and Figure 1.
These “unconventional” materials are typical day-to-
day routine tasks for tailings engineers and
planners.

These prediction results, of course, span a variety
of material types and projects. One thing they have
in common is the simple performance indicator of
the deposit height with time. It is observed in Table
1 that in some cases the prediction accuracy is
comparable to civil engineering projects, while for
others the error is non-trivial.

the
key

To understand the sources of error in
predictions, the following simplified

considerations shall be examined:

1. The contained materials (i.e. tailings):
a. Dewatering mechanism (and
method for it)

analysis

i. Stokes settling
Hindered sedimentation
Segregation

Consolidation

v. Secondary compression

vi. Others (e.g. flow, thixotropy,
channelization, evaporation,

evapotranspiration, biological, wicks etc.)
b. Material information (and how the information
is obtained)

i. Initial condition (e.g. solids, particle size,
mineralogy, chemistry, specific gravity)
Material behaviour (e.g. compressibility
and hydraulic conductivity)

2. The containment structure and foundation:
a. Boundary condition (e.g. foundation material
type, and ground water table)
b. Geometry (e.g. containment width, height,
side slope, other structures within the
containment, etc.)

3. Activities (previous, present and future)
a. Processing
Filling
Dredging
Others that could impact the behaviour (e.g.
capping, decanting, flowing & sliding, etc.)

b.
c.
d.

These considerations are important to establish a
dependable prediction framework. For example, in
the case of dewatering mechanism, the focus
should be on selecting the most influential ones on
a case by case basis. The following are two
examples of the challenges associated with the
“unconventional” materials.
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1. The percent deviation was calculated at final measured data point.
2. Referenced cases hav e dif ferent deposit configurations and timing.
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Figure 1. Percent deviation between predicted and measured interface height with time
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Table 1. Unconventional materials — prediction vs. observed

Name Material Project scale % Deviation Reference
Suncor Ponq A 1977 Oil sanq§ fluid fine Commercial -8% Yong et al. (1983)
data - accreting pond tailings
Suncor Pond B 1977 Oil sands fluid fine . o
data - stagnant pond tailings Commercial -4% Yong et al. (1983)
Test Area 1, Seagirt Dredged materials, ) o o Krizek and Somogyi
Marine Terminal Baltimore Field test -2% 10 2% (1984)
Test Area 2, Seagirt Dredged materials, ) Krizek and Somogyi
Marine Terminal Baltimore Field test 0% to 6% (1984)
Disposal sites, Toledo, . . o Krizek and Somogyi
Ohio Dredged materials Commercial -10% (1984)
10 m standpipe test on Oil sands fluid fine ) -2% to 8%
MFT (1988) tailings Pilot lab test (3% median) Pollock (1988)
Bitumen free centrifuge Bltumgn fre.e. oil sands Lab test 29 Eckert et al. (1996)
test fine tailings
Syncrude CT profotype ¢ sifte tailings Field test 0% to 4% Pollock et al. (2000)
field deposit )
. River sediment, -17% to 5% Bartholomeeusen et al.
Sidere Belgium Lab test (-7% median) (2002)
Phosphatic mine e ) . .
tailings evaporation Phosphatic tailings Field test -2% t0 -1% Znidarcic (2007)
10 m standpipe test on Oil sands fluid fine . 1RO Jeeravipoolvarn et al.
MFT (2009) tailings Pilot lab test 16% (2009)
10 m standpipe test on MFT-sand mix 52% ) o Jeeravipoolvarn et al.
MFT-sand mix (2009) fines Pilot lab test 0% (2009)
10 m standpipe test on MFT-sand mix 18% . o Jeeravipoolvarn et al.
MFT-sand mix (2009) fines Pilot lab test 0% (2009)
Syncrude ”.‘TT lab In-line .thlckened Lab test -2% Jeeravipoolvarn (2010)
standpipe tailings
Syncrude ILTT field In-line thickened Field test 9% Jeeravipoolvarn (2010)
deposit tailings
Suncor centrifuge test Oil sa?aciiﬁnfg:d fine Lab test 1% Znidarcic et al. (2011)
Evaporation Thickened oil sands Lab test -1 % to-3% Jeeravipoolvarn et al.
standpipes tailings (-2% median) (2013)
Treated flpe tailings Treateq.ﬂwd fine Pilot lab test 0% Moore et al. (2014)
standpipe test tailings
Centrifuge prototype - Thickened tailings, o
TT-50 50% fines Lab test 0% Sorta (2015)
Centrifuge prototype - Thickened tailings, o
TT-60 60% fines Lab test 1% Sorta (2015)
Centrifuge prototype - Albian FFT from 7.5 m o
AL-7.5 depth Lab test 1% Sorta (2015)
Centrifuge prototype - Albian FFT from 15 m o
AL-15 depth Lab test 0% Sorta (2015)
Centrifuge prototype - Fines and sand o
FSMT mixture tailings Lab test 0% Sorta (2015)
10 m standpipe test on Oil sands fluid fine . 10 .
MFT (2005) tailings Pilot lab test 1% Krishna et al. (2015)
E.v.aporatlon of fine Oil sanq§ fluid fine Field test 0% Vardon et al. (2016)
tailings - deep stack tailings
Evaporation of fine Oil sands fluid fine ) o
tailings - thick multi lift tailings Field test 1% Vardon et al. (2016)
Evaporation of fine Oil sands fluid fine ) o
tailings - thin multi lift tailings Field test -6% Vardon et al. (2016)
Caustic oil sands Caustic oil sands fine Lab test 5% Jeeravipoolvarn et al.
tailings standpipe test tailings ° (2017)
Non-caustic oil sands Non-caustic oil sands Lab test 0% Jeeravipoolvarn et al.
tailings standpipe test fine tailings ° (2017)

Notes: 1. The percent deviation was calculated at final measured data point. Complete comparison can be found in the

references.

2. Referenced cases have different deposit configurations and timing.
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The first example is settlement and pore water
pressure dissipation with time under a constant
vertical effective stress for an unconventional
material (Figure 2). The primary consolidation by
the excess pore water pressure occurs rapidly. After
the primary consolidation, secondary compression
leads to considerable settlement (comparable to the
primary stage) even though there is no measurable

excess pore water pressure. If one conducts the
large strain consolidation test for such material
without measurement of excess pore water
pressure, one might be perplexed by the slow
compression regardless of its high hydraulic
conductivity. This is an example of “dewatering
mechanism” consideration.
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Figure 2. Excess pore water pressure and settlement of unconventional tailings (Thurber’s files)

The second example is a layered deposit (Figure 3,
Esposito and Nik, 2012) representing an example of
variable “pond filling activities”. Although this type of
deposit layering can be found in nature but not so
common that one has to analyze them for every
layer or as a whole under a large strain condition.
Questions for this type of deposit might include:
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o What type of constitutive relationships are
applicable to each layer?

Are there three-dimensional effects?

Can a simplification be made while maintaining
sufficient of accuracy?

These questions help forming a sensible and

practical solution of the overall system.
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Figure 3. Complex layering in a deposit (Esposito and Nik 2012)
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Multi-scale Framework for Consolidation

Analysis

A design engineer has to adopt an approach for
consolidation analyses that are consistent with the
data available and risk approach. Figure 4 proposes
a multiple-scale framework for consolidation
analysis. In this approach there are three options:

1. Theoretical projection
2. Empirical projection
3. Theoretical-Empirical projection

Theoretical Projection

This method uses index data, laboratory data or
both to obtain soil parameters and apply them to
consolidation analysis. The risks may not be well
known or understood as analyses are not supported
by actual field behaviour and information. For
known materials the risk can be low when such
methodology has been previously applied; and
experience and know-how have been well
developed. However, the method could post high
risk for tailings with limited laboratory or field
experience. Design engineers may have to resort to
using very conservative parameters that could lead
to overestimates of tailings volume requirements
and is subsequently considered wasteful. The
method requires relatively small time and budget to
complete.

Empirical Projection

This method uses index data (or other rapid testing)
with field scale data to directly develop a
performance base empirical correlation. The
empirical projection can be reliable for known
materials with given fixed conditions. However, the
method can be a risk for unknown materials
because an empirical formula is based on
parameters which may or may not control the key
performance; and conditions which may or may not
stay the same as the mine operations progresses
through its life span. The method typically requires
an experienced engineer with good understanding
of site operations, and strong theoretical and field
experience to set out the work. The method also
needs a considerable development time into the
actual operation to permit a reliable performance
based empirical correlation.

The theoretical and empirical projection methods
are valuable tools but will not be discussed further
in this article.
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Theoretical-Empirical Projection

The theoretical-empirical projection is based on
integrated theoretical and empirical approaches —
evolved from the consolidation theory development
method (Terzaghi 1956) and the observational
method described by Peck (1969). The
geotechnical observational approach is a proven
approach to managing the risk for natural soils that
could be adapted to unconventional materials such
as tailings.

In Figure 4, during the planning stage, a design
engineer develops a list of potential dewatering
mechanisms based on available geotechnical
information. With the Ilist of mechanisms
established, the engineer sets the objectives of the
work and selects the key considerations for the
framework. Expert inputs are highly recommended
during this stage. The list of properties of the tailings
which may have a significant influence on their
performance under stress and a list of required
testing and interpretation methods of the properties
must be established as an outcome of this stage.
Once completed, the work flow continues on the
flow diagram in Figure 4, and descriptions in Table
2.

During the microscopic stage, basic information is
gathered to develop a database of basic material
parameters (e.g. particle size, water chemistry,
Atterberg limits, etc.). This database is used as
“tailings specification” to screen material and see if
the tailings remains within the specification during
the operation. The microscopic tests must be
selected and performed in a way that they relate to
the key performance parameters (i.e. settlement vs.
time) in a simple and rapid manner. Tailings outliers
(those not meeting specification) shall require a
performance or field scale evaluations in the next
stage.

In the macroscopic stage, engineering design
information is obtained systematically using
standard and/or advanced testing methods. The
results will be used to prepare working hypotheses
for design. Macroscopic tests must be conducted in
the way that the material is expected to go through
in the actual and/or the extreme conditions. A
design engineer should invite expert inputs from the
planning stage and apply his/her ingenuity to setup
the tests depending on the goal of the clients and
their risk tolerance. The engineer must also be
aware of how the results will be used in within the
analytical or empirical senses — i.e. the laboratory
data must be supported by a proper design tool.
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Limitations should be noted, not only in the
analytical but also in laboratory test data (often that
observed behaviour is perceived as the truth which
is not always the case). In essence, the
macroscopic stage provides a working hypotheses
design, an initial projection, and a basis for
comparison to the field performance.

In the field scale, the engineer will select the key
performance  indicators (KPI) and their
measurement methods. One needs to compare the
field behaviour with the working hypotheses design.
Re-design / calibration / correction / additional
laboratory work might be required depending on the
level of the acceptable accuracy. Quality control and
quality assurance are also recommended during the
stage, the engineer shall set out QA and QC
programs to regularly monitor the field behaviour
(KPI) as well as key fundamental considerations
(selected during the planning stage). Contingencies
should be developed from the micro and macro
stages to anticipate substantial deviations observed
in the field scale from the working hypothesis design
to mitigate the associated risks to mine operations.
The theoretical-empirical method, when properly
applied, offers economic and risk mitigation
advantages. Flexibility is built into the approach in a
way that one could select to perform certain tasks at
certain time depending on the requirement.

GOING FORWARD AND MAJOR
DEVELOPMENT REMARKS

Temporal and spatial variability create uncertainties
in the fate of most tailings — changes in ore grade,
extraction methods, processing, aging, tailings
operations, climate-change etc. The history of
consolidation has evolved from basic observation to
advanced instrumentation and mathematics.
Advances in laboratory testing, geotechnical
instrumentation, and the understanding of the
theory and the realization of the actual behaviour
are combined into the geotechnical multiscale
framework — one of such is given in Figure 4.

With the right objectives and in-depth understanding
of each working components, the given framework
allows time and complex variables to be
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economically evaluated through laboratory testing,
field observation and data analysis. To this end,
some notable developments during the last decade
in the field of tailings consolidation in Canada are
listed below:

o Development of new chemicals, biological, and
mechanical processes for favourable dewatering
behaviour of oil sands tailings.

Advances in laboratory testing:

o Beam centrifuge consolidation test at the
University of Alberta that allows a prototype
simulation of long-term consolidation to be
conducted in a matter of days.

Optimized large strain consolidation (LSC)
test — an optimized test setup for higher
productivity.

Seepage Induced Consolidation (SIC) test —
a faster consolidation test method using
seepage force on soft materials.

Restricted Flow Consolidation (RFC) test — a
faster consolidation test method with
continuous constitutive relationship
measurement.

Rapid Centrifuge Consolidation (RCC) test —
a rapid consolidation assessment / screening
/ monitoring tool.

Soil water characteristic curve and
constitutive relationships determination for
high water content material.

Advances in tailings consolidation analysis:

o 2D and 3D self-weight consolidation

o Time dependent constitutive relationship
(e.g. creep)

Environmental dewatering (freeze-thaw,
evaporation, and evapotranspiration)
Numerical analysis of layered deposit by
homogenization and layered approaches
Laboratory numerical analysis (RFC, RCC
and beam centrifuge)
Statistical  analysis  for
(probabilistic, database, etc.)

o

consolidation

We believe significant opportunities exist in taking
advantages of these developments by incorporating
them into the multiscale geotechnical framework
and enhancing the reliability of consolidation
analyses of tailings deposits.
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Develop a list of key
dewatering mechanisms

v
[ Set objectives and select key considerations ]

Basic index testing

Standard or
advanced

Standard Advanced
geotechnical testing geotechnical testing

Standard Advanced
geotechnical analysis geotechnical analysis

1. Theoretical
projection

Field empirical approach
Field theoretical-observational (sampling, testing,
approach (sampling, testing, meonitoring), and data
monitoring), and analysis analysis

Calibration / Need update?
re-design?

2. Theoretical-empirical projection 3. Empirical projection

Figure 4. Example of geotechnical multi-scale framework for consolidation analysis
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Table 2. Multiple scale work tasks - objectives, test method and outcome

Scale Objectives Test method selection / Outcome Remarks
frequency

Microscopic o |dentify e Quick and simple test ¢ A database of ¢ Recent

(or laboratory fundamental method allows database  fundamental studies on the

index changes that might development and parameters use of bench-

properties) cause changes in statistical treatment. representative of a top centrifuge
engineering ¢ Focus on test method whole deposit — tailings  could allow a
properties that affects the key specifications. more focused

¢ Obtain initial design performance behavior e A quality control tool to ~ screening /

parameters based and avoid unjustified feed information to the monitoring
on index information scientific curiosity. designer and alert if ¢ Non-

e Perform the test the fundamental standardize
regularly but guided by compositions of the testing could
the mining and related material has changed. provide mixed
fundamental changes. signals

Macroscopic o To study the ¢ Engineering test for ¢ Engineering design e Laboratory
(or laboratory engineering quantitative engineering parameters to feed into  performance
performance parameters for parameters, quality a theoretical analysis. work typically
parameters) uncharacterized assurance e The use of theoretical is too
materials. ¢ Must be conducted in analysis provides expensive to
e To obtain the way that the estimate of field generate data
engineering material is expected to behaviour in various sets sufficient
parameters for go through in the real possible conditions. for statistical
design under a case. Extreme analysis.
laboratory- conditions can be ¢ Non-
controlled conducted to develop standardize
environment. working boundaries. testing could
e Option to do both e Must aware of how the provide mixed
standard and data will be used with signals. The
advanced what models / design
geotechnical testing simulations / engineer shall
and analyses. assumptions. request for
e To explore « Advanced (custom) repeatability /
unfavorable testing method may be reproducibility.
conditions, expect required for special
the unexpectable circumstances.
and plan of actions
Field e To track the actual o Key performance e Actual global e Care and
behaviour and must be identified and behaviour. diligent are

compare to the
design.

e To refine / calibrate
the prediction if
required.

measured with time.
e Must be aware of
changing conditions
and working
hypotheses.
Typical measurements
include: settlement,
excess pore water
pressure dissipation,
void ratio reduction.

¢ Reality feedback to the
design and laboratory
performance section

¢ Allow back analysis /
prediction refinement.

required in the
field to
capture the
right type data
properly and
adequately.
Key physics
must be
implemented
for proper
back analysis.
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CREEP AND STRUCTURATION IN TAILINGS
AND IN NATURAL CLAYS

Sunchao Qi, Muhammad Asif Salam and Paul H. Simms
Carleton University, Ottawa, Canada

ABSTRACT

There is now evidence that time dependent
phenomena, such as creep and structuration, may
affect predictions of large strain consolidation, in at
least some types of oil sands tailings. Creep is
commonly modelled through the concept of rate
dependent compressibility. Three such models
have been incorporated into the UNSATCON
deposition simulation platform, and generally give
similar results. Structuration is not generally
incorporated  into  consolidation  modelling.
However, there exists much experimental data
concerning structuration behaviour in natural clays.
These are reviewed, and it appears that
structuration  behaviour exhibited in some
flocculated FFT samples are not atypical of clay
behavior. Therefore, observations on the change in
the compressibility curve due to structuration in
natural clays may help tailings engineers bound
estimates of structuration and its effect in tailings
deposits.

INTRODUCTION

Evidence of creep and thixotropic behaviour in oil
sands tailings as well as natural clays is reviewed
in @ companion paper at this conference (Salam et
al. 2018b). Suffice to say there is considerable body
of work on these phenomena in FFT
(Jeeravipoolvarn 2010, 2009, Miller 2010, Scott et
al. 2013), and even larger body of work in natural
clays, including for instance, Burland’s Rankine
Lecture (Burland 1990).

The practical relevance of creep and thixotropy is
that they potentially modify the compression
behaviour of a tailings deposit over the long term.
Hence, the compression behaviour in deeper
deposits with long consolidation times may
underperform with respect to current expectations.

Creep in Natural Clays

Many clays exhibit a viscous component to their
deformation, such that they continue to deform
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under a constant load or effective stress. This
viscous component is evident in rate dependent
compressibility curves, which must be accounted
for in engineering applications involving long-term
settlements of soft clays. For example, the
construction of Kansai International Airport in Japan
and similar projects involving construction of other
artificial islands on clays (Watanabe et al. 2012).

The rate dependency of compression is often
treated by considering that the location of the
compressibility curve is dependent on strain rate
(Leroueil 2006). At typical example of rate
dependent behaviour for a natural clay is shown in
Figure 1.
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Figure 1. Typical strain rate dependence
observed in natural clays (from

Leroueil et al. 1985)

Data of the type presented in Figure 1 can be
normalized with respect to an apparent pre-
consolidation pressure that is related to strain rate.
Watanabe et al. (2012) proposed a simple
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relationship to relate the apparent pre-consolidation
pressure and strain rate:
l DcPcL (1)

n—
ch

= ¢ + €

In which p'ew is a reference pre-consolidation
pressure, p’cis the actual preconsolidation pressure
as a function of strain rate, ¢vp is the strain rate, c1
and c: fitting coefficients.

Watanabe et al. (2012) analyzed data from around
the world, and found strong agreement with many
data sets, as shown in Figure 2. It can be seen that
the shift in apparent compressibility due to rate
effects is relatively well bound, between 0.7 and 1.5
of a reference pre-consolidation pressure.
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Figure 2. Variation in apparent pre-
consolidation pressure with strain

rate in large data set on clay
compressibility (Watanabe et al.
2012)

It should be noted in the literature that there is some
dispute as to the magnitude of creep during primary
consolidation. The authors believe that the
implications of creep to oil sands tailings deposition
are largely independent of that dispute.

Structuration (Thixotropic Hardening / Ageing)

Structuration in natural clays is the process
whereby a reconstituted or remolded natural clay,
recovers its pre-consolidation pressure or stiffness
over time, subsequent to being “destructured by the
reconstitution process”. Structuration is similar to
thixotropy, the latter describing the recovery of
strength rather than stiffness in a remolded or
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reconstituted soil. Soil mechanics is usually
concerned with field materials that are already in
their fully structured state, whereas with tailings the
material has yet to reach this state. However,
knowledge of the difference between the
compressibility of remolded / reconstituted soils and
their natural intact compressibility may assist
tailings engineers in arriving at useful estimates of
how the compressibility curves of tailings might
change over time.

Burland  (1990) compared  compressibility
characteristics between reconstituted and natural
clays using a normalized void index, Iv:

I, = 2500 (2)

€100 ~€1000
where e100,1000 * denotes the void ratio at 100 kPa or
1000 kPa vertical effective stress from the
compressibility curve of the reconstituted soil. For
reconstituted natural clays, Burland (1990) found
that Iv for many reconstituted natural clays fell on a
unique line. However, consolidation data from intact
or in-situ measurements of compressibility fell
above this line, as shown in Figure 3. The line
passing through the data in Figure 3 for intact clays
is labeled the Sedimentation compression line.
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Figure 3. Difference between compressibility

of in-situ or intact natural clays and
the compressibility of reconstituted
specimens (Burland 1990)
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For a given void ratio or void index, the load borne
by natural clays ranged from about twice to almost
an order of magnitude higher for the natural clays
compared to the reconstituted specimens. Burland
(1990) gives examples of clays differing from this
trend, in particular, highly cemented clays where
precipitation of ferric hydroxides led to substantially
poorer compressibility than indicated by Figure 3.

Creep and Structuration in a Polymer Amended
FFT

Both creep and thixotropy have been reported in
unamended FFT samples (Jeeravipoolvarn et al.
2009, Miller 2010). Miller (2010) presented some
evidence of structuration, as an explanation to
differences in the compressibility curves in 1m and
2 m high columns.

Salam et al. (2017, 2018) studied long term
behaviour in short (0.1 m) replicate columns of
polymer flocculated FFT (fFFT). 600 ppm of a high
molecular weight anionic polymer was mixed into
FFT at 32% solids. Details of the experimental
setup and tailings preparation are given in another
paper submitted to this conference (Salam et al
2018b). The behaviour is summarized in this paper
in terms of dewatering and pore-water pressure
data, as well as compressibility curves obtained
from oedometer tests performed on samples cut
from the replicate columns.

260.00
Initial Solids content = 31%

220.00

180.00

Final Solids content = 51%
140.00

Water content (%)

100.00

84

98
Time (day)
~#—Water content (Top) ~8—Water content (Middle) ~#—Water content (Bottom)

Figure 4. Dewatering of 0.10 m tall single
drainage columns

The water content data is shown in Figure 4 occurs
under submerged conditions, due to flux of water
from the tailings up to the surface (the bottom
boundary is sealed and the accumulated surface
water is not decanted). Pore-pressure data
variations are small after the first week.
Nevertheless the bulk of volume change occurs
almost continuously at the middle and bottom 1 cm

35

of the sample, while the top 1 cm experiences most
volume change after 50 days. The reduction in the
top 1cm and the development of a more uniform
profile with depth in density is characteristic of
creep behaviour.

Some of these replicate columns were used to
prepare oedometer samples, which were tested in
oedometer cell modified for pore-water pressure
measurement. The oedometer results are
compared with compressibility inferred froma 0.5 m
column test and from a large strain consolidation
test (LSC) on a similar material.

One aspect to note is that compressibility does not
change past 112 days — which is close to the end of
creep recorded in the replicate samples, shown in
Figure 4.
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Figure 5. Pore-water pressure (1 hPa=1cm) in
the 0.10 m high single drainage
columns
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Figure 6. Compressibility curves on differently
aged samples

The relationship between early age compressibility
and late age compressibility in the tailings is similar
to the difference between reconstituted and natural
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or intact / in-situ clay response. The shape of the
curves of the tailings is similar to that of many clays,
and example from Burland (1990) is given in
Figure 7.

Other aspects of interest include the rate of creep
after the aged sample has been loaded. Figure 8
and 9 give examples of settlement and pore-
pressure measurements in an oedometer.

In Figure 8, which is for a loading step well-below
the apparent pre-consolidation pressure, the
magnitude of secondary compression is very low,
almost undetectable. This is similar to many tests
on clays, where the observed rate of creep is low or
undetectable for an over-consolidated soil. Indeed,
preloading with a surcharge is sometimes used to
reduce creep in clays (Alsono et al. 2000).
However, near or exceeding the pre-consolidation
pressure, the magnitude of secondary compression
is measurable. In Figure 9, for a load of 105 kPa,
the secondary compression would be an additional
change in void ratio of 0.095 over 10 years and
0.105 in 100 years.

Also of note in Figure 9 is the temporary flattening
in the pore-water pressure measurements at about
10,000 s. This can be explained by the transitioning
of the sample from over-consolidated to normally
consolidated states. As the sample transitions, part
of the sample become normally consolidated, which
causes a relatively large release of water, and
hence slows down the rate of pore-water pressure
dissipation. Again, this is a behaviour commonly
seen in compression tests in soft clays (Leroueil et
al. 1980).
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a single reconstituted or intact soil
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Handling the Uncertainty Over Time-Dependent
Effects

The authors are pursuing two approaches to assist
tailings deposition planers to quantify creep and
structuration. The first is to incorporate creep and
structuration effects directly into large strain
consolidation modelling. Using the UNSATCON
platform, the authors have incorporated three
commonly used creep models (Leoni et al. 2008,
Rowe and Hinchberger 1998, Yin and Graham
1994). These models handle the rate-dependency
of the compressibility curve discussed under the
“creep” section of this paper. Emergent from all
these models is a shift in the location of the
compressibility with strain rate: the lower the strain
rate, the longer time available for creep, the lower
void for a given effective stress.

Figure 10 gives an example of the influence of
creep is shown for a hypothetical simulation of a 10
m deposit, with and without creep. The model
employed in this simulation for creep is the Vermeer
model (Leoni et al. 2008). Examples of the use of
the Yin and Graham model with UNSATCON are
reported in Qi et al. (2017).



IOSTC 2018, Edmonton, AB - December 9-12, 2018

Two important observations that will be reflected in
real observations of deposit behaviour are the
differences in density profiles with depth and the
relative development of pore-water pressure and
effective stress. In Figure 10 a and b, colours move
from dark blue through to red over time. It can be
seen in the simulation with creep, that the deposit
has a more uniform distribution of density with
depth. Though the total volume change is greater in
the simulation with creep over the same time period
(4.5 m compared to 5 m without creep), the rate of
volume change is initially greater in the simulated
deposit without creep. This is because creep tends
to impede pore-water pressure dissipation.

The latter behaviour is also evident in the pore-
pressure profiles. Without creep, the gradient of
pore-water pressure with depth steepens over time,
as a substantial amount of pore-water dissipation
occurs towards the bottom of the deposit. With
creep, pore-water pressure dissipation is
suppressed, and therefore the pore-pressure
gradient flattens, mirroring the change due to total
stress only. Both these characteristics will appear in
deposits if creep is a relevant phenomenon.

These models use two material parameters to
characterize creep. One parameter is slope of the
compression curve after primary consolidation in e
versus log o'v space, the other is a parameter
related to rate. The former parameter is
conventionally extracted from compression test
data, while the second can be calibrated to the
same data using the existing creep models.

Structuration, however, is not commonly simulated
in the soil mechanics literature, and the authors at
the time of writing have not settled on a satisfactory
way to model this phenomenon. However, an
alternative approach to handle uncertainty in
settlement predictions due to structuration is to
consider existing empirical comparisons between
structured and reconstituted clays. Liu and Carter
(1999) reviewed twenty case studies where data on
reconstituted and natural soil compressibility data
were available. Of potential use to the tailings
community is that almost 90% of the pre-
consolidation pressures measured in the natural
soils were less than 200 kPa. Also, Liu and Carter
(1999) proposed a parameter for the increase in
void ratio above the value given by the reconstituted
soil. They define a parameter, S, to characterize the
differences in the compressibility curve between a
reconstituted and structure soil. S is given by the
increase in void ratio above the reconstituted
compressibility curve divided by the natural
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polymer amended FFT, with
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logarithm of the vertical effective stress. When
applied at the pre-consolidation pressure, 90% of S
values fall below 0.2, while the median value was
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0.12. The concept is illustrated in Figure 11, where
Ae= S In ¢'v at the pre-consolidation pressure.

e=¢e"+ Ae

(Y _ ’
A A8 = Al Structured
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Figure 11. Scheme for analyizing differences in
reconstituted and natural clays
proposed by Liu and Carter (1999)

If we apply this concept to the data in Figure 6, we
find for a pre-consolidation pressure of 100 kPa,
there is a difference of 0.6 in void ratio between the
reconstituted (which we take to be the LSC results)
and structured compressibility curve, which gives
an S value of 0.13. Therefore this polymer amended
FFT does not appear to be atypical in its degree of
structuration, compared to natural clays.

DISCUSSION

Creep and changes in the compressibility
relationship due to structuration are well-known to
bear substantially on the settlement of natural clays,
and have implication for strength development.
They also appear to bear on the compression
behaviour on at least one fFFT material, reported
extensively on by Salam et al. (2017, 2018).

Whether these phenomena are important to other
oil sands tailings types can perhaps be readily
established through field sampling of intact
specimens or in-situ testing of existing deposits or
field trials.

In the absence of other information, the known
behaviour of natural clays as to creep and
structuration could be used to limit uncertainty. For
example, the known variability in rate dependent
compressibility presented in Figure 2 for worldwide
clays is helpful to quantify the limits of creep, while
the data from Burland (1990) and Liu and Carter
(1999) should be useful to bound structuration.

The authors have defined the LSC test data rather
than the very short term compressibility deduced
from a short column test as representative of the
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reconstituted state for the fFFT samples. This is
because the authors are aware that very dramatic
changes to floc size occur over 48 hours in this
sample, even after deposition (Khattak et al. 2018).
Therefore the authors judge that the compressibility
from the column test is not really representative of
any intrinsic state of the tailings.

What is clear is that the compressibility of these
tailings is initially greater at earlier times. Therefore,
deposition plans that results in shorter drainage
paths (slow rates of rise or relatively thin lifts, wick
drains etc) would give better better dewatering
performance, for similar tailings. The authors have
observed this behaviour, even when modelling
consolidation-desiccation in physical simulations of
multilayer deposition (Qi et al. 2016): Initially 0.35
m thick lifts of fFFT were more compressible than
0.5 m lifts during the initial consolidation phase of
the experiments.

SUMMARY AND CONCLUSIONS

Creep and structuration in a fFFT sample prepared
with a high molecular weight anionic polymer were
compared with creep and structuration behaviour
observed in natural clays. It the case of creep, there
exist models to describe simultaneous
consolidation-creep effects, which can be applied to
tailings. The authors are not aware of a current
method to incorporate structuration into large strain
consolidation simulations.

The likely change in the compressibility curve of a
give tailings deposit, however, can be potentially
estimated using the existing literature on soft clay
soils. Quantifying the degree of structuration in one
fFFT suggests that structuration in fines dominated
tailings is not atypical of structuration in natural clay
deposits. Field measurements of compressibility in
field tailings deposits would also help reduce
uncertainty as to the magnitude of structuration
effects on compressibility.
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ABSTRACT

Since 2016 Deltares collaborates with COSIA and
IOSI, the Technical University of Delft and lately
with Carlton University to improve numerical
prediction and theoretical understanding of tailings
deposition flow and segregation, to best
characterize tailings deposits under different
potential deposition scenarios (e.g. tailings
properties, cell geometry, subaereal or
subaqueous, etc). Deltares has since continuously
improved the open source numerical model
Delft3D" including rheology and sand settling
physics specific for tailings. Since 2016, this
numerical model has been utilized to conceptually
simulate: the flow and sand settling behavior of
tailings with various rheological properties during
beach deposition; the interaction or co-deposition
of different tailings types; the deposition of sand
above and within a fine tailings deposits.

Currently Deltares is: 1) upgrading this research
code to the open source version of Delft3D, with
possible use of its Graphic User Interface (GUI); 2)
in collaboration with Paul Simms at Carleton
University, modifying a thixotropy equation for 3D

implementation to simulate time-dependent
rheological behavior; and 3) exploring three
dimensional deposition model performance

(already included in the numerical model but not
yet tested for tailings).

The latest results of these new developments and
a trajectory forward will be presented, together
with practical potential application of the model to
oil sands tailings management.

! https://www.deltares.nl/en/software/delft3d-4-
suite/; https://oss.deltares.nl/web/delft3d
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INTRODUCTION

Background Literature and Processes of Non-
Newtonian Slurries

Understanding and predicting the deposition
behavior of tailings or slurries is critical for the
mining and dredging industry, as well as for land
reclamation and coastal or inland safety.
Thousands of cubic meters of tailings are
produced and deposited in tailings basins every
day; land is being reclaimed for human
developments or coastal protection at faster pace
and in more remote areas; mud slides, caused by
natural disaster or manmade structure failures, Kkill
people every year. Since 2015 Deltares, in
partnership with Canadian Industry (COSIA and
IOSI) and Canadian and Dutch academic
institutions (The Technical University of Delft and
Carleton University), is leading the development of
numerical tool, Delft3D-slurry (D3Ds) to predict
flow and segregating behavior of non-Newtonian
slurries, with focus on (ol sands) tailings
management. At the same time, Deltares is
evaluating the opportunity to utilize this same tool
for mud slide prediction related to dam failure or
meteorologically induced.

The flow and segregating behavior of thickened
slurries (i.e. thickened, centrifuge, non-segregating
tailings) is determined by the rheological
properties (i.e. yield stress and viscosity) of the
carrier fluid (i.e. fines — water — residual bitumen
mixture), the shear rate (i.e. flow velocity and
discharge conditions), and the properties of the
coarse sand fraction (Deltares 2017, Hanssen
2017, van Es 2016). Sand settles faster in high
shear regions, and accumulates in proximity of the
bed (i.e. beach), Figure 1. Sand increases the
viscosity and yield stress of the slurry reducing the
flow velocity locally, and likely promoting the
development of morphological features (i.e.
channels or lobes).
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Previous publications present the background
objective, approach and theory of this research
and development trajectory (Deltares 2017; Sittoni
et al. 2016, 2017; Talmon et al. 2016; van Es
2017). We refer the reader to these publications
for in detail description of the theoretical
background. In this paper we focus on a summary
overview of recent concrete applications of D3Ds
to typical (oil sands) tailings management
questions. In this overview, when applicable we
reference additional literature that gives more in
depth details of a specific application.

Shear Stress

Flow velocity

=
=

Sand
oncentration

Unsheareq
region
Sheareq

Figure 1. Schematic of flow and segregation
processes thick slurries flowing

down a beach
Delft3D-slurry

Numerical prediction of thick slurry flow and
segregating behavior are based on the numerical
tool D3Ds. D3Ds is developed embedding non-
Newtonian and sand settling specific processes to
the open source Delft3D. Delft3D is a
hydrodynamic, sediment transport and water
quality numerical model developed by Deltares
offered in open source to a vast user community
(order of thousands of members) and utilized in
hundreds of applications world-wide.

Three slurry (i.e. tailings) specific rheological

analytical models and two sand settling
formulations were added to Delft3D-FLOW
obtaining D3Ds (Hanssen 2017). D3Ds can

simulate three dimensional (shallow water) non-
Newtonian laminar flow and shear induced sand
settling. D3Ds includes the Graphic User Interface
(GUI) of Delft3D, which facilitates model setup, as
well as output visualization software (Figure 2).
Specific non-Newtonian slurries parameters are
added to the output of D3Ds to facilitate judgment
of model performance and to plot typical tailings
properties.

D3Ds is therefore suited to simulate:

1. Tailings flow and deposition on beaches and
underwater for non-Newtonian tailings types of
various composition and rheological behavior;
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2. Sand settling and fines segregation;
3. Intermixing of the tailings flow with other
slurries or fluids.

POTENTIAL APPLICATIONS AND
ADDED VALUE OF D3Ds

Typical tailings management applications of D3Ds

include:

» Prediction of depositional flow characteristics and
optimization of deposit geometry and beach
slope;
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» Optimization of tailings discharge: flow rate and
solids content; composition (i.e. coarseffines;
on/off spec.); pipe locations and relocation;

» Design of mixing and co-mixing operations of
various tailings types, e.g. coarse tailings
discharge onto a thickened fine tailings deposit,
or co-deposition of different lines;

» Enhancement of fines capture in the beach above
or below water;

» Design and simulation of mine closure scenarios;

» Design, interpretation and scale-up of flume tests;
design and interpretation of deposition pilots; and
evaluation of multiple deposition scenarios in
parallel and support of flume tests and pilot tests
(i.e. decreasing the need for multiple flume tests
or pilot tests, which can be modelled numerically).

All these applications offer potentially significant
cost efficiencies in current operations and future
liability. While exact quantification of such cost
reductions is operator and site specific and
requires information not available to the authors,
we can conceptually list concrete potential added
value of utilizing D3Ds as:

» Control of beach slope with optimization between
cost of raising dikes and maximization of deposit
capacity;

* Minimization of cost for fluid fine tailings re-
handling;

* Minimization of cost for additional (long term)
treatment, such as capping, thickening, etc;

» Decrease cost (and safety risk) for relocating
pipes, or mechanical re-handling tailings on
beaches;

* Improve learnings and allow for model-based
extrapolation from flume tests and field ftrials,
which will: minimize the required number and
scale of such ftrials; optimize data collection and
analysis; and improve accuracy. The cost of each
flume test is at least one order of magnitude
larger than the equivalent numerical study. The
cost of each field pilot test is likely two orders of
magnitude larger than the equivalent numerical
study. A combined physical (i.e. flume or field
pilot) and numerical study offers more robust,
accurate and widely applicable results at about
half the price (with most of the cost related to the
physical part).

RECENT APPLICATIONS OF DELFT3D
AND D3Ds

In this section, we briefly illustrate selected
applications of Delft3D and D3Ds that are directly

or indirectly related to (oil sands) tailings
management. With Delft3D we model Newtonian
carrier fluid, with D3Ds we model non-Newtonian
sand settling processes.

Development of Deltaic Deposit — Delft3D

This application simulates the development of a
river delta in 3D, with tracking deposit composition
(e.g. sand and fines, from van der Vegt, 2018). As
explained in Sittoni et al. (2016) deltaic deposits
are physically equivalent to deposition of coarse or
diluted tailings (e.g. Newtonian), when tracking of
sand and fines distribution allows computation of
fines capture. This application is setup with
standard Delft3D. Figure 3 shows the developing
delta topography and the corresponding particle
size distribution along a cross section of the
deposit for varying incoming particle size
distribution. Fines are trapped under the sand or
within the sand skeleton in the beach. From these
outputs fines capture can be computed in post-
processing. Tailings basins are expected to show
similar behaviour as these river deltas (Sittoni et
al. 2016), when sediment is discharged from a
pipe (instead of an incoming river) and within a
tailings basin (instead of ocean).

Development of Beach Deposit in Tailings
Basin — Delft3D

This simulation is similar to the deltaic application
described above, but developed to simulate
discharge of whole tails in a conceptual tailings
basin (Sheets et al. 2014). Tailings are discharge
from two pipes. A similar behavior of fines trapped
under coarse tailings is observed, with greatest
mix of sand and fines between the two discharges
(Figure 4).

Flow and Sand Settling of Non-Newtonian
Thick Tailings — D3Ds

The newly developed D3Ds is implemented to
simulate flow and settling behavior of thick tailings
(e.g. non-Newtonian) flowing along a beach cross
section. Figure 5 shows discharge of initially
uniform tailings along a 400 m beach. Consistently
with Figure 1, sand settles from high shear region
towards the beach. The plug flow at the higher part
of the flow remains uniform. The produced fines
flow into the pond. These figures illustrate clearly
the new developments included in D3Ds (i.e. non-
Newtonian physics and sand shear settling).
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Morphology l
[(a) Coarse sand del(a

(b) Medium sand delta

D50 grain size distribution and delta front location

(c) Fine sand delta
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d) Very fine sand delta
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Grain size D50 (pm)
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Figure 3. Simulation of deltaic deposition.
Figures “a” through “d” vary in
particles size composition at
discharge, from coarse to fines.
Warm colours (red) show sand, cold
colours (blue) show fines

time = 281 timesteps

.
e sand frac.

N
£ "

Figure 4. Left: top view of tailings deposition
from two pipes into a water filled
conceptual tailings basin. Colours
represent elevation. Right:
distribution of sand (brown) and
fines (blue, calculated as 1 — sand)
along the three cross-sections
highlighted in red in the left figure
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Figure 5. Cross sectional view of deposition
of initially uniform segregating
tailings along a 400 m beach.
Colours represent SFR
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Figure 6. Flow and sand settling behavior of
four different slurries with varying
rheological properties (yield stress =

30, 60, 120, 240 Pa). Colors
represents SFR
Effect of Rheological Properties on

Depositional Flow and Sand Settling — D3Ds

As explained in the introduction and in the
references associate to this paper, the rheological
properties of thick tailings determine the flow (i.e.
flow thickness and runout time and distance) and
sand settling behavior. Figure 6 illustrates concept
D3Ds simulations of four tailings slurries
characterized by different rheological properties.
As expected stronger slurries show shorter runout
distance, thicker flow and less sand settling.

Subsequent Deposition of Different Tailings
Types — D3Ds

D3Ds was conceptually utilized to evaluate
subsequent deposition of two tailings types. Fresh
tailings were deposited above aged (i.e. deposited
the previous day) thicken tailings to evaluate
displacement or mixing. These simulations are
performed with two subsequent pours of tailings
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with different rheological properties that were
modified offline. At this stage on-line time
dependency is not included in D3Ds. This is a
potential follow-up development. Figure 7 shows
that fresh tailings flow above aged tailings with
small displacement. These simulations are
conceptual as knowledge and formulations of
mixing and erosion processes of non-Newtonian
tailings are still being developed and tested.

~ 5 hours simulation

Elevation 2 10 m

Distance along beach - 1000 m

*Fresh: Ty = 10 Pa; Old: Ty = 350 Pa

Figure 7. Example of tailings subsequent
discharge co-deposition: red
represents fresh tailings, blue old
tailings (blue), and green mixing
between old and fresh tailings

Deposition of Sand Above and Within Fine
Tailings Deposit — D3Ds

D3Ds was conceptually applied to assess the fate
of coarse tailings when discharged above a
centrifuge cake deposit. D3Ds showed partial
mixing of coarse tailings with the existing cake, as
well as density current of mostly coarse tailings
migrating near the bottom of the deposit (Figure
8). The results of these simulations agreed well
with field data. All details of this application are
reported in Ansah-Sam et al. (2016). This
application shows the general potential of D3Ds to
evaluate mixing of coarse tailings in existing fines
deposit, assessing where coarse tailings would
stop and the resulting properties of the deposit as
far as strength of the mixed layer for example. This
technology can be seen as an alternative to
capping or to evaluate the consequences should
capping not be successful.

Fine Tailings, Single Discharge Three
Dimensional Application — D3Ds

Since 2018, D3Ds is being tested in three
dimensions. Figure 9 shows a simple constant
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Sand discharge
~ 5 minutes simulation

Distance along pond - 500 m

Depth > 5m
SFR

[

Sand concentration

Ty =2 KPa
Density fines = 1400 kg/m3
Density sand = 1520 ka/m3

Figure 8. Deposition of coarse tailings (top
left corner of the basin under the
arrow) above a tailings basin filled
with centrifuged tailings (blue
centrifuge tailings, not water).
Coarse tailings penetrate and mix
with the centrifuged tailings (green)

I

Figure 9. 3D simulation of fine tailings (no
sand) along a beach. Top view.
Colour is flow velocity

discharge of thickened tailings along a 100 m wide
and 400 m long beach, seen from above. A
roughly symmetric expanding flow forms, as
expected from  theoretical non-Newtonian
behavior. No channels or other morphological
features are observed.

Fine and Coarse Tailings, Two Points
Discharge, Three Dimensional Application —
D3Ds

This application represents the latest results of
D3Ds at the time of this paper. In this applications,
fine and coarse tailings (SFR = 2) are discharged
from two different discharge points with different
discharge rates (1 and 2 m%s). Figure 10 shows
flow velocity and Figure 11 sand concentration (or
SFR) at the beach. These results clearly show the
difference in discharge rates between the two
pipes. More interestingly however, these results
show the development of complex morphological
features, with lobes turning into what resembles
alternating channels as deposition continues. This
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appears to indicate the critical role of sand settling
in leading to defined and variable morphological
features.

distance [m]

distance [m]

0 150 200 250

distance [m]. attime t = 2h Smin

Figure 10. 3D simulation of mixed fine-coarse
tailings discharged from two pipes.
Bottom pipe has double the flow rate
as the top pipe. Top view. Colour is
flow velocity. The top figure is 24
min and the bottom figure is 2h 8
min after beginning of discharge

neantation fgl.]
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Figure 11. 3D simulation of mixed fine-coarse
tailings discharged from two pipes.
Bottom pipe has double the flow rate
as the top pipe. Top view. Colour is
sand concentration. Yellow is high
SFR. The top figure is 24 min and
the bottom figure is 2h 8 min after
beginning of discharge
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DISCUSSION AND CONCLUSIONS

Deposition of diluted and thick tailings (i.e. fines —
sand slurries) is a complex discipline with
numerous knowledge gaps and research
questions open. However, deposit composition,
fines capture and beach slope have significant
impact on daily tailings basin management and
implication on closure landscape.

D3Ds is the single process based three dimensional
model to the knowledge of the authors that can
predict non-Newtonian flow and sand settling
behavior. This paper shows an overview of
applications of D3Ds to concrete (oil sands) tailings
management questions. When the current
limitations and applicability of model are well taken
into account, D3Ds can be utilized for engineering
assessment of tailings flow, settling and co-mixing.

Many remain the knowledge gaps and processes
that are not included or yet verified in the model.
The authors therefore recommend continuing the
development and validation of the model by setting
up a robust research and development trajectory
aside to utilizing the current model version to
assess operator specific engineering applications.
This approach would ensure a continuous feedback
between industry needs and development priorities,
with a model that continues to improve in accuracy
and processes while it's being used in engineering
and operation practice.

The development trajectory should focus on three

major pillars:

1. Fundamental flow behavior: thixotropy and
rheology;

2. 3D morphological features: channels, lobes,

beach slope;
3. Near field phenomena.
Item 1 is essential for accurate simulation of flow
and sand settling behavior in materials with fines,
and it is specifically important in oil sands tailings.
This allows prediction of deposition of tailings with
time-dependent  rheological  behavior (e.g.
thixotropy); co-deposition or mixing of tailings with
different rheologies (e.g. on and off spec. tailings);
assessment of the effect of various polymeric
amendments on depositional behavior and deposit
geometry; prediction of NST or eNST
performance; and estimates of water release and
densification during deposition. This item is also
important to distinguish transition from slurry to soil
mechanics regimen (and possible need to
transition to a soil mechanics-based model). At the
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time of this paper an analytical thixotropy model is
developed for implementation in D3Ds, but not yet
embedded in the model. Preliminary analytical
computations suggest that thixotropy alone would
generate migrating channels, in a similar manner
as sand settling appears to be doing (Figure 10).
Yet, numerous knowledge gaps remains in this
field, for example the rheological properties
resulting from mixing tailings with different

rheology or effect of bitumen on rheological
properties.

ltem 2 extrapolates deposition to three
dimensional processes, necessary to predict

actual (large scale) deposition operations. This
allows predicting the flow and spread of a beach
deposit and beach formation including sand
settling; design, analysis and scale up of flume
tests or field ftrials; predicting beach slope;
simulating specific filling scenarios to optimize pipe
locations and discharge rates; computing fines
capture along subaerial or subaqueous beaches at
various user-specified cross sections and depths.
Preliminary 3D simulations show the potential of
D3Ds to estimate sand settling and morphological
feature in three dimensional. The driving
processes behind the various morphological
features (i.e. channels or lobes), being this for
example thixotropy, sand settling or turbulent /
laminar transition, are still not well understood.
Similarly holds for processes of erosion in non-
Newtonian tailings.

ltem 3 is dedicated to near-field phenomena to
evaluate the effect of discharge strategy (e.g.
single pipe discharge, plunge pool, multiple
spigots, diffuser) on flow characteristics, deposit
geometry and composition, and fines segregation
or sequestration. This item is not yet investigated
in detail as part of this development trajectory.
Field evidence shows however that the discharge
type and tool may have significant influence on the
flow and segregating behavior near the discharge
point. The intense dynamics of near-field flow may
be addressed better with a specific hydrodynamic
near-field model (e.g. OpenFOAM) rather than
D3Ds. In this case, it is important to assure
integration of a near-field model with D3Ds to
capture the appropriate spatial and temporal scale,
and any changes in the slurry properties resulting
from near-field effects.

These items include a combination of fundamental
research, laboratory testing, model development
and verification. It is the ultimate intent that all new
processes and analytical models (equations) will be
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included in D3Ds (or an accompanying near-field
model) and delivered to the industry for application.
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ABSTRACT

For oil sands mining, the production schedule
must be integrated simultaneously with in-pit and
ex-pit dyke construction scheduling. In-pit dykes
are constructed in the mined-out areas
concurrently with the advancement of the pit
phase mining. The mined ore that exceeds the
plant capacity is stockpiled for a limited duration
and the topmost layer of the overburden is used
for land reclamation. Organic Rich Solids (ORS)
which represents about 5 w% of the total ore and
negatively affects the bitumen recovery is used as
a predictor for ore processability. In this research,
a theoretical and conceptual mine planning
framework based on Mixed Integer Linear Goal
Programming (MILGP) for oil sands production
scheduling and waste management is presented.
Robust constraints that control the annual tonnage
fluctuation for material mined and processed over
the mine life are introduced in the model. The
model generates an integrated mine plan with a
waste management and stockpiling strategy over
the mine life that maximizes the Net Present Value
(NPV) of the operation. The results show a 2%
overestimation of NPV arising from not taking into
consideration the impact of ORS on bitumen
recovery during mine planning.

INTRODUCTION

Open pit mine planning optimization aims to
provide the plant with ore at full capacity subject to
a variety of production, grade blending and pit
slope constraints (Whittle 1989). Oil sands mining
of the McMurray formation (MMF) is studied and
used as a case study. The Pleistocene unit is the
topmost layer of the deposit. It contains muskeg
(reclamation material). The Clearwater formation
overlies the MMF. Both the Pleistocene and
Clearwater formation are referred to as
overburden. The MMF contains bitumen, the
element of interest. Devonian carbonates mark the
end of the oil sands formation (Masliyah 2010).
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Oil sands mining operations result in different
types of material: ore, interburden (IB), overburden
(OB), reclamation material (RM) and waste.
Material with a bitumen grade of 7% or more are
classified as ore according to Directive 082
(Alberta Energy Regulator 2016). Processing the
ore results in huge amounts of tailings. Tailings
coarse sands (TCS) is used for dyke construction
and tailings slurry is deposited in the disposal
areas created with dykes.

Any ore material that has a bitumen grade less
than 7%, known as interburden, are reclassified
based on the fines content. Material with fines
content less than 50% will be used for dyke
construction; otherwise, it will be sent to the waste
dump. Overburden will be used either for roads or
dyke construction if it meets the fines requirement.
Muskeg will be stockpiled and used to reclaim the
land at the end of mine life. Any material that does
not meet the requirements of ore, dyke materials
or reclamation material is classified as waste and
will be sent to the waste dump.

There are three significant aspects in oil sands
waste management: greenhouse gas emissions;
environmental challenges due to the toxicity of the
tailings; and space limitations increasing the need
for in-pit tailings containment (Devenny 2009).

Directive 085 (Alberta Energy Regulator 2017)
issued by the Alberta Energy Regulator (AER)
requires oil sands operators to periodically publish
their waste disposal and tailings plans publicly
(Ben-Awuah and Askari-Nasab 2013, McFadyen
2008). Figure 1 shows a conceptual mining model,
which includes an oil sands deposit area to be
mined and simultaneously used as an in-pit
tailings storage facility. It should be mentioned that
the final pit block model is divided into pushbacks.
The material intersecting a pushback and a bench
is known as a mining-panel. Each mining-panel
contains a set of mining-cuts and is used to control
the mine production operation sequencing. Mining-
cuts are clusters of blocks within the same mining
bench that are similar in terms of location, grade,
rock type and the shape of mining-cuts created on
the lower bench. As mining advances in the
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specified direction, the in-pit tailings
footprints are released for dyke construction.

dyke

This research seeks to develop a mine planning
theoretical framework that maximizes the NPV of
an oil sands mining operation and minimizes
waste management cost using Mixed Integer
Linear Goal Programming (MILGP) model. The
proposed MILGP model aims to determine:

The sequence of extracting ore, reclamation
and dyke materials to maximize the NPV of the
project;

The destination of reclamation and dyke
materials to minimize the extra mining cost for
land reclamation and dyke construction;

A reclamation strategy for the ore that is
stockpiled for a limited duration;

A mine-to-mill production planning strategy that
uses Organic Rich Solids content (ORS) to
determine ore processability.

—» Ore »| Processing Plant —-hi Bitumen }
L J
Pushback 1 | es |
«—]
il
1 Dyke A [ L
le—] Pushback 2 | ETF |

Pushback 3

Pushback 4

Ol dyke
material

RM
stockpile

Waste
dump

Figure 1. Conceptual model for mining and
waste management strategy
(modified after Ben-Awuah and
Askari-Nasab 2013)

The next section of this research gives details on
oil sands processing and ORS, and is followed by
a section presenting processing recovery
calculations using ORS. The paper then highlights
the theoretical ~mathematical programming
formulation and explains the implementation of the
MILGP model framework. A case study is
presented prior to the section containing the
research conclusions.
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OIL SANDS PROCESSING AND
ORGANIC RICH SOLIDS

In oil sands mining, Clark Hot Water Extraction
process (CHWE) is used to recover bitumen from
the ore deposit (Masliyah 2010). CHWE process
depends on the surface characterization of solid
particle in the ore matrix. Measurements of fines
(<45um) are used to predict the processability of
the ore, however, it is not always effective. It has
been found that certain solid fractions known as
Organic Rich Solids (ORS) still exist even after the
treatment of oil sands by multiple extraction
toluene. These ORS comprise about 5% of the
total ore, and potentially affect the processability of
oil sands (O'Carroll 2002, Sparks et al. 2003).
During the bitumen separation process, ORS carry
any associated bitumen into the aqueous tailings,
thus reducing overall bitumen recovery. In this
sense, these solids are considered to be active
and their associated quantity per ore can be
estimated, thus, a better predictor for ore
processability than the traditional use of bitumen
ore fines content (O'Carroll 2002). O'Carroll (2002)
noted that loss in bitumen recovery is associated
with higher ORS content in the ore. The Bitumen
to ORS ratio increases with higher bitumen
content that implies the ratio has potential for use
as an index in the characterization of oil sands
ores.

PROCESSING RECOVERY
CALCULATIONS

Recovery Calculations Based on Directive 082:
Alberta Energy Regulator

For oil sands mining, the recovered volume of
bitumen from the mining and processing
operations, is specified by Directive 082 (Alberta
Energy Regulator 2016). The processing recovery
equals to 90% if the average bitumen content is
11% or greater, otherwise it is determined by Eq.
(1) (Alberta Energy Regulator 2016):

RECOV,,, =-2.5*(BIT) +54.1*(BIT)-202.7 (1)

Recovery Calculations Based on Organic Rich
Solids

ORS associated with oil sands ore is modeled
from O'Carroll (2002). An exponential correlation
exists between bitumen and ORS as can be seen
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in Eq. (2) with a coefficient of determination (R-
squared) of 62.6%. For the ultimate pit block
model in our case study, ORS ranges from 0 to
2.60% with an average of 0.88%. The processing
recovery for ore is also modeled from O'Carroll
(2002) as can be seen in Eqg. (3) (with R? of
99.8%). Bitumen recovery is plotted against
BIT:ORS ratio and a raising trend is noted.
Recovery levels off at 90% for BIT:ORS ratio of 8
and more (Figure 2). The ORS recovery is used to
calculate revenue from the sale of bitumen.

ORS = 3.8145 x g 00946t 2)

BIT

-0.02 x (——=)% +0.33 x( BIT
ORS

2y 3
ops) 038 (3)

RECOV, g

Recovery vs BIT:ORS

3.0 5.0 7.0 9.0 11.0

BIT : ORS

13.0 15.0 17.0

Figure 2. Recovery vs. BIT to ORS ratio

Subsequently, a case study with two scenarios is
examined using the proposed MILGP model. Both
scenarios use tonnage fluctuation constraints to
achieve the mining and processing targets as part
of the production scheduling optimization process
with a limited duration stockpiling strategy for ore.
The first scenario uses processing recovery
calculated from the AER equation to determine the
revenue while the second scenario uses
processing recovery calculated from the ORS
equation. MATLAB (Mathworks 2017) is used for
coding the mathematical programming formulation
and the resulting optimization problem is solved
with a large-scale optimization solver IBM/CPLEX
(ILOG 2012). This solver uses a branch and cut
algorithm which is a hybrid of branch-and-bound
algorithm and cutting plane methods to solve the
optimization problem (Wolsey 1998). The effect of
ORS on the ore processability compared to the
processing recovery recommended by AER is
investigated.
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MILGP THEORETICAL
FORMULATION

MODEL

The strategic production schedule considers the
time and sequence of extracting ore, reclamation
material, RM, overburden, OB, interburden, IB,
and waste blocks, as well as determining their
destinations from a predefined UPL. The proposed
MILGP model is capable of considering multiple
mining locations, multiple pushbacks and different
types of materials. The stockpiled oil sands ore will
be reclaimed in a limited duration controlled by the
planner to avoid the risk of oxidation, which can
affect the efficiency of the processing recovery.
Stockpiling is for the mined ore that exceeds the
plant capacity in any given year. The MILGP
model is subject to different constraints that control
the mining operation. It is assumed that: 1) when a
mining-panel is scheduled, all the mining-cuts
within this mining-panel are extracted uniformly; 2)
when modeling the relationship between the
mining-panels and mining-cuts, the planner has
access to all the mining-cuts within each mining-
panel; 3) the stockpiling strategy is considered in
the optimization problem for extra ore that exceeds
the mill capacity and stockpile bins are available
for each period; 4) the exact amount of ore sent to
the stockpile in period t will be reclaimed after the
stockpiling duration controlled by the planner. The
notations used in the formulation of the oil sands
long-term  production planning and waste
management framework can be found in the list of
nomenclature in the Appendix.

Modeling of Economic Mining-Cut Value

The notion of economic mining-cut value is based
on ore parcels within mining-cuts which could be
mined selectively. The profit from mining a mining-
cut is a function of the value of the mining-cut
based on the processing destination and the costs
incurred in mining, processing, and dyke
construction at a specified destination. Based on
the value of the mining-cut and the costs incurred
during mining and processing operations, the
discounted profit from each mining-cut equals to
the discounted revenue obtained by selling the
final product contained in mining-cut k minus the
discounted costs. For a mining-cut, if there are
valuable elements, its discounted economic value
if it is sent from the mine to the processing plant

(dm{") or from the stockpile to the processing
plant (ds,‘j’;;p) is given by Egs. (4) and (5),

respectively. Egs. (6) to (12) define the parameters
used in Egs. (4) and (5).
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dm?* = rm?*' —dw,' —dmu' — dob?" — dib" — dt* (4)

dsge, = rsg®t —dw, ' —dmu*® —doby " — diby " — dt (5)
E

m2e! Zo X g X P2 % (pe*’ —sc®! ) -> 0, x pc®*! (6)
e=1

rsgt = Zokxgk 052 o X ( et _ ) Zkapc”’ Zkapc”’ (7)

dw;' = (o, + mu, +ob, +ib, +w,)xmc" (8)

dmu* = mu, x muc®* 9)

dob{* = ob, x obc?* (10)

dib?* = ib, x ibc™ (11)

dtet = ¢, x tc (12)

L J D A E T
Max> D> 333> Z(rma‘”xx +rSp X
I1=1 j=1 d=1sp=1a=1e=1t=1| keMK,
peMp;
MILGP Model for Optimizing Production

Schedule

The objective function of the MILGP model for oil
sands long-term production planning and waste
management is defined by Eqg. (13). Eq (13)
maximizes the NPV of the mining operation using
the continuous decision variables y,' , x;' and

p . . .
Ceyp to model mining, processing from mine and

processing from stockpile respectively. Continuous
decision variables are used to allow for fractional
extraction of mining-panels and mining-cuts in
different periods for different locations and
destinations.

Tonnage fluctuation constraints defined by Egs.
(14) and (15) are introduced in the proposed
MILGP model to control the mining and processing
targets. These constraints control the consecutive
periodic fluctuation of the tonnage mined and
tonnage processed. For material mined, the sum
of deviations between two consecutive years
should be less than or equal to a set deviation
tonnage, D_, allowed for mining. For material

at 1t
Crsp, —aw;
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xyy') (13)

processed, the sum of deviations between two
consecutive years should be less than or equal to
a set deviation tonnage, D allowed for

p?
processing. The mine planner controls the

parameters D, and D,. The planner also controls

when to start and finish applying these constraints.
Egs. (14) and (15) can be used for a controlled
ramping up in the first years and ramping down in
the last year. Eq. (15) includes stockpile ore
reclamation. If there is no reclamation, set the ore
reclamation variable in Eq. (15) to zero.

The importance of these special constraints is that,
the planner does not need to set mining and
processing targets. The optimizer uses the set
periodic tonnage fluctuation parameters to
determine the mining and processing targets.
These constraints provide varying practical
production schedule options for mine planners.
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Constraints that control ore stockpile tonnages are
presented in Egs. (16) and (17). These equations
control the amount of ore sent to stockpile sp in

period t. The material sent to the stockpile in
period t are reclaimed in period t+ts. The
planner controls the upper and lower capacity

limits for stockpile bins and the stockpiling
duration, ts.

Ore bitumen grade blending constraints ensure the
extracted ore sent to either processing destination
a or to stockpile sp in period t meets the grade

quality requirements. Eqs. (18) and (19) represent

SP

(14)

IA

(15)

inequality constraints that control the limiting ore
bitumen grade sent from the mine and stockpile to
the processing plant. Egs. (20) and (21) represent
inequality constraints that control the limiting ore
bitumen grade sent from the mine to the stockpile.

Egs. (22) and (23) represent inequality constraints
used to control the limiting grade of ore fines sent
from the mine and stockpile to the processing
plant. Egs. (24) and (25) represent inequality
constraints used to control the limiting grade of ore
fines sent from the mine to the stockpile.

K —sp,t
D> Do, xsPt <os (16)
sp=1k=1
SP K ot
3> 00 xsP 205" (17)
sp=1k=1
¢ e a,t-ts —aet a,t-ts <0 18
> g xo, x(x¢ + i) -g ZZok Xet+cpe’) < (18)
p=1keMP, p=1keMP,
P
Y o, x(x +cka;§;'s) > > gixo x(x +cf’*;ts) <0 (19)
T p=tkeMP, p=1keMP,
c e a,t —aet a,t
> N gixo,xsi -g o, xsi' <0 (20)
p=1keMP, p=1keMP,
aet - at c at
DY ooxsit =YY gixo, xspt <0 (21)
T p=lkeMP, p=1keMP,
P e —a,t.e P
> okxfnkx(x +cksp) —-fn Y] okx(x +cit,) |<0 (22)
p=1| keMK, p=1| keMK,
peMP; peMPj
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P P
ate a,t at e at a,t
> > okx(xk +ck,sp) =X X o xfngx(x¢ +cil,) |<0 (23)
p=1| keMK, p=1| keMK,
peMPj peMP;
¢ e at —ate at 24
DD o xfngxsy |=fn Y > o xsiL, |<0 (24)
p=1| keMK, p=1| keMK,
peMP; peMPj

fj’"‘ei > o xspl |- ) > o xfn; xsi |<0 (25)
p=1| keMK, p=1| keMK,
peMPj peMP;
(dmug < vi*)+(dobg x 2" +dib}* xug" + dt]" x ")
Miniii 3 ﬁ‘ii | +P (PN, xdv ")+ P, (PN, x dv,* ) (26)
I1=1 j=1d=1sp=1a=1e=1 t=1| keMK,

P | 1P, (PN, x dv; ) + P, (PN, x dv; ")

MILGP Model for Optimizing Reclamation and There are tonnage targets for reclamation material
Dyke Material Schedule and dyke material for dyke construction

destinations. Eqgs. (27) to (30) represent all
The objective function of the MILGP model that required goal functions for RM, OB, IB and TCS
minimizes reclamation material cost and dyke respectively. The negative allowable deviation
construction cost as part of the waste from the set RM, OB, IB and TCS goals are
management operation can be formulated using  controlled by the planner using the v,

d.t d,t

. .. . d,t
the continuous decision variables v,* ,z" ,u.", dv;*, dv;* and dv;* decision variables.

and g'. These variables are used to model RM,

OB, IB and TCS dyke material requirements P

respectively, for all dyke construction destinations. Z Z (mup xvg*‘) +dv;d*f = MUg"* (27)
Other continuous deviational variables, dv;"" ,  P='\kMF

dv,®, dv;?*, and dv,*' are defined to support

the goal functions that control RM, OB, IB and S ob. x %) |+ dv-?t = OBg® 28
TCS dyke materials. In the objective function, ;[k;m< k% 2 ) N 9 (28)

these deviational variables are minimized. There is
also deviational penalty cost and priority .
parameters in the objective function used to model . dt At _ dt

the focus of mine management in the presence of Z kz (’b" x Uy ) +avy™ = IBg (29)
multiple conflicting goals. The deviational penalty
cost parameters PN,, PN,, PN,, and PN,

penalize the NPV for any deviation from the set i Z (cs qu,r) +dv % = CSg®
goals. The priority parameters, P, ,P,, P,, and P, % oo 6

are used to place emphasis on the most important (30)

goals. In general, the deviational penalty cost and

priority parameters are set.up to penalize the NPV Egs. (31) and (32) represent inequality constraints
if the set goals and most important goals are not  ;sed to control the limiting grade of interburden

reclamation material and dyke construction costs  construction destinations.

is represented by Eq. (26).

keMP,
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MILGP Model General Constraints
Mining-Panels Extraction Precedence Constraints

Five precedence constraints presented in Egs.
(33) to (37) are used to define the precedence
extraction sequence for each mining panel p

based on its spatial location. These equations use

the binary integer decision variable b, .

Specifically:

e Eq. (33) defines the vertical mining precedence.
The set IP(Z") represents the set of
immediate mining-panels that are above
mining-panel p.

e Eq. (34) defines the horizontal mining

precedence. The set IH, (Z') represents the

set of immediate mining-panels in the specified
horizontal mining direction.

Eq. (35) defines the pushback mining
precedence. The set MP (H") represents the

set of mining panels in the predecessor
pushback.

Eq. (36) ensures that mining-panel p can only

be extracted if it has not been extracted before.
Eq. (37) ensures that once the extraction of a
mining-panel starts in period t, this mining-
panel is available for extraction during the
subsequent periods.

B -3 yem <0, u, < IP,(2") (33)
c=1m=1
B -3 S yem <0, u, <, (Z) (34)

c=1m=1

54

(31)

(32)
4 t
by =>>yem <0, u; e MP,(H") (35)
c=1m=1
Cc t
2y b, <0 (36)
c=1m=1
b, by <0 (37)

Decision Variables’ Control Constraints

In the MILGP model, all decision variables used to
control mining, processing, stockpiling, reclamation
material, dyke materials and goal deviations are
continuous variables. Inequality Eq. (38) makes
sure that all the material mined as ore, and all
reclamation and dyke materials extracted from the
mining-cuts k belonging to mining-panel p in
period t are less than or equal to the total material
mined from mining-panel p in period t from any

mining location. Eq. (39) ensures that the total
fractions of ore mined from a mining-cut is less
than or equal to one. Eq. (40) ensures that the
fraction of ore extracted and sent to the stockpile
must be equal to the fraction of ore reclaimed from
the stockpile after the stockpiling duration. Eq. (41)
ensures that the fraction of TCS dyke material
produced from processed ore is less than or equal
to the total fractions of ore sent to the processing
plant in each period. Eq. (42) ensures that the
fractions of mining-panel p extracted and sent to

different destinations in different periods is less
than or equal to one. Eq. (43) ensures that the
fractions of reclamation material extracted from the
mine and sent to all destinations in different
periods is less than or equal to one. Egs. (44) to
(46) ensure that the total fractions of dyke
materials extracted from the mine (OB and IB) or
generated from the processing plant (TCS) and
sent to all destinations in different periods is less
than or equal to one.
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Non-Negativity Constraints

Egs. (47) and (48) ensure that the decision
variables for mining, processing, stockpiling (ore
sent to and reclaimed from stockpile),
RM,0B,IB, TCS dyke material as well as
deviational decision variables are non-negative.

(47)

1t a,t d,t at dit dt d,t d,t
yp' Xk ’ Sk,sp’ Ck,sp' Vk ’Zk ’ uk ’qk ZO

dv; !, dvy ! dvydvdv M dvgtt 20 (48)

IMPLEMENTATION OF THE MILGP
FRAMEWORK

This section documents the application of the
developed MILGP model for an oil sands dataset.
Whittle software (Gemcom Software International
2015b), which is based on 3D LG algorithm

L
<2
d,t
1=1
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;W [ygt (op +mu, +ob, +ib, +wp)]

p

(38)

(Lerchs and Grossmann 1965) is used to generate
the optimized pit limit. The optimized pit shell from
Whittle serves as a guide in designing the final pit
in GEMS software (Gemcom  Software
International 2015a). The blocks within the final pit
design are used as input data for the MILGP

model for subsequent integrated long-term
production scheduling and waste disposal
planning.

As mentioned in Section 1 organic rich solids
(ORS) comprises of about 5% of the total ore and
it reduces overall bitumen recovery by carrying any
associated bitumen into the aqueous tailings
(O'Carroll 2002, Sparks et al. 2003). In this sense,
ORS is considered to be active and might be a
better predictor for ore processability than the
traditional use of ore bitumen and fines contents.
This ORS recovery is calculated based on the
BIT:ORS ratio. Subsequently, the bitumen
recovery is calculated based on the bitumen
content. It is noted that the recovery calculated
based on AER requirements is always greater than
or equal to the recovery calculated based on ORS
content. The recovery difference ranges between
0.0 and 4.0% for lower bitumen grades (<11%)
(Figure 3).

The developed MILGP model has two robust
constraints which control the periodic tonnage
fluctuation of mining and processing material. The
tonnage fluctuation constraints eliminate the need
to directly set a mining and processing target. It
requires the mine planner to set an acceptable
cumulative periodic tonnage fluctuation throughout
the mine life, together with any production ramp up
or ramp down requirements. The optimizer then
determines the appropriate mining and processing
targets that meets the tonnage fluctuation
requirements. The cumulative periodic tonnage
fluctuation value also controls the maximum
possible mining and processing capacities
indirectly. The tonnage fluctuation constraints
provide varying practical production schedule
options for mine planners. Two years stockpiling
duration is used. This MILGP model generates a
smooth and practical production schedule, a NPV
with known limits of optimality and is easy to setup
with more flexibility for the mine planner.

Two implementation scenarios highlighting differ-
ent aspects of the developed MILGP model are
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run, including: 1) determining the mining and
processing annual targets as part of the produc-
tion scheduling optimization process and not as an
input; 2) determining the NPV based on the
revenue generated from AER recovery (Scenario
1) as compared to ORS recovery (Scenario 2).

Recovery vs Bit grade

0.9
Zos
207

0.6

0.5
0.07

0.09

0.11
Bit grade

0.13 0.15 0.17

*R-AER - R-ORS

Figure 3. Recovery vs bitumen grade

CASE STUDY

For this case study, to create mining-panels, the
ultimate pit was divided into four pseudo
pushbacks. Blocks in each mining-panel were
clustered into mining-cuts using hierarchical
clustering algorithm (Tabesh and Askari-Nasab
2011). Two implementation scenarios are
investigated. The deposit is to be scheduled for 8
years for the processing plant, reclamation and
dyke construction destinations. Summarized
information on the oil sands deposit final pit design
is presented in Table 1. Table 2 shows the
economic parameters and operational capacities
for production scheduling. The economic data are
extracted and compiled based on (Ben-Awuah and
Askari-Nasab 2013). The stockpiling duration is set
at 2 years. The upper and lower bounds of ore
bitumen grade is 16.0/7.0 wt%. The upper and
lower bounds of ore fines percent is 30.0/0.0 wt%.
The upper and lower bounds of IB dyke material
fines percent is 50.0/0.0 wt%. The model is
implemented on a Lenovo Think Pad computer
with i5 Core at 2.2 GHz and 8.0 GB of RAM.

In Scenarios 1 and 2, the mining and processing
capacities are not required to be set. The mine
planner decides on an acceptable cumulative
periodic tonnage fluctuation throughout the mine
life for the mining and processing operations and
allows the optimizer to determine the mining and
processing limits that meets the cumulative
periodic tonnage fluctuation value. The planner also
controls how many ramping up years is allowed at the
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beginning of the operation and how many ramping
down years is allowed at the end. In this case study,
1-year ramping up is allowed at the beginning and 1-
year ramping down is allowed at the end. The
cumulative periodic tonnage fluctuation value
indirectly controls the maximum possible mining and
processing capacities. The focus is to achieve a
smooth processing rate throughout the mine life and
generate a uniform production schedule that
generates the highest NPV.

Table 1. Oil sands reserve characteristics

Description Value
Total tonnage of material (Mt) 182.23
Total ore tonnage (Mt) 88.44
Total TCS tonnage (Mt) 66.33
Total OB tonnage (Mt) 18.02
Total IB tonnage (Mt) 20.05
Total RM tonnage (Mt) 7.05
Number of blocks 2,523
Number of mining-cuts 155
Number of mining-panels 22
Number of benches 6

Table 2. Economic parameters and operational

capacities

Parameter (unit) Value
Mining cost ($/tonne) 4.60
Processing cost ($/tonne) 5.03
Ore re-handling cost ($/tonne) 0.50
Selling price ($/bitumen %mass) 4.50
TCS dyke material cost ($/tonne) 0.92
OB dyke material cost ($/tonne) 1.38
IB dyke material cost ($/tonne) 1.38
RM mining cost ($/tonne) 0.50
Cumulative periodic mining tonnage 50.00
fluctuation (Mt) )
Cumulative periodic processing 30.00
tonnage fluctuation (Mt) )
Mining recovery fraction (%) 100.00
Discount rate (%) 10.00
RM capacity (Mt/year) 1.42
OB capacity (Mt/year) 2.50
IB capacity (Mt/year) 2.40
TCS capacity (Mt/year) 9.00
Stockpiling duration (years) 2

Case Study: Scenario 1

In Scenario 1 for this case study, the overall NPV
generated, including the reclamation and dyke
material costs is $ 1,499.3 M. The results of the
production schedule are presented in Table 3 and
Figures 4 and 5.
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Table 3. Production schedule (Scenario 1)

Average Material Material
Period bitumen mined processed
grade (wt%) (Mt) (Mt)
1 8.32 25.00 0.89
2 10.55 25.00 13.85
3 11.53 25.00 13.85
4 10.97 25.00 13.85
5 10.86 25.00 13.85
6 11.10 25.00 13.85
7 11.21 25.00 13.85
8 10.90 6.90 4.43
Ore Tonnage
16 Ny ore prnc;ssed from mine
= 0re processed from stockpile
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z
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Processing schedule (Scenario 1)

Total Tonnage Mined

RN Ore to plant
T 0re to stockpile

7
Y

-Gl LTI

D

o

3 4
Periad

Figure 5. Mining schedule (Scenario 1)

Case Study: Scenario 2

In Scenario 2 for this case study, the overall NPV
generated, including the reclamation and dyke
material cost is $ 1,468.2 M. The results of the
production schedule are presented in Table 4 and
Figures 6 and 7.
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Table 4. Production schedule (Scenario 2)

Average Material Material
Period bitumen mined processed
grade (wt%) (Mt) (Mt)
1 8.32 24.78 0.89
2 10.57 24.78 13.80
3 11.53 24.78 13.80
4 10.98 24.78 13.80
5 10.85 24.78 13.80
6 11.09 24.78 13.80
7 11.25 24.78 13.80
8 10.90 8.43 4.45
Ore Tonnage
16 = ore pmcéssed from mine
= 0re processed from stockpile
. NNNEE=S
i NN
8
&
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Figure 6. Processing schedule (Scenario 2)
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Figure 7. Mining schedule (Scenario 2)

DISCUSSION OF RESULTS

The performance of the MILGP model in Scenarios
1 and 2 is analyzed based on: NPV, mining and
processing production targets, bitumen grade
profile, and smoothness and practicality of the
generated schedules. Both scenarios generate
smooth schedules for mining, processing,
reclamation and dyke materials. Figure (7) shows
a plan view of the pit showing periods of extraction
for level 310 m. In Scenario 1, more material is



IOSTC 2018, Edmonton, AB - December 9-12, 2018

mined and processed compared to Scenario 2.
The average bitumen head grade is slightly
different due to the amount of material processed
and the use of the stockpile material. The overall
NPV generated from Scenario 1, including the
reclamation and dyke material cost, is 2% higher
than the overall NPV generated from Scenario 2.
There are two reasons that explain the differences
in the generated NPV. The primary reason is that,
the AER recovery is always higher or equal to the
ORS recovery. Secondly, more ore is processed in
Scenario 1 due to higher revenues resulting from
the AER recovery. The average bitumen head
grade is slightly different due to the difference in
mining and processing schedules, and stockpile
reclamation in different periods. The total material
mined in Scenario 1 and 2 are the same (181.9
Mt), while the total material processed is slightly
different. The model generated a uniform
production schedule for OB, IB and TCS dyke
material over the 8 periods in both scenarios. This
ensures the effective utilization of the mining fleet
and processing plant throughout the mine life. The
main advantage of using the robust tonnage
fluctuation constraints is that, they are easy to set
up and there is no need to decide on the periodic
mining and processing targets. The only inputs
required is how much total deviation is allowed
throughout the mine life and if there is any
production ramp up or ramp down requirements.
These constraints provide varying practical
production schedule options for mine planners.
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Figure 8. Mining sequence at level 310 m with

west—east direction

(Scenario 1)

mining

CONCLUSIONS AND FUTURE WORK

The MILGP model for oil sands long-term
production planning involves the interactions of the
objective function, the goal functions and the
constraints in an optimization framework to
achieve the research objectives. The MILGP
model uses tonnage fluctuation constraints for
mining and processing. The constraints are easy
to set up and do not require the periodic mining
and processing targets. This provides robust and
practical production schedule options for mine
planners. The model generates a strategic
production schedule for ore, reclamation and dyke
materials for a case study in two scenarios. For
both scenarios, the MILGP model illustrates how
production scheduling with limited duration
stockpiling strategy for ore can be effectively
integrated with waste disposal planning and
reclamation material stockpiling in oil sands
mining. Based on dyke construction requirements,
schedules are generated to provide the required
dyke materials to support engineered dyke
construction that will help in reducing
environmental impacts. This schedule gives the
planner flexible control over dyke materials and
provide a solid platform for effective dyke
construction and waste management planning.
The MILGP framework integrates a mine-to-mill
production planning strategy that uses organic rich
solids (ORS) content to estimate bitumen
recovery.

The next step of this research will integrate
determination of tailings cell sizes and locations in
the MILGP framework for waste management.
This will ensure sufficient and timely in-pit tailings
containment areas are made available for
backfilling. Thus, impacting directly the profitability
and environmental sustainability of oil sands
mining operations.
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Discounted revenue obtained by selling the final products within mining-
cut kK in period t if it is sent to processing destination a , minus the
extra discounted cost of mining all the material in mining-cut k as ore
from location / and processing at destination d .

Discounted cost of mining all the material in mining-cut k in period t as
waste from location /.

Extra discounted cost of mining all the material in mining-cut k in period
t as muskeg reclamation material at destination d .

Extra discounted cost of mining all the material in mining-cut k in period
t as overburden dyke material for dyke construction at destination d .
Extra discounted cost of mining all the material in mining-cut k in period
t as interburden dyke material for dyke construction at destination d .
Extra discounted cost of mining all the material in mining-cut k in period
t as tailings coarse sand dyke material for dyke construction at
destination d .

Discounted economic mining-cut value obtained by extracting mining-cut
k and sending it to stockpile sp and reclaiming it to destinationd in

period t.

Discounted revenue obtained by selling the final products within mining-
cut k from stockpile sp in period t if it is sent to destination a in period
t, minus the extra discounted cost of processing and re-handling.
Discounted cost of mining all the material in mining-cut k in period t —ts
as waste from location /.

Extra discounted cost of mining all the material in mining-cut k in period
t —ts as muskeg reclamation material at destination d.

Extra discounted cost of mining all the material in mining-cut k in period
t—ts as overburden dyke material for dyke construction at destination
d.

Extra discounted cost of mining all the material in mining-cut k in period
t —ts as interburden dyke material for dyke construction at destination
d.

Extra discounted cost of mining all the material in mining-cut k in period
t—tsas tailings coarse sand dyke material for dyke construction at
destination d .

Ore tonnage in mining-cut k and mining-panel p

The required average head grade of element ein ore portion of mining-
cutk.

Proportion of element e recovered (processing recovery) if it is sent from
the mine to processing destination a.

Proportion of element e recovered (processing recovery) if it is sent from
the stockpile to processing destination a.

The selling price of element e in present value terms per unit of product.

Selling cost of element e in present value terms per unit of product.

Extra cost in present value terms per tonne of ore for mining and
processing at processing destination a in period t.

Extra cost in present value terms per tonne of ore for stockpiling at
stockpile sp and processing at destination a in period .

Reclamation material tonnage in mining-cut k and mining-panel p .
OB dyke material tonnage in mining-cut k and mining-panel p .
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IB dyke material tonnage in mining-cut k and mining-panel p.
Waste tonnage in mining-cut k and mining-panel p .

Cost in present value terms of mining a tonne of waste in period t from
location /.

Cost in present value terms per tonne of RM at destination d .

Cost in present value terms per tonne of OB dyke material for dyke
construction at destination d in period t.

Cost in present value terms per tonne of IB dyke material for dyke
construction at destination d in period t.

TCS dyke material tonnage in mining-cut k and mining-panel p.

Cost in present value terms per tonne of tailings coarse sand dyke
material for dyke construction at destinationd in period t.
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EUREKA! | HAVE THE SOLUTION TO
OIL SAND TAILINGS - NOW WHAT?

Andrea Sedgwick, Heather Kaminsky and Jean-Frangois Bouffard
Northern Alberta Institute of Technology, Edmonton, Canada

ABSTRACT

Introducing new technologies in the oil sands
tailings segment is a daunting task fraught with
many barriers and is difficult to navigate for
entrepreneurs and multi-national companies alike.
The experience is often frustrating, filled with dead
ends, false starts, confounding results, failed pilot
studies, and most importantly, wasted capital.
Compounding matters is the inherent complexity of
oil sands tailings necessitating considerable
resources and time to learn and understand how to
best apply any novel tailings technology.

This paper will summarize the publicly available
information on the current tailings technologies
used in the oil sands industry along and the key
areas for innovation while considering unique
business aspects of oil sands. This summary will
help innovators understand the current tailings
landscape to better understand where their solution
would have the best chance of success. In addition,
the paper will discuss some of the key questions
and methods to answer questions that a technology
provider may be required to answer before bringing
their technology to market. These questions
include:

*  Where is the best fit for the product?

» Is your testing regime appropriate?

» Is your data of high enough quality?

* How does your technology fit and react to
existing processes?

* How robust is your technology?

All of these considerations are used by oil sands
companies to determine the suitability of new

technologies for evaluation and potential
commercial deployment.

INTRODUCTION
Background

The production of synthetic crude oil results in large
volumes of waste material made up of connate and
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process water, sand, silt, clay, residual bitumen and
diluent, and inorganic and organic by-products of
the extraction process (Allen 2008, Bedair 2013).
These materials are stored in manufactured tailings
storage facilities, on-site, until they are reintegrated
into the natural environment and reclaimed. Recent
Alberta Energy Regulator (AER 2018) reports
indicate that over 1,200 million m® of Fluid Fine
Tailings (FFT), a tailings slurry comprised of fine
clay particles with solids contents ranging from 24
to 52 wt% (AER 2017, Kaminsky and Omotoso
2016, Masliyah et al. 2011). Fine tailings behavior
is dominated by the activity of the clay content,
prohibiting the consolidation of the material into
trafficable deposits. The tailings management
framework outlines the goal for fluid tailings
treatment and on-site  direct placement
(Government of Alberta 2015). Under this scenario,
placed treated tailings require monitoring, and the
physical and chemical characteristics of the
materials must be managed in order to achieve the
desired performance criteria.

In alignment with the Tailings Management
Framework, the Government of Alberta’s Alberta
Energy Regulator has implemented Directive 085
(2017) for progressive reclamation to ensure that all
fluid tailings associated with a project are ready to
reclaim (RTR) ten years after the end of mine life.
Oil sands companies have explored a variety of
tailings treatment technologies to achieve the
regulated goals. Technologies that have been
applied differ across operators owing to the
variation in the mined ore grade and type of the

extraction processes. Technologies currently
employed include physical and/or mechanical
methods, natural processes, chemical

amendments, and co-disposal mechanisms (AER
2018). Such technologies are expected to speed up
the transformation of tailings slurry into trafficable
deposits, ready for reclamation, allowing operators
to overcome the following tailings deposition
challenges: lack of strength, lack of stability and
lack of structure. Most tailings research, to date,
has been focused on achieving end products that
are geotechnically stable.
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Table 1. Novel tailings technologies used by

major oil sands operators in the mineable oil

sands (summarized from AER Directive 085
decision summaries)

Mine Site Tailings Technologies in Use to
Meet Directive 085
Suncor - o In-line flocculation, thin lift drying,
Millennium and rehandling (TRO)
In-line flocculation and stacking
PASS (in-line flocculation and
coagulation with in-pit deposition,
followed by water capping at end
of mine life (524 Mm?3))
Syncrude - e Composite Tailings (gypsum
Mildred Lake treated middlings, mixed with
coarse sand)
Centrifuge treatment of FFT
Water capping of untreated FFT
Syncrude - o Composite Tailings (gypsum
Aurora treated middlings, mixed with
coarse sand)
e Water capping of 188 Mm3 of
untreated FFT
CNUL - o Composite tailings (discontinued
Muskeg River in 2018)
mine e Thickeners with co-deposition
CNUL - e Thickening of middlings with

Jackpine Mine placement in a mixed deposit

Centrifuge treatment of FFT

CNRL -
Horizon Mine

Selective mine planning
(MFTRMP) (reduced fines mined)
Non segregated tailings (NST)
(thickening middlings and mixing
with coarse sand)

Enhanced NST (adding MFT to
thickener along with middlings)
CO: injection of tailings to pond
Water capping of untreated FFT

Imperial -
Kearl

Thickening of middlings with
secondary inline chemical
treatment of thickener underflow
prior to deposition

Water capping of 125 Mm3
untreated FFT

There are still uncertainties in: the selection of
optimal tailings treatment technologies, the quantity
of treated tailings that can be integrated into a
landscape, and the optimal location of treated
tailings within a reconstructed soil profile. Large
time and cost savings would be achieved if treated
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tailings could both meet the desired strength and be
integrated into the reclaimable environment
directly, without capping (Caldwell 2017).

WHAT A NEW TECHNOLOGY VENDOR
NEEDS TO KNOW

Barriers to Entry

Many technology vendors approach the oil sands
industry with a traditional oil and gas culture,
mentality and business model. However, it is useful
to remind ourselves that oil sands mining is a very
unique subset of the sector, creating various
barriers to entry for new technology. For example,
traditional oil and gas, including enhanced oil
recovery operations, typically have multiple
operating wells in one geological play. These wells
offer a fairly inexpensive entry point for many new
technologies. At times, customers can pilot a
technology at one well without jeopardizing
production at other wells. This relatively low risk and
low-cost entry point means that new technologies
can be introduced and adopted in reasonably short
order.

In contrast, oil sands mining facilities follow a typical
mining approach. That consists of very few, large
scale operations with very large outputs. These
facilities are costly operations, often worth billions
$CAD. This facilities cost combined with the
isolated nature of oil sands deposits means fewer
entry points for new technology when compared to
the traditional oil and gas market.

Large, integrated facilities create barriers from an
operational risk point of view. Mining is a business
built upon efficiencies, where small process
changes can create significant cost to these large
operations (see Table 2). This ties directly to tailings
technology as the water from tailings treatment
makes up a portion of the 85% of water that is
recycled back into bitumen extraction (Tetra Tech
2017). The extraction plant recovery can be
sensitive to water chemistry changes depending on
a variety of factors (examples: Cuddy 2000,
Masliyah et al. 2011, Yang and Sedgwick 2014).
Therefore, oil sands facility operators are often
reticent to implement even simple technologies with
unknown effects on extraction processes.
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Table 2. List of operating oil sands mine
facilities and approximate outputs (adapted
from Oil Sands Magazine, 2018)

Operator Froth Treatment Capacity
(bbl/day)

Canadian Natural

Horizon Naphthenic 294,000

Muskeg River Paraffinic 155,000

Jackpine Paraffinic 100,000

Imperial

Kearl Paraffinic 220,000

Suncor

Base Plant* Naphthenic 150,000

Millenium Naphthenic 180,000

Fort Hills Paraffinic 194,000

Syncrude

Mildred Lake Naphthenic 150,000

Aurorat Naphthenic 225,000

* Froth from

Steepbank

1 Froth to Mildred

Lake

Where is the Best Fit for the Product?

There are several tailings streams in the oil sands.
Knowing where your technology fits, is very
important. Understanding if the new technology fits
best for centrifuge tailings or paraffinic froth
treatment tailings is typically a revelation for new
technology providers, however it is essential to be
able to perform the proper testing and determine
the right business plan.

If a new technology provider doesn’t have this
understanding, it can cause some major challenges
due to cost of developing the new technology. If the
initial path is not applicable, more data will have to
be generated on the new business case otherwise
it becomes difficult for the industry to adopt the
technology.

As mentioned above, tailings streams available for
treatment can include: fresh sand tailings, fresh fine
tailings, naphthenic froth treatment tailings,
paraffinic froth treatment tailings, thickener
underflow, and fluid fine tailings (from pond). Not
every technology is appropriate for all types of
tailings. Additionally, the same technology can be
used to achieve different outcomes which depend
on the goals of the end user. For instance, using a
thickener to produce hot recycle water vs high
density underflow. There also may be a more
immediate need to deal with certain tailings streams
vs. others. For example, fresh sand tailings can be
used for a variety of purposes, therefore it is not
typically seen as a “problem” for the industry.
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Coarse tailings are reasonably geotechnically
stable and easy to reclaim. In order for reclamation
to occur, coarse tailings must be capped or covered
with a salvaged reclamation material (e.g., peat
mineral mix) in sufficient depth. Without this cover,
coarse tailings have little moisture holding capacity.
That being said, coarse tailings are very low on the
priority list for tailings treatment.

In contrast to fresh tailings, fluid fine tailings have
been accumulating for years and must be managed
due to the large inventories. One of the methods
used currently for treating fluid fine tailings is
flocculation. Flocculated FFT are created through
the mixture of fine tailings enhanced with a
coagulant and/or flocculant to increase the yield
stress of the fine tailings. This generates a material
with a greater available water holding capacity than
most soils. These materials are initially extremely
wet, and if the surface dries out completely, a water
infiltration barrier is created on the surface similar to
the Bnt horizon of Solonetzic soils in southern
Alberta (i.e., poor seedbed and inhospitable to
vegetation growth and establishment). Also, fine
tailings, even when flocculated, creates extremely
soft landscapes that are not geotechnically stable
enough to conduct reclamation activities unless
intensively capped or dewatered further.

Matching a technology to the appropriate tailings
application can save a new technology provider a
lot of time and money. Each tailings application has
a different testing methodology and providing proof
of the validity of a technology using the wrong test
could lead a technology provider down a more
expensive path to commercialization.

Is Your Testing Regime Appropriate?

For ease of adoption, a new tailings technology
must ultimately help the oil sands industry meet the
criteria.  required for regulatory mandated
reclamation purposes. The end goal for all tailings
processes is to provide a reduction in volume and a
basis for a reclaimable landscape.

An ideal solution for fluid tailings streams is
generally something that mixes easily with the
slurry, reacts with the solids to make them easily
separable from water, allowing the ideal amount of
water to be released and immediately recycled yet
allows the remaining material to be pumped with
low wear and low pumping energy for the distances
required. It would then uniformly fill the deposit
according to the deposit design criteria and instantly
release the targeted amount of water once placed
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in the deposit. This would leave all the solids in the
deposit and perfectly clear water with a water
chemistry mimicking that of softened river water
coming off. This ideal is difficult to achieve and in
reality it requires trade-offs or disruptive
technologies. How these tradeoffs are made will
depend on the site. For example, one company may
prioritize the strength of the final deposit whereas
another may prioritize the capture of naphthenic
acids.

Even if a technology achieves these objectives it
may not be implemented if it is not sufficiently
robust or doesn’t reduce the volume of tailings in
the desired time frame. It is essential for a new
technology provider to understand where the
technology could be used (one site or several sites)
and ensure that the data that they are collecting
captures all of the key performance indicators that
are in their target market.

Is Your Data of High Enough Quality?

Oil sands companies expect that a certain amount
of rigor has gone into “proving” that a technology is
applicable in oil sands. Even if that technology has
been adopted in other mining applications, it must
have enough information to ensure that it is
applicable in oil sands. Often this requires a good
Design of Experiments (DOE) where a sufficient
number of experiments are performed that the
results are statistically linked to a single variable or
known combination of variables. In most cases, this
means that tests are done in triplicate within a DOE.

If the technology is at the pilot stage, then there
must be enough time run per condition to get a
feasible amount of data. In this case, a large
number of samples are required. Typically, at least
one third of the overall pilot budget should be
considered for sample collection and analysis. This
often seems like a large amount of money, however
it has been noted by industry personnel that multi-
million dollar pilots have been run which did not
produce any conclusive results due to the lack of
DOE and statistically relevant data. It is essential to
run the data through statistical analysis to
determine if the variables or interaction of variables
have an impact on the treatment.

How Does Your Technology Fit and React to
Existing Processes?

A large amount of water (>85 wt%) is recycled back
to the extraction plant (Tetra Tech 2017) from the
tailings ponds. Water chemistry is very important to
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effectively recover oil from the sands (Masliyah
2011), therefore the type of tailings treatment is
important. For example, certain types of electrical
processes can release Ca or Na from the clays,
causing an increase in those ions which can be
detrimental to the extraction process in some
conditions. For example, assuming a 300,000 bpd
facility, a one percent change in recovery can
decrease production by more than 3,000 bpd which
works out to one million barrels per year. It is
important to consider these impacts and their effect
on a return on investment calculation.

Another consideration is if the new technology
results in an overall increase of carbon dioxide
emissions. In a complex plant environment, industry
may be very reluctant to increase carbon dioxide
emissions even if the technology gets them closer
to their reclamation goals. Therefore, testing of
carbon dioxide emissions may need to be part of
the validation program.

By understanding the existing processes and
ensuring a proper test plan is followed, a new
technology provider will ensure that answers to
questions industry might have are available. This
often results in a quicker path to deployment.

How Robust is Your Technology?

In some industries, the particle size is kept within a
proscribed tolerance for the plan to operate
properly. However, in oil sands the particle size
distribution of the tailings can vary. If the technology
is appropriate on fluid fine tailings, it has to be able
to handle a variety of ratios of sands, fines and
clays, water and bitumen. This mixture can change
significantly within an hour timeframe (Kaminsky
and Omotoso 2016) therefore the more robust a
technology is, the more favorable it will be seen.
The key to this is testing on a wide variety of fluid
fine tailings.

For the business case, it is also important to test
tailings from a variety of sites. Typically, each oil
sands pond has different water chemistry
characteristics. Therefore, if a technology wants to
be applicable across various sites, it must be able
to prove that it is robust enough to handle different
water chemistries.

Paraffinic versus Naphthenic Froth Treatment
There are two types of froth treatment processes

used by the oil sands industry at this time: paraffinic
and naphthenic. They produce two very different
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types of tailings. Paraffinic froth treatment tailings
consist of fine minerals and clays, asphaltenes and
a very small amount of maltenes in a large portion
of water. The fine minerals and clays often bind
loosely with the asphaltenes to make an asphaltene
agglomerate. However, some of those clays and
ultrafines are still separated from the asphaltenes
and make up a good portion of the fluid fine tailings.
It has been proven that these asphaltene
agglomerates act like larger size particles and settle
quite easily. Naphthenic froth treatment tailings do
not have asphaltenes due to the use of a different
type of chemical (diluent). Both froth treatment
tailings have a very small percentage of solvent
(0.3% vol./vol) or diluent (less than 0.4% vol./vol) in
the tailings (Tetra Tech 2017). Some technologies
will handle asphaltenes better than others,
therefore this factor should be taken into account.

Interestingly, the type of froth treatment does have
some effect on the tailings. Solvents or diluents
actually provide a good source of food for bacteria
naturally found in the tailings, therefore certain
kinds of tailings treatments may see gas generation
occur. This leads to two issues: 1) gas emissions
(industry is interested in decreasing gas emissions
from ponds) and 2) “fluffing” of the tailings. Fluffing
of the tailings results in a loss of room in the tailings
pond for deposition. A technology that has either of
these two phenomena (although they typically go
together from our experience) may have a more
difficult time being adopted in oil sands.

Intellectual Property

The ownership of technology and associated
intellectual property (IP) is often a barrier to
deployment of new technologies in any domain.
The same is true for oil sands. Generally speaking,
IP consists of patents, data, trademarks, trade
secrets plans, processes and other elements that
can be used to describe a technology. It can be
divided into two categories, background IP and
resultant IP. Background IP is largely historical and
is what companies bring to the table at the
beginning of a working relationship. For example, a
technology provider with a new chemical additive
brings all of their historical IP on the product to the
oil sands operator, who in turn has background IP
on their own internal processes, etc. Background IP
is usually not a barrier to engagement.

Where conflict generally occurs is during the
negotiations of IP developed as a result of a
partnership. For example, if the two aforementioned
companies share costs on the testing of a new
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chemical tailings treatment. The project outcomes
lead to a new process or method for applying the
chemical. In such a case there is potential conflict
on the matter of IP ownership and the resultant
commercial opportunities, as both parties may have
a legitimate claim on the new developments.

There are several practices that can be
implemented during the development of a new
tailings technology. One suggested practice is to
establish what elements of the technology fall in the
public domain and are therefore off the table to IP
claims. This helps establish a playing field where
there is some clarity on where there are potential
starting points for conflict. To avoid conflict, cash
rich organizations may choose to handle all costs
and development internally as long as possible,
thereby delaying the potential for conflict.
Conversely, cash poor organizations may negotiate
away a portion of their IP rights to oil sands
companies as part of a joint venture on developing
the technology. Importantly, at some point almost
any tailings technology provider will need to
concede some portion of their IP in order to
complete the final validation of their technology
through the fact that the customer sites are each
appreciably different and are controlled by oil sands
companies.

Samples

Technology developers are often surprised by the
availability of tailings samples. The core
assumption is that as an abundant waste product,
tailings should be inexpensive and a plentiful
resource for technology providers to access. In
practice however, the reality is very different.

At a minimum, tailings are in remote deposits with
restricted access. Seasonality must be considered
as samples cannot be collected in winter. Collection
requires vacuum trucks or specialized equipment
with high mobilization costs. Large batches of
tailings must then be homogenized before being
split into smaller subsamples, usually either 1 cubic
meter totes or smaller 20-liter buckets. This also
requires specialized capabilities maintained by few
organizations. In order to manage sample costs,
most organizations plan their sample collection
during field season. For these reasons, it is
suggested that technology developers secure
samples well in advance of their experimental
program. It is possible that samples provided by oil
sands mines will require a contract between both
parties outlining the limitations for use of the
samples.
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For small quantities, InnoTech Alberta maintains a
tailings sample bank in Edmonton. Samples are
available in 20-liter (5 US Gallon) pails for a fee.
Samples can be  ordered online  at:
https://innotechalberta.ca/mature-fine-tailings-
sample-bank-request-form/. In October of 2018, the
cost for one pail was $700 CAD (approx. $540
UsD).

Due to the barriers associated with obtaining
samples, many developers have adopted
seemingly innocent practices to save on costs.
Unfortunately, these can have sub optimal impacts.
For example, it can be tempting to re-use samples
multiple times to save costs. The downside is this
may cause biases in your data, harming your
repeatability. For this reason, we suggest using
tailings samples once, before disposing of them.

As tailings streams can vary depending on their
origin, background process, and collection method,
samples should be characterized prior to use.
Common methods and their output are listed in
Table 3. These will represent valuable metadata on
your sample and useful for interpreting the results
obtained using your technology. Without this
metadata, operators have no baseline to interpret
the results and will generally require you to do
another set of tests or worse, completely ignore
what you have generated. The reason for this is that
FFT is highly variable even within a single pond or
site and will respond differently to treatments
depending on the clay content, solids content and
water chemistry (Kaminsky and Omotoso 2016).

Table 1. Suggested tailings sample
characterization methods

Method Characterization

Dean and Stark (on
tailings containing
bitumen)

Determine composition of
sample (bitumen, water
and solids content)

Oven drying (on tailings
containing no bitumen)

Determine composition
(Water and solids
content)

Particle size distribution

Methylene Blue Index
(MBI)

Determine clay content
and activity

Water Chemistry

pH, conductivity, TDS,
Total Organic Carbon,
Total Inorganic Carbon,
Major anions and cations

Rheology measurement

Yield Stress
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Site Access

As a technology matures and advances along the
technology readiness levels, it will eventually
require scaled up trials. These are typically an order
of magnitude larger in terms of product throughput
which are only economically feasible on site.

Oil sands mines and their tailings ponds are located
in remote areas with limited access. Furthermore,
tailings ponds can be hazardous environments,
requiring training and operating procedures to work
in and around. Site access is often limited to a few
trusted operators with specific qualifications and
certification programs in place. This has created a
barrier to access for many technology developers
not deeply embedded in oil sands operations.

Industry will often ask for testing to be performed by
third party laboratories, or consultants to ensure
that the data is relevant (the methods that are
followed are industry accepted), before moving to
an on-site test.

Scale Up

Oil sands mining produces fluid fine tailings in a
ratio of approximately 1 barrel of FFT per barrel of
bitumen produced (AER 2018). As stated earlier,
the Alberta Energy Regulator estimates that there
are currently 1.2 billion cubic meters of untreated
tailings, with stockpiles expected to continue
growing for the foreseeable future. This volume of
material is significant, with few parallels elsewhere
in the world. The scale of operations can also be
surprising to new technology developers. Quite
often, over 26,000 tph of tailings (coarse and fine)
report to the tailings pond (Tetra Tech 2017). This
is a significant amount, when new technology
providers propose treating fresh, whole tailings. For
example, if there is a technology that requires whole
tailings (sands and fines size fractions), then the
tonnages that are relevant are in the 10s of
thousands tonnes per hour.

For this reason, many technology developers put an
emphasis on scaling up their technology very early
on in the development process. However, it is very
important to not rush to a pilot stage and to ensure
that the scale up factors and variables are known.
This means that in some cases, computational fluid
dynamics is required. Other methods can be a
systematic movement in size based on data
gathered at each phase. By doing this work at
smaller volumes, the technology can be tested on a
wider variety of variables and the variables can be
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tested in less complex configurations. This leads to
a greater chance of success.

In addition, it is important to understand the impacts
of these scale or technology development costs.
For reference, recall that 20 Liters of oil sands
tailings from a sample bank is approximately $700.
If a technology requires 10 liters of tailings per test
run, each run will cost as much as $350 for sample.
Larger scale technologies requiring volumes up to
1 cubic meter can expect to pay up to $10,000 per
sample run. Factor these costs by the appropriate
number of experimental replicates, and it becomes
apparent that tailings technology at even relatively
small scales can be costly in terms of sample costs.

When designing your technology development
plan, it is suggested to consider the impact the
scale of experiment can have on your testing.
Instead of focusing on larger scale, quasi pilot
demonstrations with high costs, it is often preferable
to perform smaller scale experiments to validate
assumptions prior to scale up. This method is more
agile, nimble and often more cost-effective
approach which allows for a more methodical scale
up as the technology progresses.

Technology Readiness

Technology readiness is a measure of how close any
particular technology may be to deployment in the
field. It is typically highly subjective and dependent
on many factors, therefore making it difficult to
evaluate. However, technology developers are often
asked to self-assess their Technology Readiness
Level (TRL). TRL was originally developed by NASA
(Mankins 1995) as an integrated technology
planning and management tool to assess flight
worthiness of new systems. In oil sands, a modified
TRL scale published by Alberta Innovates is often
used (Table 2).

As TRLs were developed with a narrow scope and
application in mind, they often work best for
technologies with a narrow scope and within niche
applications. This can cause problems for
technology developers trying to attract interest for
their offerings. For example, a technology may be
commercially deployed in another domain outside
of oil sands. In such a case, it is tempting to
categorize a technology as being at a high TRL
level however it is our suggestion is to resist this
temptation. The complexities associated with oil
sands tailings often means that technologies do not
“port over” to a similar level in the oil sands tailings
domain.
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Table 2. Technology Readiness Levels
(adapted from Alberta Innovates, 2018)

TRLA1 Basic principles of concept are observed
and reported.

TRL2 Technology concept and/or application
formulated.

TRL3 Analytical and experimental critical function
and/or proof of concept.

TRL4 Component and/or validation in a
laboratory environment.

TRL5 Component and/or validation in a simulated
environment.

TRL6 System/subsystem model or prototype
demonstration in a simulated environment

TRL7 Prototype ready for demonstration in an
appropriate operational environment

TRL8 Actual technology completed and qualified
through tests and demonstrations

TRL9 Actual technology proven through
successful deployment in an operational
setting.

Industry Experience

Commercialization of new technologies in the oil
sands market is not for the faint of heart.
Technology adoption cycles in the market are long
(typically 10 years or longer) and take considerable
time and resources to accomplish. Companies
inexperienced in the industry typically struggle this.
Developing a reputation as a serious and
worthwhile party can be time consuming. This
struggle is faced by large multinationals as well as
smaller startups and SMEs.

Successful companies often include some form of
oil sands industry experience on their technical
team or their management team. The right people
can help a company navigate the myriad
technologies, companies, personalities and even
acronyms that create barriers to entry. Companies
without this experience are encouraged to seek it
out in the form of service providers or by hiring
appropriate team members early in the process.

Brownfield versus Greenfield Application

A key mistake that technology developers make is
not recognizing the difference between Brownfield
and Greenfield oil sands mining operations. They
can be defined as:

Brownfield site. Existing, operating oil sands mines
as described in Table 2. These are typically large-
scale facilities with high replacement costs.
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Greenfield site. Planned or unbuilt facilities and
expansions. These are typically less bound by
legacy infrastructure. If future mines proceed, they
may use new techniques. Typical development
cycles are on the order of 10 plus years.

The primary contrast between the two types of sites
is based upon the adoption cost of technologies.
Brownfield sites are established, with significant in
place infrastructure. Technologies that significantly
impact existing operations or would replace existing
processing streams are generally considered too
expensive in terms of capital cost and opportunity
costs from lost production. As such brownfield sites
are generally more receptive of technologies that
are incremental or supplementary to their existing
process and operations. Successful commercial
deployment requires that technology providers
develop a deep understanding of the client’'s
business model and operational context.

Greenfield sites, by virtue of not already having a
large capital investment, are conceptually open to
new technologies and different processes. They are
a proverbial “Blue Ocean”. However, the market is
considerably more difficult to predict. At the time of
this writing, there is only one planned oil sands mine
submitted for approval, the Teck Energy Frontier
mine. If approved, Frontier will likely operate like
most existing mines. Less defined opportunities
exist in unannounced mines however the timeframe
to commercialize the technology is on the order of
decades.

Business Model

The business model is critical to the successful
commercial deployment of any new technology. A
poor business model introduces risk and can make
otherwise good technologies fail. Unfortunately,
technically driven entrepreneurs often emphasize
technology development at the detriment of their
business model. This is understandable in the early
stages of development but should be rectified at the
later TRLs.

A sound business model will allow a potential
customer to easily evaluate the economic value of
investing in a new technology. The methods of
doing this are highly variable and include: payback
period (the time it takes to recoup an investment),
Return on Investment (the percentage return on a
dollar spent), and Net Present Value (the present
value of dollars invested in a technology). In order
to be successful, technology developers are
advised to understand the economic decision
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method their potential clients use in order to tailor
their business model to the client. Pricing of a new
technology should reflect this fact.

Beyond pricing, other aspects of the business
model are important. For example, what warranties
or guarantees of performance are required? Will
after sales service be needed? Will the operator
require new staff to operate the technology, or will
this be offered by the vendor? Mindful consultation
with potential clients and careful consideration of
these details will help facilitate the commercial
adoption of the technology.

CONCLUSION

There is a lot to know when new technology
providers are entering into the oil sands industry.
We have provided some of the main pieces to the
puzzle of oil sands technology development,
however this is only a portion of the complexity of
the field. It is important for new technology
developers to talk to the right people and gain
insight into the oil sands industry before pitching
their technology to the oil sands companies.
Understanding where your technology fits into the
complexities of the oil sands industry will help you
navigate through the business and will decrease the
frustrations often felt by those entering into the field
unaided.
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ABSTRACT

Oil sands fluid fine tailings, thickened tailings or
sand—-fines tailings mixtures have a lot of
similarities with natural mud, sand—mud mixtures
and soft soils commonly found in estuarine and
coastal areas. While the specifics of oil sands
operations are certainly different, the physics and
physical processes at the basis of tailings
treatment technologies (especially in the direction
of tailings basins closure), and sediment
management for land reclamation or coastal
defense are very similar.

In various regions of the world sediment
management is becoming a critical matter for
sustainable development: coastal regions and river
banks are eroding exposing towns to more
recurrent flooding; coastal development activities
demand for large quantities of sediment as
building material, or development of harbors for
access to remote coastal regions. Similarly to fluid
fine tailings management and tailings basin
closure, these challenges indicate that smart,
integrated and technologically advanced sediment
(and tailings) management is critically necessary.

With this in mind, EcoShape initiated the Living
Lab for Mud (LLM) initiative. The LLM includes five
pilots project in the Netherlands and Indonesia
where innovative fine sediments knowledge and
technologies are developed and tested in the field.
These projects include utilizing dredge and natural
sediments to: build islands for enhancing
biodiversity; produce construction material for
dykes reinforcement; and enhance the
development of wetlands, salt marshes and
mangroves. Similarly to oil sands tailings
management, the underlying physic and
processes at the basis of these pilots include:
flocculation, dewatering and strength development
(i.e. sedimentation, consolidation, drying and
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ripening); fines resuspension, fate and trapping;
interaction of sediments with biota; and socio-
economic aspects.

Not too dissimilar from the Canadian Oil sands
Innovation Alliance (COSIA), EcoShape
(www.ecoshape.org) is a Dutch consortium
created to develop, collect and disseminate pre-
competitive innovative knowledge and
technologies based on the Building with Nature
(BwN) approach. EcoShape unifies research
institutes (Deltares and Wageningen University
and Research), consultants (Witteveen en Bos,

Arcadis, Royal Haskoning - DHV, HKV),
contractors (Boskalis, Van Oord, IHC) and
government agencies (Dutch Ministry and

Municipalities).

This paper presents the LLM initiative and gives a
general overview of these pilot projects,
highlighting the similarites in knowledge,
(numerical) tools and technologies with oil sands
tailings management and tailings basins closure.
This presentation has the ambition to continue
inspiring international collaboration and knowledge
exchange between Canada, Europe and beyond.

INTRODUCTION

Based on the assumption of general and
fundamental similarities between Canadian Oil
sands tailings and natural mud, this paper
describes a selected numbers of international,
Dutch-based experience and pilot projects, where
knowledge partly developed in oil sands research
is utilized for the beneficial nature-based use of
natural mud. This paper intends to demonstrate
that collaborative pre-competitive knowledge
development and dissemination approaches are
similarly developed in Canada and in the
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Netherlands. This paper therefore pledges for
even closer international collaboration.

Canadian Oil Sands Tailings Challenges

One of the largest challenges of Canada’s oil
sands is the production of large volumes of slow
dewatering oil sands tailings during bitumen
extraction (Martin and Davids 2000). Oil sands
operators are required to comply with Alberta
Energy Regulator (AER) requirement to manage
fluid tailings (FT) volumes during and after mine
operation in order to manage and decrease liability
and environmental risk resulting from the
accumulation of fluid tailings on the landscape. FT
management should be achieved while balancing
environmental, social, and economic needs (AER,
Directive 85).

FT are a mixture of process water, sand, silt, clay
and residual bitumen. During deposition or as part
of tailings management processes sand is often
separated from the rest of the tailings generating
fluid fine tailings (FFT). FFT is at the core of the oil
sands tailings management challenge. FFT has
very poor dewatering (i.e. setting and
consolidation) properties largely caused by the
bitumen extraction process which disperses the
clay fraction.

Independently or through COSIA, the industry is
investing significant resources to develop effective
technologies to minimize production and treat
legacy of FFT'. The key objective is to reclaim FFT
into boreal landscape soon after mine life.
Example technologies include (a combination of):
Flocculant treatment, generally synthetic
anionic polymers;

FFT centrifugation with large centrifuges;
Atmospheric drying of FFT with subsequent
deposition and drying of thin FFT layers;
Non-segregating tailings, mixing sand and fines
before deposition, and avoiding segregation of
sand and FFT during deposition;

Co-mixing, mixing coarse and fine tailings
during deposition or within existing deposits;
Capping, covering existing deposits with a layer
of sand of other lighter material;

Deposition of treated FFT in deep mine-pit
deposits;

' https://www.cosia.cal/initiatives/tailings#projects
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¢ Biological (nature-based) methods, such as

enhancing dewatering through vegetation,
worms, bacteria.

This collaborative research and technology
development at pre-competitive stage is funneled
via COSIA. COSIA was launched in 2012 with all
largest oil sands companies contributing to fund
and co-develop innovative technologies with focus
on accelerating the pace of improvement the
environmental performance of Canada’s oil
sands?. COSIA includes four Environmental
Priority Areas (EPAs): greenhouse gases (GHG),
land, water and tailings.

While the clay fraction of FFT has undergone
dispersive treatment during the bitumen extraction
process, FT presents many similarities with natural
mud. Therefore the knowledge that is developed in
Canadian oil sands is applicable to many other
challenges in muddy areas world-wide. Vice versa
solutions from international experience can be
effectively imported in oil sands when
appropriately adapted to the peculiarity of the oil
sands tailings and the needs of the industry.

Worldwide Mud Challenges

Throughout the world, different coasts, shores,
lakes, and rivers have to deal with excess
sediment or sediment shortages. The natural
balance between the erosion and deposition of
sediment is disrupted by human interventions such
as dams in a river, port developments in an
estuary and dredging activities for the
maintenance of existing ports and waterways.
Disruption of the natural balance creates areas of
sediment starvation (i.e., coastal erosion) and
areas of sediment abundance (i.e., siltation in
harbors), Winterwerp and Wang (2013),
Winterwerp et al. (2013), Vorosmarty et al. (2003),
and Brils et al. (2017). Human developments and
natural ecosystems are directly affected by this
sediment unbalance, with implication on industrial
activities (e.g. navigation, logistic and tourism
industry); space for living, flood safety and impact
of climate change (e.g. loss of coastal areas and
more frequent flooding) and food security (e.g.
loss of productivity).

Optimizing sediment management by integrating
human developments into the natural sediment
cycle is one of present days’ greatest challenges

2 https://www.cosia.ca/about
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as well as greatest opportunities. Sediment is
therefore potentially a precious resource, not a
waste.

Worldwide, various initiatives and programs exist
that focus on the development and testing of
sustainable and nature-based approaches for
optimizing sediment management and reuse. The
Central Dredging Association (CEDA) started a
Working Group on Beneficial Use of Sediments in
20173, which collected the latest case studies and
listed the most important worldwide initiatives
regarding beneficial use of natural (and
contaminated) sediments in an Information and a
Position paper soon to be published.

THE LIVING LAB FOR MUD,
ECOSHAPE AND BUILDING WITH
NATURE

The Living Lab for Mud (LLM)* is managed by the
consortium EcoShape — Building with Nature in
The Netherlands®. EcoShape is a Dutch
consortium that unifies many of the most important
Dutch private (i.e. engineering and contractor),
research institute and academic organizations,
NGO and public entities of the Dutch water sector.
The objective of EcoShape is to collaboratively
develop, demonstrate through pilots, and publically
share precompetitive BwN knowledge and
solutions for water-(and dredging) related
challenges. While different in the organizational
details, EcoShape is not too dissimilar from
COSIA.

BwN means proactively utilizing the ecological,
physical and socio-economic system integral
ingredient of an engineering solution (De Vriend et
al. 2015, De Vriend & Van Koningsveld 2012). In
coastal defense setting it may mean utilizing
vegetation to trap sediments and decrease the
impact of a storm on the dike, rather than
increasing a concrete dike. It may also mean
taking advantage of the too high turbidity of a river
and harbor siltation to dredge and ripen these
sediments to produce clay soil to strengthen and
broaden dikes. BwWN also means to incorporate
local governance and stakeholder engagement
and sustainable business models.

3 https://www.dredging.org/ceda/working-groups
4 https://www.ecoshape.org/en/projects/living-lab-
mud/

5 https://www.ecoshape.org
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Figure 1. Representation of the 5 LLM

concepts. The LLM concepts are
tested in five pilot projects. From
left to right: Vegetation recovery in
eroding coastal areas, Pilot Building
with Nature Indonesia; Strategic
disposal of dredge sediment for salt

marshes development, Pilot Mud
Motor; Construction of natural
islands from natural dredge
sediments, Pilot KIMA Marker

Wadden; Develop salt marshes from
sand and mud, Pilot Marconi;
Producing clay soil from dredge
sediments, Pilot Kleirijperij. Generic
knowledge regarding fine sediment
physics, project implementation and
governance is developed within
each pilot. The knowledge and
experts network are shared across
the pilots. Image by EcoShape, 2017

The main objective of the LLM is to develop, show
and share innovative knowledge, technologies and
techniques regarding the sustainable use and re-
use of fine sediments (i.e. mud) based on the BwN
approach (EcoShape 2017). The LLM is a real big
living lab. It links five mud and BwN based
concepts which are tested in five full-scale
EcoShape managed specific pilot projects in The
Netherlands and Indonesia (Figure 1). In these
pilots we “learn-by-doing”. Innovative mud based
solutions are tested to: reduce flood risk and
increase resilience to climate change; enhance
ecosystem restoration and nature development;
improve water quality; transform sediment into
alternative building material and improve the
navigability of waterways. The LLM extrapolates
and exchange generically applicable concepts
from existing specific pilots.

The LLM pilots apply the principle of BwN. It is the
ambition of the authors, of EcoShape and its
partners, to apply the knowledge developed with
the LLM in practice and to extend the LLM experts
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network both nationally and internationally, since
estuaries, coastal areas and inland waters, as well
as various industry activities (e.g. oil sands)
elsewhere in the world face similar sediment or
tailings management challenges and opportunities.

THE LIVING LAB FOR MUD PILOTS

The LLM includes five pilots as described in Figure

1. These pilots transition through:

» Trapping suspended fine sediments to enhance
vegetation recovery (Pilot Building with Nature
Indonesia in Demak, Indonesia)®;

» Strategic disposal of dredged material to
encourage salt marsh or wetland development
(Pilot Mud Motor Koehoal salt march
development in Harlingen, The Netherlands);

» Construction of natural islands with fine dredge
material within sand dikes (Pilot KIMA Marker
Wadden, The Netherlands)?;

» Develop salt marshes at different percentages
of sand and mud content and through planting
vegetation (Pilot Marconi, The Netherlands)®;

* Producing clay soil through ripening fine dredge
material (Pilot Kleirijperij, The Netherlands )'°.

These pilots cover the full range between: fines in
suspension, fluid, consolidated and ripened mud;
and between maximizing BwN with very limited
human intervention and more involved human
activities. These pilots integrate  physical
understanding of mud dynamics, ecology and
vegetation science, innovative operational know-
how on handling and constructing with very soft
mud, and often complex innovative multi-party and
multi-agency public-private-academic
collaboration. When the world “tailings” is
substituted to the world “mud” in the chapter
above, the parallel with oil sands tailings
management is apparent. Some of the EcoShape
partners actively participate in oil sands research
and development and engineering projects.
Significant experience, knowledge and tools that

8 https://www.ecoshape.org/en/projects/building-
with-nature-indonesia/

7 https://www.ecoshape.org/en/projects/mud-
motor/

8 https://www.ecoshape.org/en/projects/marker-
wadden/

% https://www.ecoshape.org/en/projects/saltmarsh-
development-marconi-delfzijl/

10 https://www.ecoshape.org/en/projects/clay-
ripening-pilot-project/

are developed in oil sands projects are utilized in
the LLM pilots, and vice versa.

In this paper we present in more details those
pilots where the correlation between LLM
knowledge development and application is mostly
intertwined with oil sand applications. These are:
1. Kleirijperij; 2. Marker Wadden; and 3. Marconi.
These pilots are all currently in execution with
preliminary results fresh of the press. In this paper
we present a general introduction to these pilots
and the most important results to date. For
additional information and background of all pilots,
we refer to previous publications (van Eekelen et
al. 2017) and to the EcoShape website referenced
in the footnotes of each pilot. For a description of
the full EcoShape Program and all EcoShape
pilots we refer to van Eekelen et al. (2018).

Pilot Kleirijperij

The Pilot Kleirijperij is located at Delfzijl, on the
west side of the Eems-Dollard estuary, which
borders The Netherlands and Germany. Since a
few decades, the turbidity in the Ems River has
been increasing due to an increase in suspended
sediments concentration (van Maren et al. 2015).
This leads to an increase in required maintenance
dredging for the harbors in the Ems Estuary, such
as Delfzijl. At the same time, the clay that is
needed to maintain or strengthen the dikes in the
area is bought and brought in from distant
locations.

In the pilot Kleirijperij sediment is dredged from the
harbor channel of Delfzijl and the nature area
Breebaart. It is directly transported on land across
the dike and deposited into 24 departments in two
locations, covering about 22 ha. The size of the
departments varies but is in the order of 100 m x
100 m. The mud is deposited in one or two cycles
with a total initial thickens in the order of 1.5 m.
There it is allowed to ripen for three years into clay
soil. The objective of this pilot is to test different
ripening strategies to determine efficient and cost-
effective delivering of dike quality clay. Ripening
strategies include different thickness, mixing with
fresh water, overturning and mixing, and
vegetation planting. At its termination in 2021, the
pilot will have to deliver 70,000 m® of clay for use
in a demonstration project of the green dike
concept ‘Brede Groene Dijk’ (Van Loon et al.
2015). This dike has a grass-covered embankment
with a slope that is less steep than in regular
embankments in the Netherlands. If successful,
the pilot will be scaled up in the future to extract up
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to 1 million cubic meter of dredge material form the
Eems-Dollard.

While ripening dredged material or fine tailings is
not new, for the first time this pilot aims to produce
clay from dredge sediments that meets the
requirements for application in Dutch dikes.
Simultaneously, this pilot contributes to decreasing
the turbidity of the Ems River and improving its
water quality. The Kleirijperij pilot represents
therefore an attractive win-win opportunity which
harnesses BwWN processes such as evaporation
and consolidation and ripening, to turn excess
dredged sediment into a resource, by creating clay
soil for dikes.

Dutch legislation requires clay for dikes of a
specific class (determined mainly by the Atterberg
Limits and water content), a maximum salt and
organic content. During ripening, the dredged mud
needs to lose water and decrease its salt and
organic content. A monitoring program, laboratory
test and numerical modeling are associated to this
pilot, to predict and continuously verify its
performance. In the field, measurements are
taken: during deposition; regularly throughout the
year; and in detail one per year. During deposition,
online measurements were taken for density and
general dredge material characterization. During
ripening, mud level is regularly measured with
settling plates and fiber optic measurements. The
latter is an innovative method to monitor mudline
and mud density being tested in parallel in the pilot
and in the lab. Drainage water is also measured
from the sand drains. Each year in September, an
extensive field monitoring investigation is carried
out, through analysis of in-situ sediment samples.
In parallel to the field pilot, settling columns,
Seepage Induced Consolidation and permeability
tests are carried out in the lab to assess and
predict dewatering performance. An extensive
literature study to collect pre-existing knowledge
was performed before the pilot. Numerical
modeling development and specific lab testing are
foreseen dedicate to understanding and predicting
ripening.

At the time of this paper (summer 2018),
deposition is completed in Delfzijl while
construction has begun in Breebaart. Deposition in
Delfzijl took place in two subsequent events. A first
event started on April 5th, 2018 (official opening of
the pilot), and a second event in July. The cells
were filled with a height of 0.4-1.6 m. The initial
density of the dredged material was slightly below
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Figure 2. The Kleirijperij site of Delfzijl seen
from Google maps about two
months after deposition of the first
layer. 15 cells are filled with dredged
sediment coming from the entrance
channel of the Delfzijl harbor (blue
circle, approximate location) and
transported directly to the cells with
a pipeline (blue line)

Figure 3.

Image of one cell of the Kleirijperij
taken on 16th of August (day 135),
therefore about one month after the
second layer was deposited. Photo
EcoShape

1,200 kg/m3. The overlying water was drained from
the cells about two weeks after deposition. Soon
after drainage, a crust formed on top of the
deposited mud (Figure 3).
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Preliminary measurements indicated dewatering
rates in line with theoretical expectations, with
faster dewatering rates in thinner deposits and
with underlying drain. To facilitate dewatering, the
crust was broken mechanically. Under the crust,
the mud was still rather fluid, except in the cell with
a thickness of deposited mud of 0.4 m, that
showed very rapid dewatering. In June 2018 a
second layer was deposited.

The Kleirijperij project is a collaboration between
EcoShape, the Province of Groningen, the water
authority ‘Hunze en Aa’s’, the Delfzijl port authority
Groningen  Seaports, nature  organization
Groninger Landschap and the Dutch Ministry of
Infrastructure and Water Management. The project
partially financed by the Waddenfonds and the
Dutch National Flood Protection Program HWBP.
This pilot is part of the larger ED2050 program’’,
which includes various pilots in the Eems-Dollard
region with the same objective of improving the
natural and economical value of the Region.

Oil sands experience with atmospheric fines drying
was used to develop the filing and monitoring
strategy of the pilot. Biological treatment methods
will include vegetation and possible worms,
techniques that are currently investigated in oil
sands research by EcoShape partners Deltares
together with Canadian partners (e.g. NAIT). The
fiber optic tool is being developed and tested in
this pilot to monitor mud — water — air interface and
density profile development. This same tools is
being considered for installation in oil sands
tailings ponds.

Pilot Marker Wadden (KIMA)

Lake Marken in the center of the Netherlands is
one of the largest freshwater lakes in Western
Europe. Since the lake was artificially closed off
from Lake IJssel, its ecological status has
deteriorated severely due to a significant increase
of the turbidity caused by re-suspension of fines.
The nature conservation organization
Natuurmonumenten and the Dutch government
have joined forces with the ambition of improving
the natural habitat in Lake Marken by decreasing
suspended fines concentration. A potential
strategy includes the excavation of deeper
sediment traps that favor natural settling and
sedimentation of fine particles and inflow of
possible fluid mud. The trapped sediment can be
utilized as part of the building material to create an

" https://www.eemsdollard2050.nl/
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archipelago of marsh islands: the so called Marker
Wadden, which is intended to become a “bird
paradise”. The Marker Wadden intends to

demonstrate that fine sediments can be used as a
construction material for land reclamation, dike
reinforcement and soil improvement. This ambition
is in line with the Kleirijperij project described
above, and therefore similar to turning FFT
deposits into reclaimable landscape.

Figure 4. Aerial view of Marker Wadden under
construction, April 2018. To the left
of the the island, three smaller cells,
where part of the KIMA research
program will be executed. Photo by
Natuurmonumenten

After the construction of a ten-hectare trial island
in 2014, the construction of a 600-hectare island
began in 2016. Part of the island is opened for the
public in 2018. The development of the Marker
Wadden is monitored closely to improve
understanding of how to build with mud (in oil
sands terms, how to dewater and achieve strength
and bearing capacity in fine deposits) as a form of
BwN. Enclosed by sandy ridges, fines (clay and
silt) sediments are deposited in the Marker

Wadden to establish a productive marsh
landscape.

The Marker Wadden project includes a
construction project and a pilot knowledge
development project associated to it. The

knowledge development project (Kennis Innovatie
programma Marker Wadden, KIMA) is designed to
deliver generic as well as directly applicable
knowledge to the construction project present and
future phases, but without interfering directly with
it. Questions are brought from the operational
project to the research program and vice-versa
knowledge and innovative products are delivered
to the project (and to the community), without
having the research program to interfere with
operational logistics and schedule of construction.
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KIMA is carried out in collaboration between the

operational department of Dutch Ministry for
Infrustructure and  Water  (Rijkswaterstaat),
Natuurmonumenten, Deltares and EcoShape,

therefore in collaboration between Government,

NGO, academia and research, and private
partners.

KIMA specifically focus on:

1. Fundamental and applied research, and

scaling-up to engineering solutions regarding:
* Building with mud and sand (physics)
+ Development of ecological systems
(ecology)
» Adaptive Governance (socio-economics)
2. Field monitoring of the Marker Wadden;
3. Knowledge and data management,
dissemination.

and

Challenges, knowledge and tools developed in the
Marker Wadden are potentially similar to those
developed in various oil sands applications,
especially related to tailings basin closure and
reclamation, or in-pit lake management. The same
numerical consolidation tool developed and
utilized in oil sands tailings consolidation estimates
is utilize to predict final topography of the Marker
Wadden islands. Similar concepts of dewatering
through vegetation studies in the oil sands are also
implemented in the Marker Wadden. The KIMA
program will offer the opportunity to study the
continuous process of (hindered) settling or
sedimentation, consolidation and ripening, and to
develop and tests numerical tool and monitoring
methods to quantify it. This same tool will allow
improvement of performance of oil sands
consolidation estimates to closure landscape.

Pilot Marconi

The Marconi pilot is located near the Kleirijperij
Pilot, therefore along the Eems-Dollard. The
Marconi Pilot is also part of the Eems-Dollard 2050
Program. The larger objective of this pilot is to
improve the natural and economical value of the
water front of the town of Delfzijl. This pilot
includes the modification of the waterfront with
improving its safety against climate change and
sea level rise and at the same time providing
areas for recreation and nature development.

EcoShape is responsible for a smaller portion of
this project, which focuses on understanding and
monitoring optimal conditions for salt marsh
development. Different percentage of fine
sediment is mixed with sand to provide the
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substrate for vegetation development. The initially
sandy substrate is subdivided in ten different
sections (Figure 5). In each section different
percentage of fines and sand are mixed (5% - 20%
and 50%). In some sections vegetation is planted.
For about three years these sections will be
monitored to track vegetation development as well
as morphological changes. The overall idea of this
pilot is to learn how to effectively establish a salt
marsh, how vegetation develops in time and the
effectiveness of the vegetation to trap sediment
and self-sustain itself. The EcoShape part of the
project will begin on November 1%, 2018.

Therefore there are no data currently available.

Figure 5. Infographic representing the
development of salt marshes in front
of the Delzijl harbor entrance
channel (top), and the design of the
Marconi salt marsh with the specific
subdivision in different
compartments with different fines
content to be mixed in sand (5 — 20 -

50%), green represents sections
where vegetation will be planted
(bottom)
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This project may connect with oil sands application
as far as opportunity for vegetation establishment
in sand / fines substrates, which are typical of
sand beaches or sand rich deposits. Vegetation
may potentially be implemented also in
combination with thin lift, so enhance fines capture
and speed up dewatering. Similar concepts are
currently under development in The Netherlands to
utilize thin lifts to slowly raise dikes, or in USA by
the Corps of Engineers to restore wetlands.

CONCLUSIONS

This paper shows that the fundamental underlying
physical processes, predicting and monitoring
methods behind atmospheric fines drying and
making clay soil for dikes from dredge material,
predicting and monitoring consolidation in of FT in
deep deposits and final settlement of natural
sediments in natural islands, or understanding the
optimal condition for vegetation growth in tailings
and in sand-mud soil are generally similar.

It is unneglectable that oil sand tailings present
specific peculiarities especially related to the very
poor dewatering likely caused by the clay treated
with dispersant additives to facilitate the bitumen
extraction process, and to the presence of residual
bitumen in the tailings. These are important
peculiarities that need to be considered when
working in the oil sands and applying methods
imported from different regions and environments.

When these peculiarities are considered, the world
outside the oil sands offers a vast experience of
knowledge and engineering solutions, and
opportunities to co-development and co-funding
that should be exploited for continuing improving
the sustainable management of oil sands tailings
and the mining industry in general.

The international experience in dealing with
sediment (read also tailings) management is
directing further and further toward a nature-based
(e.g. BwN), beneficial reuse and circular economy

approaches, centered on sustainable
development. International collaboration and
exchange of knowledge is central to these
developments.

The LLM we presented in this paper is developed
in this direction. The LLM currently includes five
pilots, located in the Netherlands and Indonesia,
and it is connected to the most important
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international programs and initiatives related to
sustainable and beneficial sediment management.

Some of the experience, tools and monitoring
methods acquired in oil sands research and
engineering projects was instrumental in the
design and success of these pilots. Therefore
numerous pilots carried out by the oil sands
industry, mostly under the COSIA umbrella, that
connect the four COSIA EPAs (tailings, land, GHG
and water), and that are directed in improving the
sustainable development of the industry, offer a
great opportunity for international collaboration.

Thus, we must close this paper with the ambition
and the invitation to add at least a Canadian (oil
sands) pilot to our LLM.
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ABSTRACT

Suncor Energy Ltd. (Suncor), Coanda Research &
Development (Coanda) and NAIT Centre for Oil
Sands Sustainability (COSS) have worked together
over the years on testing and evaluation of new
polymeric tailings treatment technologies and
processes via a standardized protocol with a clear
set of metrics. This standard methodology using a
4-inch cup was developed by Suncor early in the
research on flocculation of mature fine tailings
(MFT) by adapting a waste water jar tester. This has
led to the screening of over 44 different flocculants
for use within Tailings Reduction Operations (TRO)
by Suncor, of which 4 polymers have passed the
evaluation. After passing the 4-inch cup screening
a 2-inch diameter pipe loop pilot and field validation
at 12-inch diameter scale were performed. The 4-
inch cup method was replaced by an automated
flocculation method, which was designed by
Coanda to increase the repeatability of flocculation
and understand the fundamental properties of MFT
and polymer mixing. Extensive testing of this
“Floccumatic” has demonstrated that the
automated flocculation can capture the scaling
effects and is sufficient to predict field performance,
eliminating the need for the 2-inch trials.

Building on this collaborative success Suncor,
Coanda & COSS have worked together to update
the 4-inch cup evaluation method to replace it with
the floccumatic. This paper outlines the ways that
floccumatic screens and evaluates potential
chemistries for dewatering applications in oil sands
tailings.

INTRODUCTION

TRO was developed as a treatment method for fluid
fine tailings by Suncor in 2008. The objective of this
technique was to develop a technology that would
get to a reclamation ready product within a single
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season and was a step change from other
technologies available at the time as it eliminated
the need for large, capital intensive process
vessels.

The TRO process has two stages, in the first stage
MFT and a polymer are mixed together and the
resulting chemical reaction releases water through
a flocculation process. In the second stage the
flocculated MFT is spread over a beach in a thin lift
to evaporate the water that isn’'t released by the
chemical reaction. Once the lift has dried sufficiently
an additional lift is placed on top. This is a summer
only activity and the rate of dewatering from
evaporation varies through the year, the peak is in
June-August, May and September have a reduced
rate and Aprii and October are the shoulder
seasons. The technology has the potential to use
freeze thaw in the March or late October time
period. The TRO process can be split up into four
different processes: In Pond removal, Flocculation
and conditioning systems, Depositional Systems
and Environmental dewatering (Figure 1).

Treated MFT
Transportationto Drying
Cell- Conditioning

Polymer
Pumping and
Hydraulics

Placement of a thin lift
-Deposition

MFT and Polymer
Mixing-
Dispersion

Atmospheric Evaporation
Freeze Thaw
Consolidation

-Environmental Dewatering

Figure 1. Schematic and Definitions of TRO
Technology

TRO SCREENING PROTOCOL

To support the continuous improvement of the TRO
technology Suncor developed a screening method
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Table 1. 2012 Process for Qualifying Alternative Chemistry

Step Program Description
Gty 4 Bra:Seroaning of Suncor Provides MFT information and minimum criteria for dewatering.
1 s chemicalg Vendors conduct pre-screening of their products, and select up to 5
chemicals as the primary candidates.
Suncor tests vendor’s primary chemical candidates using Suncor’s
standardized lab techniques. This testing will be conducted by Suncor at
R L WL NAIT research facilities in Edmonton, and are head-to-head comparison
2 9 NAIT g tests with Suncor’s current chemical. Vendor representatives are invited
to participate. Chemicals which exceed the performance of Suncor’s
current incumbent may be selected for continued testing at Suncor’s
discretion.
Suncor tests best chemical from Gate 2 for suitability in pipe reactor at
the Coanda facility in Edmonton, AB. At this stage focus will be placed
Slane Bk Fadisaon on the chemical’s suitability for field operations including effectiveness in
3 gCoan da Ri g pipe reactors, rheology and water release characteristics, beach flow
¢ parameters, and drying characteristics. Data from these tests will go
towards the design of full scale field trials of select chemicals at Suncor’s
discretion.
4 Stag;ng:tsggﬁ Ly Suncor tests successful chemical in a full scale field trial.

based on basic water treatment techniques and
visual assessment, and modified it over time to take
advantage of new learnings of process
fundamentals understood through Research &
Development (R&D). This process was applied to
the screening of new polymer chemistries starting
in 2012. The screening protocol is as follows.

Overall Chemical Evaluation Program

The chemical evaluation program was run through
Suncor’s stage/gate evaluation process. In order
for a chemical to reach the stage of full field trials, it
had to pass through each of the gates outlined in
Table 1.

The time frame for a successful chemical to make it
through all four steps in this protocol was 18
months, as field trials typically require a winter
season to properly design the construct in order to
best assure an effective and representative test.
The protocol identified four chemicals that have
been field tested and tested in the 2” rig at Coanda
and represent an improvement on polymer A3338
which was the incumbent superior polymer for six
years.
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Gate 2 — Screening at NAIT: 4” Cup Technique

The 4” cup technique (Figure 2) was developed by
Suncor in 2009; it uses a paddle mixer system that
is limited to 320 rpm. This technique named the
“fast-slow” technique is a manual technique and
requires extensive training in order to obtain
comparable results. The technique is named the
fast slow as the polymer is injected at 320 rpm until
the material looks visibly thick, once this occurs the
mixer is turned down to 50 rpm and is stopped when
the technician observes water release.

Figure 2. 4” Cup Device

The 4” cup technique has been used to screen and
evaluate new potential polymers for TRO
application at NAIT COSS. The testing is a five
stage process. The current incumbent polymer is
tested alongside the new polymers as a bench
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mark. All the testing will be carried out in triplicates
by 2-3 technicians and in total ~200 flocculation
tests will be performed for each new polymer
tested.

The five stages are outlined below:

1. MFT characterization and
concentration determination;
Chemical reactivity test;

Water release potential test;
Mixing and conditioning parameter evaluation;
Drying test.

Polymer

obrwd

Gate 2 — Stage 1 MFT Characterization and
Concentrations Determination of Tested
Polymer

MFT is characterized on Dean & Stark (D&S) for the
composition (Dean and Stark 1920), methylene
blue index (MBI) for the clay content (Kaminsky
2014), particle size distribution (PSD) for the
fines%, and water chemistry. Process water is
characterized for major anions and cations. Typical
MFT has a clay to water ratio (CWR) (Equation 1)
of ~0.35-0.4 as removed from the pond and during
testing MFT will be used as is as well as after
dilution. The MFT is diluted using process water to
0.2 and 0.3 CWR. The dynamic vyield stress and
static yield stress of as received MFT, 0.2 feed
CWR sample, and 0.3 feed CWR sample are
measured. All the rheograms are expected to fit
Bingham model.

Equation 1. Clay to Water Ratio (CWR)
Calculation

wt% clay in solids X wt% solids in MFT

CWR =
wt% water in MFT

The concentrations of the tested polymers are
determined by the viscosity properties of the
polymer solutions. Each polymer is prepared to the
concentrations of 0.1 wt% to 1.0 wt% and tested to
determine the consistency index using a rheometer
and Power Law Model. Based on past experience
provided by Suncor, a consistency index of 1000-
1500 cp range is a good match for mixing the
polymer into the MFT. Three concentrations of each
polymer in this range of consistency index are
chosen for further assessment.

Gate 2 — Stage 2 Chemical Reactivity Test
Chemical reactivity testing is conducted on diluted

MFT (5 wt% solids) using the cylinder mixing
method outlined in Figure 3. The polymer solution
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is prepared at 0.1 or 0.2 wt% using process water.
A 500 mL graduate cylinder with 500 mL of diluted
MFT is injected with 0.5-2 mL of polymer solution
and inverted 10 times to mix the polymer. The
polymer injection and inversion is repeated until a
reaction is observed and flocs start forming. If there
is no reaction at a flocculant dose > 3000 g/tonne of
clays the polymer probably cannot flocculate solids
in MFT. Once flocs have formed, the mudline height
is recorded as a function of time every 10-30
seconds until there is no change in the interface for
a period of 10 minutes. The release water is then
separated from the sediment by pouring the water
and sediment onto an 18 mesh sieve, followed by
3-hour drainage.

Flocculant
addition

4 Released
water

Tailings

sample <— Sediment

[

Figure 3. Cylinder Mixing Method for Stage 2
Test

This test uses diluted MFT to determine flocculation
potential of the polymer on the specific minerals
involved. The key performance indicators (KPIs)
are settling rate and volume of supernatant
released. In order to pass this stage these KPIs
need to be of the same order of magnitude as the
reference polymer, and the clarity of the release
water must meet or exceed that from reference
polymer for the same test.

Gate 2 — Stage 3 Water Release Potential at High
Slurry Density

In this stage the polymer is injected as a titration
method (Figure 4). Each feed CWR tailings (0.4, 0.3
and 0.2) are tested by three concentrations of
polymer determined in Stage 1. During the
flocculation test, 1-3 mL of polymer solution is
added into the tailings at high mixing speed (~200-
320 rpm), the mixer cycled down between 0 and
high rpm in a pulse-like fashion. The process is
repeated until all of the 1-3 mL of polymer solution
is mixed into the MFT. If no water release is
observed, another 1-3 mL of polymer solution is
added and the pulse fashion mixing is repeated until
water release is observed. Alternatively expert
technicians can set the rpm at 320 rpm and inject
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slowly and consistently to get the same results. The
flocculated tailings are then placed on an 18 mesh
sieve for 24 hours to drain for measurement of the
net water release (NWR). The percentage of 24-hr
NWR is calculated based on Equation 2. The
solids% in the flocs after 24-hr draining is measured
and the CWR is calculated — with the assumption
that there is no preferential segregation of the clays.

Flocculant
addition

<— Sieve (#18)

—_—
Tailings sample —> -

Pulse mixing between 0
and high rpm

Treated
tailings

Released
water

Figure 4. Stage 3 Titration Method of Polymer
Addition using Pulse Mixing

Equation 2. Volumetric 24-hr NWR calculation

(volume of released water — volume of polymer solution)
X

NWR = 100

volume of water in MFT

This stage is to determine whether the polymer can
produce dewatering when treating MFT with high
density. The KPIs in this step are that the NWR at
each feed CWR tailings meets or exceeds NWR
from properly dosed reference polymer. The
optimal concentration of the tested polymer for each
feed CWR (0.2, 0.3 and 0.4) tailings and the
approximate dosage of the polymer will be
determined and used for further assessment.

Gate 2 - Stage 4 Mixing and Conditioning
Parameter Evaluation

This stage determines the polymer’s sensitivity to
dispersal and shear conditioning, utilizing NWR and
CWR in flocs as key parameters. Each feed CWR
tailings (0.4, 0.3 and 0.2) are flocculated by the
concentration of polymer determined in Stage 3. In
stage 4, two steps are carried out to evaluate mixing
and conditioning parameters. (1) NWR conditioning
test: a single shot injection of polymer is performed
from an under-dosed condition (less water release)
to an optimal dosed condition (maximum water
release) and then to over dosed condition (less
water release). (2) Rheology conditioning test: the
optimal dose from step 1 is taken and the yield
stress is measured at set mixing time internals.

Step 1: NWR conditioning test. NWR conditioning
test is also called the “fast slow”. The polymer is
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added at once in one shot while the tailings are
mixed at high speed as presented in Figure 5. Once
the entire polymer is dispersed homogeneously in
the tailings, the speed is lowered to low speed. The
mixture is mixed at low rpm until flocs are formed
and water release is observed. The high and low
mixing speeds for different feed CWR tailings may
vary, Table 2 gives a typical example. The speed is
chosen to avoid over and under shearing during the
flocculation process.

Flocculation injected all at once

-
g -

m Released water

Sieve (#18)
Flocs

Tailings sample

Mixing started at high speed,
Then reduced to low speed

Figure 5. Stage 4 One Shot Injection Method of
Polymer Addition

Table 2. The High and Low Speeds for Different
Feed CWR Tailings

Feed CWR Tailings
0.2 0.3 0.4
High mixing speed (rpm) 200 300 320
Low mixing speed (rpm) 20 30 50

The tests use the best NWR dosage and polymer
concentration from Stage 3 as a dosing starting
point and then increase and/or decrease the dose
to determine the best working dosage range for the
polymer. Typically the dosage increase/decrease
from Stage 3 test is by 100-200 g/tonne on a clay
basis. Typically at least 5 tests are carried out: two
with under-dose, two with overdose, and one with
optimal dose. Additional higher or lower doses are
added if the expected pattern NWR is not observed
(lower at under-dose, peak at optimal dose, and
lower at overdose). The expected dosing curve is
shown in Figure 6. The dose results in this step are
a reasonable indicator of the dosage requirements
in the field.

The KPlIs in this step are the NWR and CWR in flocs
after 24 hours draining meeting and exceeding
those from properly dosed reference polymer at
tested feed CWR tailings.

Step 2: Rheology conditioning test. The optimal
dose in step 1 is used for the one shot Rheology
test. The optimal dosage of the polymer solution is
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(Dosing

injected into the MFT at high mixing speed. Mixing
is stopped once a gel-like MFT is observed and the
static yield stress is then measured using a
Brookfield DVIII HB Rheometer. The sample is
mixed at low mixing speed for a certain time (5-20
seconds) before stopping the mixer. Then treated
tailings are carefully transferred into a 250 mL glass
beaker and the yield stress measurement is
repeated. The treated tailings are then transferred
back to the mixing vessel and mixed again. The
process of mixing at low mixing speed and yield
stress measurement is repeated until there is no
flocs structure visually observable, the sample
resembles non-flocculated tailings, and the static
yield stress values do not change with mixing. The
water release is observed visually and recorded for
each repetition cycle. The high and low mixing
speeds used in this step are consistent with the step
1 NWR conditioning test. The procedure of rheology
condition testing is illustrated in Figure 7. The
expected output from the stage 4 rheology
conditioning test is presented in Figure 8.

The reason for performing the rheology test is to
identify how the polymer reacts with the MFT. The
rheological evolution of flocculated thick fine tailings
includes four zones: (1) a dispersion zone where a
flocculant is well dispersed into the MFT; (2) floc
build up/under mixed zone where the yield stress
increases and reaches a peak; (3) floc break
down/water release zone where the yield stress
decreases and water is released from the
flocculated materials; (4) over sheared zone where
the flocs are totally broken down to a similar state
to the initial MFT. In the earlier test the technician
is looking for the water release zone only, while this
test is to attempt to determine if the polymer will
work in a TRO system, i.e. will the yield stress be
the same (impact on pump sizing) and will the point
of water release be the same (impact on pipe length
setup after the injector) (Revington 2016). Camp
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Polymer is injected all at

_’@

Mixing at low speed

[]

-

The static yield stress is measured on
the rheometer every 5-20 seconds.

Tailings sample

The yield stress is measured every
predetermined intervals

Figure 7. Stage 4 One Shot Rheology Test

25

20

Dispersion

Yield Stress (pa)
Sheared

Over
Net Water Release (%)

o 50
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Mixing Time (Sec)

—+—Yield Stress of tMFT Optimal Dose ~—s—NWR of tMFT Optimal Dose

250 300

Figure 8. Expected Output from Stage 4 One
Shot Rheology Test

numbers for the pipe model are calculated by
multiplying the average shear rate G against mixing
time At, according to Equation 3.

Equation 3. Equation Developed for Camp
Number

Camp Number = GAt

G = average shear rate, and At = mixing time

To demonstrate the premise that Camp Number
can be applied to treated tailings material once the
polymer has been adequately dispersed and
remains homogeneous, one would expect the yield
stress breakdown for post dispersion mixing at low
mixing speed to only differ by a factor of mixing time
when a high speed mixing is applied. This is
important because in this test the mixing rpm may
vary depending the technician’s ability to spot the
water release zone. In order to compare different
CWR MFTs the same data can be converted to a
ratio of reduced versus initial yield stress ratio
(Equation 4).
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Equation 4. Yield Stress Ratio Equation Which
Allows Yield Stress to Be Compared Non-
dimensionally

Measured Yield Strength (Pa)

Vield Stress Ratio = Peak Yield Strength (Pa)

The rheology test determines the polymer’s
sensitivity to the shear conditioning utilizing the
strength of the flocs as a key parameter. For these
tests the polymers are evaluated to determine if (1)
the product achieves peak yield stress in the same
or shorter time than the reference polymer; (2) the
time/energy range of optimal flocculation is at or
wider than the reference polymer; and (3) the yield
stress values at dewatering onset and breakdown
are at or below the yield stress for the reference
polymer.

Gate 2 — Stage 5 Drying test and strength gain

In the drying test (Figure 9), the optimal dosage
achieved in NWR conditioning test is used to
flocculate enough tailings, using the one-shot test,
to fill the drying vessel (Sieve #18). The vessel is
not covered and the loss of water to drainage and
evaporation is measured over time after every 24
hours until the sample reaches equilibrium moisture
content. The static yield stress is also measured
each day.

Flocculant
addition

" — sieve (18)

Treated

Tailings sample e tallings

Released

S water
Mixing at high speed until the polymer is
dispersed, reduced to low speed for flocs
to appear and water release
——
Water is setup to determine m i <M
A e sample is weighed every
the water Io’::::h day in the day Rheology is measured

every day

Figure 9. Stage 4 Drying Test

Two pans of water are also setup next to the
samples, as shown in Figure 10, to aid in the
determination of the wt% solids gain at 100% of
potential evaporation and to compare actual
evaporation (AE) to potential evaporation (PE). AE
is the mL of water being released from the drying
treated MFT. PE is the mL of water released from
the water pan with the same area of sample.
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Bench

Water Pan Water Pan

A ]

Figure 10. Drying Test Samples and Two Pans
of Water Setup

Drying Test Samples

A non-dimensionalized drying curve is generated in
order to compare samples since the water
evaporation for each sample would be different due
to the location in the lab. For example, Figure 11
shows that polymer C dried the fasted throughout
the drying test, followed by polymer B. The non-
dimensionalized drying curves (Figure 12),
however, show that all the polymer-treated MFT
dried at similar rates. The different drying rates are
likely due to the different locations on the bench
resulting in different water evaporation rates. The
KPI of the drying test is that the tested polymer-
treated tailings dry at or faster than the reference
polymer and the strength gain is at or greater than
5 KPa at 75% solids by weight (Based on directive
74 target).

Drying Test on 0.4 Feed CWR FFT

110%
90%
70%
50%

wt% Solids

30%

10%
10 15

Days of Drying

20 25 30

PolymerA —PolymerB —PolymerC

Figure 11. Drying curves of polymer treatment
on 0.4 feed CWR MFT

Polymer evaluation criteria. A 5-point scale is used
for polymer evaluation as shown in Table 3. The
total score of the tested polymer will be compared
with the reference polymer and used to determine
whether the new polymer will be evaluated using a
2” line lab pilot at Coanda.
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Table 3. The Criteria of 5-Point Scale for Polymer Evaluation

Water Quality Stage 3 24-hr CWR Stage 4 24-hr CWR Stage 4 24-hr Dose
Chemical
Specification | Score | Specification | Score | Specification Score Specification Score
Incumbent | Incumbent 1 Incumbent 1 Incumbent 1 Incumbent 1
Clarity is = CWRis CWR is dosage is
incumbent +/- 1 incumbent +/- 1 incumbent +/- 1 incumbent +/- 1
Tested 2 0.02 0.02 100 ppm
Polymer A—— CWRis > dosage is
Efmb'jm_z 05 |CwR>05 05 | incumbent 2 | <1700ppmand | 05
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Figure 12. Non-dimensionalized drying curves
of polymer treatment on 0.4 feed
CWR MFT

Gate 3A - Testing at Coanda: 2” In-line Lab Pilot

A semi-continuous in-line injection apparatus was
first constructed for flocculation testing in 2007 and
has since been upgraded to accommodate higher
throughput and pressure as well as multiple
chemical addition. A basic rig schematic is shown
in Figure 13. The rig includes slurry prep and feed
systems, two chemical additive prep and feed
systems (ie: polymer flocculant and/or coagulant),
lab-scale TRO-style static injectors, suitable piping
for injecting testing up to delivery pressures of 350
psig at total flows reaching 1500 Ipm, with the
discharge into a deposition basin or flume. This
setup is configurable to enable semi-continuous
injection of polymer into MFT flowing through a 2”
or 4” test section, with all process streams being
independently controlled and metered using a
dedicated DAQ and control system. The pipeline
downstream of the static injector is equipped with
various on-line monitoring instrumentation such as
flow meters, static and differential pressure
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Figure 13. Schematic In-Line Injection
Apparatus (prep system and entire
pipeline not shown)

transducers, as well as pH and conductivity
Sensors.

Unlike an impeller system, where mixing is due to
turbulence generated by the impeller, in-line mixing
is largely driven by turbulence generated from the
bulk MFT flow — often characterized by the
dimensionless Reynolds number. As the MFT flow
varies, so does the mixing performance of polymer
into MFT. In order to quantify this variation across
the expected TOE, polymer dosage sweep
experiments are run in the 2” line at select low, mid-
range and high MFT flow rates for each polymer.
Experiments are executed in a sequential manner
in order to minimize MFT consumption, often
starting at the lowest dosing condition and
monotonically increasing as per the experiment
specifications. For one polymer screening
experimental series (3-5 dosage sweep tests),
timeframes are in the order of 1-2 weeks.

The following outlines the typical steps of an in-line
flocculation dosage sweep test:
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1. Pump MFT through a 0.25” filter to remove
debris and into the MFT prep system.
If required, dilute MFT to the desired CWR using
PEW. Once adequately homogenized in the
prep system tanks, the target CWR is checked
by measuring the diluted MFT’s moisture
content and the undiluted MFT BMW and MBI
data already inhand, assuming no clay
segregation occurred during the process thus
far.

Once the desired CWR has been achieved, MFT

is transferred from the prep system to the feed

system tanks.

The flocculation test begins with the MFT and

polymer being injected into the pipeline through

a Suncor AR5 static injector at predetermined

set points to achieve appropriate mixing and

dosing conditions.

Once both MFT and polymer flows are stable,

and once a complete pipeline retention time has

elapsed, sampling of flocculated MFT (fMFT)
begins along the pipeline downstream of the
static injector.

. Once sampling has completed, the polymer flow
is adjusted to obtain the next desired dosing
condition. Upon system stabilization, sampling
along the pipeline commences again, and the
process is repeated until all polymer dosages
have been tested.

Figure 14 shows 24-hour CWR and CST results
from all pipeline samples of a 2” in-line dosage
sweep, obtained from a NWR procedure. These,
along with rheological and on-line pressure
measurements are used to further evaluate
incumbent polymers and aid in the prediction of a
polymer’s performance across the various stages of
the flocculation process (dispersion, undermixed,
water release and over sheared). Due to
uncertainties in both scale up from batch impeller
driven mixing systems used in initial chemical
screening, and the often variability inherent in field-
scale testing, results from in-line tests are utilized to
finalize a polymer selection prior to field-scale
testing.

Ultimately, the chemical screening protocol at
bench-scale will be developed sufficiently to reduce
the reliance on lab-scale in-line testing and allow a
more streamline evaluation process that utilizes
fewer material and calendar days to complete.
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IMPROVEMENTS TO SCREENING

PROTOCOL

Lab Scale Dewatering Tests Evaluation

The 4” cup technique uses an 18 mesh sieve to
measure the 24-hr NWR, and takes another ~12
hours to measure the solids content in the flocs by
heating at an oven. The 18 mesh sieve works well
only for large flocs. Polymers producing small flocs
provide poor results as the flocs pass through the
sieve along with the water. The sieves with smaller
pore size are not able to drain the released water
effectively due to the water tension. Since the
dewatering degree is a major KPI, this issue puts
chemicals with a smaller floc size at a significant
disadvantage which may not be justified by field
performance. Additionally, the net water release
method hadn’t been critically examined to evaluate
its sensitivity and reproducibility. Therefore, several
methods of evaluating dewatering were tested at
NAIT COSS: these included NWR, settling,
capillary suction time (CST), and specific resistance
to filtration (SRF).

Settling Test. Since settling tests are a common
way to evaluate dewatering, the applicability of this
method to TRO style flocculation was evaluated.
Pouring polymer-flocculated MFT into different
containers and recording the mudline height at
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several points for the first day and once per day for
7 days. After 7 days settling, the total amount of
released water and the solids content of the flocs
were measured. 250 mL, 500 mL and 1000 mL
graduated cylinders were tested along with 500 mL
beakers. It was found that the large flocs hampered
settling in the graduated cylinders due to wall
effects, while the large surface area of the glass
beaker resulted in uneven solid surface, so it was
not able to measure the mudline height accurately.
In addition, Water was trapped in the flocs, so the
final solids content in the flocs were not repeatable.
Therefore, this method of settling tests is not
recommended for the polymer screening of thick
slurries which form large flocs.

CST Test. The CST is derived from the time taken
to draw a known volume of filtrate from suspension
by the capillary suction pressure generated from
standard CST filter paper. CST test is simple and
inexpensive, since it does not require an external
source of pressure or suction. CST is designed to
test homogenous and well mixed slurry samples.
Results on inhomogeneous materials vary
depending on the subsampling to the CST cell and
are not reproducible by different operators. Suncor
had used CST technique to study the flocculated oil
sand fine tailings. For flocculated MFT showing
large flocs it is recommended to use only release
water for CST testing, rather than flocs or the
mixture of flocculated materials. For material with
small flocs the full flocculated sample can be used.
Figure 15 shows the CST tests tried on three types
of A3338-flocculated materials at the optimal
dosage: (1) the flocculated materials were kept in 4”
cup for 20 min to allow the water release and then
the mixture of flocs and water (mostly flocs) were
subsampled into the CST cell for testing; (2) the
flocculated materials were kept in the 4” cup for 60
minutes to allow the water release, followed by
pouring onto an 18 mesh sieve for 1 min to collect
the release water and (3) flocs. It was found that the
CST values on the released water only were most
repeatable (narrower error bar) compared to the
testing on flocs only and mixture of flocs and
released water.

The CST dosage curve (Figure 16) of testing on
released water obtained from A3338-flocculated
MFT was normalized according to Equation 5. The
normalized 24-hr CWR in flocs were also plotted for
comparison. The dosage curve from the CST results
were consistent with the 24-hr NWR dosage curve.
Both CST and 24-hr NWR results are able to provide
the optimal dosage range of the testing polymer.
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Figure 15. CST Results on A3338-Treated MFT
at Optimal Dosage: Mixture of Flocs
and Released Water, Released Water
only, and Flocs only. Error Bar:
Standard Deviation

More investigation on CST test is required to rate one
polymer against another.

The CST dosage curve (Figure 16) of testing on
released water obtained from A3338-flocculated
MFT was normalized according to Equation 5. The
normalized 24-hr CWR in flocs were also plotted for
comparison. The dosage curve from the CST results
were consistent with the 24-hr NWR dosage curve.
Both CST and 24-hr NWR results are able to provide
the optimal dosage range of the testing polymer.
More investigation on CST test is required to rate one
polymer against another.
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Equation 5. Calculation of Normalized Value

current value — Minimum value

Normalized Value = - —
Maximum value — Minimum value
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SRF Test. It is a standard test used primarily to
assess the filtration resistance drilling muds. This
test has also been used to screen the filtration
performance of tailings for the potential application
to pressure filtration. NAIT used a modified SRF
setup by inserting a piston cylinder in between the
gas and the sample (Li et al. 2018). This allows the
same gas pressure to be applied to the sample but
removes the limitation on dewatering time due to
cracking which usually happens during the SRF
test.

Figure 16 shows the normalized SRF results of
A3338-treated MFT. The MFT samples were
flocculated by polymer A3338 using the one-shot
testing method and the flocculated samples were
kept in the 4” cup for 60 minutes to allow the water
release, followed by a 60-minute filter press under
100 psi. With 60 minutes filter press, the solids
contents/CWRs in the filtration cakes are
comparable with those in the flocs obtained by 24-
hr NWR method. The SRF results on a dosage
curve were consistent with the 24-hr NWR results.
The calculated SRF values were able to
differentiate the optimal dosage from under dose
and overdose.

In all, both CST and SRF methods can be used in
the TRO polymer screening, but CST testing on the
released water of flocculated tailings is
recommended to replace the 24-hr NWR method
for screening dosage sweep tests due to its fast,
inexpensive, and repeatable technique. SRF
testing is recommended to compare total water
release between polymers — especially where their
floc size may vary significantly. However, one
should note that CST is inherently less reliable and
should only be used as initial screening tool.

Floccumatic

To automate the mixing method developed with the
4” cup and increase the screening protocol’s
robustness a new proprietary semi-automated
mixing device termed the Floccumatic was
developed. The device consists of an engineered
flocculation vessel, computer controlled chemical
injection system and an overhead mixer stand
assembly capable of monitoring the torque exerted
on the impeller shaft over the course of a
flocculation test. Figure 17 shows the Alpha version
of the Floccumatic mixing device.
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Figure 17. Version 1 (Alpha) Floccumatic
Device

By monitoring the impeller shaft torque over time
(torque trace’), the various stages of the
flocculation process (dispersion, undermixed, water
release and over sheared) can be precisely
monitored and identified in real-time — refer to
Figure 19. The engineered flocculation vessel along
with the controlled mixer and injection system
increase testing repeatability through reduction of
operator variability, reducing the need for a
significant amounts of replicate tests. Impeller rpm
and polymer injector conditions are often
specifically manipulated to isolate mixing conditions
of interest to aid in the evaluation of polymers for
MFT flocculation and translation of bench-scale
results to an in-line system.

While using the Floccumatic apparatus, the
following procedure is typically followed:

1. Weigh the pre-determined amount of MFT into
the flocculation cup so that 650 ml of MFT is in
the cup based on the MFT’s density

Install the flocculation vessel onto the mixer
assembly and pre-shear the MFT for 1 minute at
600 rpm to remove thixotropic effects that may



IOSTC 2018, Edmonton, AB - December 9-12, 2018

be present due to the handling of the MFT
sample prior to testing.

Once the minute of pre-shearing is completed,
the mixer speed is adjusted to the target rpm for
the test (300 rpm typical) and then polymer
solution is injected into the vessel at a
predetermined rate (50 ml/s typical).

The mixer stopping time varies between tests
and is dictated by the progression of the
mixing/chemical reaction between the polymer
and MFT. In polymer dosage sweep tests, the
stopping time is determined to be the point at
which rapid water release occurs for a given
sample. This is identified by monitoring the
materials’ thickness over the flocculation test
through the torque imparted on the impeller
shaft. Once the peak or max torque is reached,
the operator continues to mix the material until
the torque has reduced by approximately ~ 30-
50% the peak value. For mixing time series
tests, similar to those previously described for
the 4” cup method, the mixing time is varied to
capture data in each of the mixing zones
(polymer dispersion, under mixed, water
release, over sheared).

At the end of a flocculation test, the material is
transferred to a sieve for NWR processing while
a small amount is used for CST. If performing a
mixing time series test, another sub-sample of
material is utilized to measure static and
Bingham rheology parameters for each mixing
zone — this data is then used to populate a pipe
model for assessing pipeline pressure drop and
dewatering, while also outputting input
parameters for subsequent beach-flow cell
utilization estimates.

Figure 18 shows typical 24-hour CWR and static
yield for a mixing time series test, while Figure 19
shows the torque trace corresponding to the ~ 22
second sample from Figure 18 — stopping times for
the 22 second test and others are identified using a
black star.
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CONCLUSION AND FUTURE WORK

Chemical screening is somewhat cumbersome,
expensive and long in duration. The shortest
development time from the laboratory to field test is
18 months. There are a large number of chemicals
proposed by various vendors for tailings treatment,
and it would be advantageous to revamp the current
process and create a more efficient and streamlined
screening protocol. The present work focus on
fundamentals required for such protocol and will
result in a new and improved chemical screening
protocol for Suncor in 2019.
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ABSTRACT

Every year, more than 300,000 metric tonnes of
waste bovine material from the rendering industry
are landfilled or incinerated. Recent
experimentation has proven that aqueous thermal
hydrolysis is an effective method to eliminate any
potential risks to human health associated with
these materials while simultaneously generating
peptide building-blocks that can be converted to
higher value materials for industrial applications.
This paper assesses the performance of the
developed polymers to date for dewatering of
kaolinite and fluid fine tailings, starting with the
unrefined peptides and moving to chemically-
modified derivatives that possess enhanced
flocculation qualities. This work is the result of a
collaboration between two NAIT applied research
centers and the Bressler lab at the University of
Alberta. The work aims to develop and validate
cost effective biodegradable additives that can
provide similar initial dewatering capabilities as the
incumbent polymer flocculants. The bio-based
flocculants studies in this work can also serve as a
potential nutrient source for vegetation, which
could better enable the use of vegetation as a
secondary dewatering technique.

INTRODUCTION

Oil sands extraction in Alberta employs the Clark
Hot Water Extraction process (CHWE), which
produces fine fluid tailings (FFT) at a rate of
0.1 m3 per tonne of processed sand. These
tailings are stored in large ponds, and covered an
area of about 77 square kilometers by 2013. The
CHWE process relies on both the dilution of the
ore and elevation of the pH to promote bitumen
recovery and decrease slurry viscosity; however,
this processing results in fine tailings that have
poor settling and consolidation behavior (Mikula et
al. 1996). There are currently 1,100 Mm3 of fluid
fine tailings stored in tailings ponds (Alberta
Energy Regulator 2016). This fluid inventory
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poses significant risks as the fluid is primarily
stored behind man made dykes which have the
potential for failure and have been recognized as a
global concern (UN  Environment 2017).
Government regulations, such as the Alberta
Energy Regulator’s Directive 085 (Alberta Energy
Regulator 2017) outline requirements for tailings
ponds closure, which put significant business
pressure on oil sands mine operators. As a result,
oil sands companies and their suppliers are
continually looking for improvements in tailings
technology. The goals of these technologies are
to treat the tailings such that they can be placed in
their final location in the closure landscape on a
trajectory towards reclamation (Alberta Energy
Regulator 2017).

All of the oil sands operators currently use polymer
flocculants to treat at least a portion of their
tailings. The polymer treatments are effective at
rapidly increasing the sediment solids content to
~50 wt% from ~30 wt%. This allows the release of
supernatant containing <0.5 wt% total suspended
solids which can be recycled back through the
extraction process thus reducing the need for fresh
water. The treated sediments are then placed in
deposits and allowed to consolidate or dry
depending on the treatment plan. While the
current treatments can be considered “ready to
reclaim” the time frame for reclamation of these
treated sediments is on the order of decades to
centuries.

One option being investigated for potentially
significantly increasing the speed of reclamation is
to use biodegradable polymers which could
provide a source of nutrients to plants and
microbes native to the boreal ecosystem. If the
polymers can provide the same initial water
release benefits while subsequently providing a
nutrient source, they could be used in combination
with native vegetation to significantly increase the
speed of dewatering and the progression towards
final reclamation.
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The Canadian Food Inspection Agency (CFIA)
defines Specified Risk Materials (SRM) as “the
skull, brain, trigeminal ganglia (nerves attached to
the brain), eyes, tonsils, spinal cord and dorsal
root ganglia (nerves attached to the spinal cord) of
cattle aged 30 months or older; and the distal
ileum (portion of the small intestine) of cattle of all
ages.” There are presently four approved disposal
methods for these materials, including incineration,
landfilling, and alkaline or thermal hydrolysis. The
latter option has been identified over the last
decade as a possible processing pathway to
simultaneously eliminate the risk of prion
contamination in the environment and generate
higher value materials for industrial application
from recovered protein.

EXPERIMENTAL CONDITIONS
SRM Hydrolysis

A thermal hydrolysis protocol (180°C, 21200 kPa,
240 mins in an enclosed pressure vessel)
developed by Bressler lab at the University of
Alberta and approved by CFIA was used for
hydrolysis of SRM. Recovery of hydrolyzed protein
(peptides) from the hydrolysate consisted of
extraction with water followed by centrifugation,
filtration, washing with hexane, and freeze or spray
drying of the aqueous hydrolysate; which is a
typical protein recovery protocol being practiced in
Bressler lab. The process of centrifugation and
filtration removes the insoluble materials (mostly
bones), and hexane washing removes any
residual lipid and/or long chain fatty acids
produced as a result of lipid hydrolysis. In this
study, however, two samples of SRM peptides
were provided to the Centre for Oil Sands
Sustainability (COSS) laboratory: one before lipid
removal omitting the hexane washing step
(Defined as Crude SRM peptides) and one after
lipid removal by hexane washing (Defined as Pure
SRM peptides). The purpose of using the crude
peptides is to investigate if the hexane washing
step can be omitted for this target application, thus
making the peptides recovery process more
benign. The protein content of crude peptides was
identified as 89% and the protein content of the
purified peptides was identified as 91%. The
material received by COSS was stored in the
freezer between uses to avoid degradation with
time.
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Synthetic Process Water

Synthetic process water was created to mimic the
dispersing water chemistry present in oil sands
ores. This water was used to create artificial
tailings with kaolinite as well as to dilute the fluid
fine tailings. 180L of process water was created to
ensure sufficient process water for all of the
required tests.

The synthetic process water consisted of the salts
dissolved in distilled water as shown in Table 1.
To facilitate dissolution, the salts were dissolved in
a small quantity of water first and then added to
the remaining distilled water. Sodium bicarbonate
was dissolved separately from the other salts and
was added to the water first.

Table 1. Synthetic process water recipe

Salt Mass added to 180L (g)
CaCl2.2H20 9.9
MgCl2.6H20 15.1

KClI 5.1

NaCl 98.1

NaHCO3 161.1
Na2S0O4 79.8

The solution pH was adjusted prior to use via
dropwise addition of 10 wt% hydrochloric acid or
10 wt% sodium hydroxide until the desired pH was
achieved when measured with a pH meter. Due to
the buffering capacity of the process water, the pH
was adjusted on the morning of the tests rather
than in advance. Finally, gypsum (0.75g into 2.4L
of process water) was added to the pH adjusted
water prior to mixing with the kaolin substrate.
Initial screening work was conducted on at pH 5,
6, 7, 8 and 9. Based on the initial screening work,
three target pH’'s were used for the bulk of the
testing: 8, 8.5 and 9. These pH'’s were selected as
representing not only a typical range for oil sands
tailings but also the range where the kaolinite
substrate had the slowest settling rate and
therefore the most need of an additive.

Kaolinite clay - Polygloss 90 manufactured by
Kamin LLC was selected as the primary test
substrate. This material has a relatively high
specific surface area for kaolinite at 22 m?/g and
therefore is one of the commercial products most
similar to oil sands kaolinite. The kaolinite was
mixed with process water to create a 4%
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weight/weight slurry. The slurry was allowed to
mix for 30 minutes and hydrate for an hour before
use.

In addition, a single fluid fine tailings (FFT) sample
was selected to check if the results of the kaolinite
were repeatable on a true tailings sample.

The FFT were tested using Dean and Stark
analysis (D&S) (Dean & Stark 1920) to determine
the bitumen, solids and water content of the FFT.
The dean stark extracted solids from the FFT and
the as received polygloss were tested to determine
the methylene blue index (MBI) (Currie et al. 2014)
(Kaminsky 2014), and particle size distribution
(PSD) analysis (COSIA FMWG Fines Method
2016) at COSS.

A commercial flocculant (Flopam A3338 produced
by SNF) was used as a control. The polymer
comes as a dry powder and must be made into an
aqueous solution prior to use (this is called
polymer make down in industrial terms). The
polymer was dissolved in deionized water to a 0.5
w/w% solution kept in a cool dark place for up to
two weeks. The solution was further diluted on a
daily basis to a 0.02 w/w% solution prior to use
with the substrates. This is similar to industrial
practice where polymer is made into a mother
solution at 0.5-2% and then further diluted prior to
use. The dilution is done to reduce the viscosity of
the solution allowing for better mixing.

After hydration of the kaolinite slurry the pH was
measured. The slurry was then mixed with a
Phips & Bird gang mixer for 5 minutes to ensure
complete suspension of all solids. Immediately
after mixing, 250g of the slurry was then poured
into a 250mL graduated cylinder for each test.

Peptides were weighed out using an analytical
balance into an anti-static weigh boat. Despite
these precautions the weight of freeze-dried
peptides added is only accurate to 2 decimal
places as there were challenges with the SRM
powder sticking to the weigh boat or floating away
during transfer. The required weight was
calculated on a mass of solid pure peptides to
mass of mineral solids basis. Thus, the mass of
the crude peptides required was calculated as 2%
more than the mass of the pure SRM needed as it
contains 2% less protein than the pure. The
peptides were added in dry powder form and
mixed with a plunger (moving at a rate of 1 plunge
per second) 20 times. After plunging, the cylinders
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were allowed to settle for 48 hours (this is an
industrial practice adapted for COSS testing).

The interface height was recorded at 0 min, 2 min,
5 min, 10 min, 30 min, 1 hour, 2 hours, 24 hours
and 48 hours. The pH of the supernatant was
measured with a pH meter after 2 hrs of settling.

As received FFT was diluted with synthetic
process water to achieve a final solids content of
8.9 wt%. The diluted sample was mixed for 30
minutes with an overhead mixture to ensure
complete homogenization (COSS practice based
on industrial experience). 250g of the diluted
material was weighed out into a 250mL graduated
cylinder for each test.

SRM was weighed out using an analytical balance
into an anti-static weigh boat. The required weight
was calculated on a mass of protein to mass of
solids basis. The peptides were added in the dry
powder form and mixed with a plunger. Two rates
of mixing were tested — vigorous mixing for 60
seconds and 20 plunges at 1 second/plunge. After
plunging the cylinders were allowed to settle for 72
hours.

The interface height was recorded at 0 min, 2 min,
5 min, 10 min, 30 min, 1 hour, 2 hours, 24 hours,
48 hours, and 72 hours. The pH of the
supernatant was measured with a pH meter after 2
hrs of settling.

After the required settling times the cylinders were
dismantled. The final volume of the sediment and
supernatant were recorded. The middle 50mL of
supernatant was removed by pipetting and the
color and clarity of the supernatant were
measured. The total suspended solids (>0.45 um)
of the supernatant was measured by filtering the
supernatant through a 0.45 pm nylon membrane
filter and then measuring the dry weight of solids
trapped on the filter. The remaining supernatant
was removed by pipetting to minimize the
disturbance of the sediment layer. The remaining
sediment was decanted out of the cylinder and
homogenized. A subsample was dried to
determine the total solids content of the sediment.

A test series was conducted to evaluate the effect
of mixing speed, peptides dosage, and solution pH
on the settling of the two substrates. The tests
were conducted in triplicate and the order of the
tests were randomized to minimize any influence
of ordering on the results.
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RESULTS AND DISCUSSION

The baseline characterization of the FFT and
kaolinite used in the testing is shown in Table 2.
The kaolinite was fairly fine with a higher than
average surface area for kaolinite while the FFT
represents material commonly found near the top
of an FFT pond. The water chemistry of the As-
received tailings is shown in Table 3.

Table 2. Baseline Characterization of FFT and
Kaolinite used

Item Kaolinite FFT
Bitumen content (wt%) N/A 1.23%
Solids content (wt%) 100% 24.68%
Water content (wt%) N/A 73.64%
Bitumen/Solids Ratio N/A 0.05
MBI (meg/100 g solids) 4.1 141
Fines content % 100% 84.2%
pH N/A 8.2
Conductivity (us/cm) N/A 2900 ps/cm
Table 3. Water chemistry of as received FFT
used

Na 306

K 23

Ca 51

Mg 19

Ba -

Sr -

Fe -

Cl 138

HCO; 393

S04 -

CO; 0

OH -

Mixing conditions are known to have a critical
impact on the performance of commercial
polyacrylamide flocculants. This is particularly true
when working with more concentrated slurries but
can still be important in dilute suspensions.

According to Bourne (2003) there are a series of
screening tests that should be conducted to
determine if mixing has a significant effect on a
system. The first of these tests is adjusting the
mixing speed when adding a reagent. If no
substantial difference is noted between the two
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tests then mixing can be determined to be
relatively unimportant.

To assess how important mixing is in the system,
the settling rates were measured under vigorous
mixing (60 seconds vigorous plunging) and gentle
mixing (20 plunges with the plunger moved at
1s/plunge).

As shown in Figure 1, mixing energy did have an
impact on all the tests conducted including the
pure kaolinite control. This makes sense as
increased mixing energy imparts more energy into
the system, which then helps keep the fine
particles suspended for a longer period of time.

This difference in the initial settling rate is most
pronounced for the control where the slow mixing
has a settling rate of 0.021m/hr compared to
0.0034m/hr for the fast settling, which is a 6.25
fold difference in rate. The difference in the rate
was reduced for both the A3338 and the SRM
peptides to a 1.18 and 1.15 fold difference,
respectively. Although the influence of mixing was
the lowest for the SRM-based material it is still
significant enough that it is on the same order of
magnitude as the A3338 and should be
considered in future testing.

Effect Of Mixing Energy on Settling
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Figure 1. Effect of mixing energy on settling
rate

Effect of Kaolinite

Flocculation

Dose and pH on

As shown in Figure 2 the lowest dosages of the
Pure peptides and Crude peptides (1wt%) (small
dash lines) showed the lowest influence on settling
and were significantly worse than the 3 wt% and 5
wt% additions for pH 8. In both cases the 3 wt%
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addition showed the best settling performance
relative to the 1 wt% and 5 wt% additions. The
difference between 3 wt% and 5 wt% was
insignificant and thus a 3 wt% addition may be
optimal to maximize impact and minimize the
amount of flocculant required. The Crude peptides
showed significantly faster settling than the Pure
peptides at doses above 3 wt%.

Effect of Dose and pH on Settling of Kaolinite at pH 8
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Figure 2. Effect of dosage settling on

Kaolinite settling at pH 8

A similar trend was observed for pH 8.5 and pH 9
with the exception that the optimal dosages shifted
to 5 wt%.

Effect
Kaolinite settling at pH 8.5

Figure 3. of dosage settling on
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Initial Settling Rate

The initial settling rate was calculated over the first
two points where settling was observed for each
sample. The average initial settling rate for the
A3338 treated material was 10 m/hr, which is
approximately two orders of magnitude higher than
the rest of the results and so was not included in
the summary graph shown in Figure 4. As shown
in Figure 4 the Crude peptides had a significantly
higher settling rate (approximately double) than
that of the Pure peptides and the Pure peptides
produced a settling rate significantly higher than
the untreated kaolinite control. This demonstrates
that the Pure peptides were interacting with the
solids initiating settling.

Initial Settling Rate

fhr)

Settling rate (r

1% 3% 5% 1%

mph8 mph85 ph 9

Figure 4. Effect of dosage and SRM type on
initial settling rate

Effect of SRM Peptides on pH of Kaolinite
Slurries

The pH of the slurry was measured after
flocculation. As shown in Figure 5, the SRM
peptides significantly impacted the pH of the final
slurry with the Crude peptides having the largest
influence. To evaluate whether the improvement
of settling was purely a pH effect, the settling rate
of peptides treated material with an initial pH of 9
was compared to the settling rate of the raw FFT
and a pH of 8. In all cases the initial settling rate
of the peptides treated material was significantly
higher than that of the control treated material,
therefore the peptides are acting as more than a
simple pH adjustment.
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Effect of addition on pH
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Figure 5. Effect of SRM peptides dosage on
tailings pH

Clarity, Color and Total Suspended Solids of
Supernatant

After 48 hours, the columns were dismantled and
the water quality and the total suspended solids
were determined. The water was qualitatively
assessed by clarity wedge. While the water was
found to be quite clear in all cases (a clarity off the
scale of the wedge — at 46 or greater) a distinct
yellow color was noted in the samples treated with
SRM peptides. The color of the water was
compared and a number assigned from 1 (lightest)
to 4 (darkest) yellow. The control and A3338
treated material showed no color in the water, only
a pale white due to the residual suspended
kaolinite.

As shown from the average values in Figure 6, the
color increased with the dose of peptides added,
indicating that the reaction between the peptides
and the solids was not optimized and a significant
amount of the peptides remained in the water
phase. The intensity of the color was greatest for
the Pure peptides.

Effect of SRM on Settling of FFT

As shown in Figure 7 and Figure 8, the settling
rate of the Crude peptides treated FFT was
significantly faster than the untreated FFT for the
first 2 hrs and comparable to the untreated FFT
after 24 hrs of settling. The settling rate of the
A3338 treated material was significantly faster
than any of the other treatments.

The initial settling rate was calculated over the first
two points where settling was observed for each
sample. The average initial settling rate for the

Release Water Color
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s TargetpH B85

~

olor of Release Water after 24 hrs

(LAY
Control A3338

= Target pH 8.0

Figure 6. Color of release water after 48 hours
of settling (relative scale)

Settling Curves for Fluid Fine Tailings Treated with
Crude SRM
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Figure 7. First 2 hrs of Settling for diluted FFT
with different treatments
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Figure 8. 72 hours of settling for diluted FFT
treated with various treatments
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Effect of Dose on Initial Settling rate for Crude
SRM Treated FFT

ettling Rate

itial
=

Figure 9. Initial settling rate of crude SRM
treated FFT

A3338 treated material was 4.3 m/h, which is more
than one order of magnitude higher than the rest
of the results and so was not included in the
summary graph shown in Figure 9. As shown in
Figure 9 the optimal dose of Crude peptides on the
diluted FFT was dose level 2 (1.4%) or 0.31g per
column; this works out to a dose of 13600 g/t or
~1.4 wt%. This is almost two orders of magnitude
higher than the dosage needed for A3338 (optimal
dosage of 180 g/ton for this FFT).

After 72 hours of settling the columns were
dismantled and the water quality and the total
suspended solids determined. In addition, the
water was qualitatively assessed by clarity wedge.
The clarity of the water was very high in all cases
and the level of suspended solids effectively 0 for
all samples except those treated with A3338
where the TSS was 0.01 wt%. As with the
kaolinite samples, a faint yellow tinge was
observed in the supernatant of the samples
treated with peptides. In these samples the A3338
treated material also had a slight color to the water
where the water was a light taupe color, which put
it at more brown and less yellow than the peptides
treated material but with a similar level of intensity
as the level 2 dosage for the peptides. The
intensity of the color for the FFT release water was
similar though slightly lighter than was observed
for a similar dose in kaolinite. This lighter result
was very interesting as there are other organics
present that usually color the water for FFT and so
a darker release water color was expected. These
other organics include bitumen, humic acids and
naphthenic acids.
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Color of supernatant after 72 hrs of settling

Qualitative Color S

Figure 10. Relative color ranking for release
water from treated FFT

CONCLUSIONS

The hydrolyzed protein recovered from SRM was
able to flocculate both kaolinite and fluid fine
tailings. The unrefined product used in these
experiments is not able to compete with available
commercial products but it shows some potential
as an additive, in particular it may provide a
nutrient source to microbes and plants.

Further work in the Bressler lab is ongoing to try
and modify the product to create a more effective
polymer.
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ABSTRACT

Annually, a large number of tailings samples are
collected by oil sands mining operators and sent to
laboratories for measurement of tailings
characteristics. This procedure is not only costly
and time consuming, but the laboratory results can
be variable, a function of the methods used, and
subject to human error. In particular, the
repeatability and accuracy of some of the
laboratory methods depends significantly on how
the samples are prepared and how well the
agglomerated clays are dispersed. Therefore,
introducing reliable, repeatable, and accurate
methods that are fast, cost effective, and capable
of estimating tailings characteristics in a wide
range of conditions is of great benefit for tailings
management. Further, it could significantly reduce
the costs and inconsistencies associated with
laboratory measurements. In this study, the
effectiveness of hyperspectral sensing is assessed

for the estimation of tailings characteristics
including methylene blue index (MBI), water
content, and bitumen content. Hyperspectral

observations were collected from 290 tailings
samples in their initial saturated condition with a
wide range of tailings characteristics. Partial least
square (PLS) regression was combined with an
iterative stepwise elimination process to select the
best wavelengths (bands) and thus best estimator
model. Results showed that MBI, water content
and bitumen content can be predicted with an
accuracy of 1.12 meqg/100g, 4.3 wt%, and
0.57 wt%, respectively, using hyperspectral
observations collected from saturated samples.

INTRODUCTION

Oil Sands mining operations to extract bitumen
from oil bearing sand formations produce large
volumes of tailings. Characterization of in-place oil
sands tailings is important to assess the tailings
dewatering and consolidation performance, to
develop more effective measures for tailings
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management and to monitor their state for

reclamation.

In past publications, we investigated the use of
hyperspectral sensing for the estimation of several
properties of oil sands soft tailings (Entezari et al.
2016a, 2016b, 2017). Spectral models were
developed for the quantitative estimation of tailings
properties including water content (% water by
mass), Methylene Blue Index (MBI), and mineral
content, in particular clay and quartz content. The
research showed potential use for in-situ and on-
site applications, however the established spectral
models were developed using a limited number of
samples spanning a relatively narrow range of
tailings characteristics. In addition, the models
developed for MBI estimation were shown to
perform best for samples having a moisture
content of less than 20 wt%. However, to improve
efficiency in the MBI estimation, the models should
be adapted to fully saturated tailings and
preferably be developed using a larger sample
suite.

The main objective of the current study was to
develop and calibrate spectral models for the
estimation of MBI of wet tailings using a large
sample suite. As a secondary objective, models
were also developed for the estimation of % water
content by mass, and residual bitumen content by
mass.

EXPERIMENTAL PROCEDURE
Sample Selection and Description

More than 1000 tailings samples were collected
from various Suncor tailings ponds in the summer
of 2017. These samples were sent to a
commercial laboratory for standard measurement
of tailings characteristics. After homogenization,
sub-samples were taken for this research. Among
these samples, 290 were selected for spectral
measurement and model development. These
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samples were selected based on the pond, the site
location, and the laboratory data to ensure they
represented the entire sample population. In other
words, efforts were made to select samples
showing the widest range of variation in MBI,
water content, and bitumen content. Table 1
summarizes the range of variation in MBI, the
water content, and the bitumen of the samples
selected for spectral measurements and model
development. Since the main objective of the
research was to develop predictive models for MBI
estimation, the 290 samples were selected in a
way that they had a uniform distribution across the
MBI range to avoid biasing the model
performance. The samples were then split into
calibration and validation sets, containing 232 and
58 samples respectively. In order to select the
validation set, the 290 samples were sorted pond
by pond based on their MBI values and every fifth
sample was selected to fall into the validation set.
This process ensured that validation samples
cover a wide range of MBI and represent all the
ponds.

Table 1. Summary of the samples’
characteristics

MBI Water Content Bitumen
(meqg/100g) (wt%) Content (wt%)
0.48 to 20.56 13.78 t0 95.75 0.05t0 10.17

Spectral Measurement

The samples were homogenized at the
commercial laboratory, sub-sampled, and shipped
in 250ml bottles to the University of Alberta for
spectral measurement. Prior to collecting the
spectra of each sample, they were shaken for 5
minutes using an industrial shaker to create a
homogenous mixture. The sandy samples were
also mixed manually with a metal stick. The
spectra of the samples were then measured using
an analytical spectral device (ASD) covering
visible near-infrared (VNIR), and shortwave
infrared (SWIR) portion of the electromagnetic
spectrum (350-2500 nm). The instrument was
equipped with a contact probe fabricated with a
sapphire window and an internal light source
powered by a 6.5 w quartz-halogen bulb. To
collect the spectra of each sample, they were
poured into aluminum containers with 2 cm depth
and the contact probe was immersed in the
sample. Three spectra were collected from each
sample and were averaged to calculate the final
measurement with an ASD Fieldspec instrument.
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A Spectralon panel was used for reflectance
normalization.

Pre-Processing of Spectra

In order to eliminate the noise at the edges of each
reflectance spectrum, the wavelength region was
limited to 400-2400 nm. The spectra were also
down-sampled to 6 nm intervals to reduce the
redundancy of the data and increase the
computation performance (ASD delivers the
reflectance value at 2151 bands). From these
procedures, the number of bands were reduced to
334 bands. Several pre-processing methods on
spectra were then examined to explore their
impact on the model performance. These included
mean vector normalization, first derivative,
transformation to absorbance (log (1/R), R is
reflectance), and Savitzky-Golay (SG) smoothing
filter. Different combinations of the methods were
tested (e.g. first derivative + SG filter). A detailed
review on these spectral pre-processing methods
has been published by Rinnan et al. (2009).

Modelling and Accuracy Assessment

Partial least square (PLS) regression was used for
model development. Since the performance of
PLS depends on the input bands, an iterative
stepwise elimination process was employed to
select the optimum bands (most informative
bands) for PLS regression. In this procedure, PLS
was first calibrated using all 334 bands. Then, the
score of variable importance in projection (VIP)
was calculated in each iteration and the band with
the lowest VIP (least information) was eliminated
from the available bands. PLS was re-calibrated
with the new bands and the process was repeated
until only one band remained. Also, in each
iteration, 5 to 30 PLS components were examined
to select the optimum number of PLS components.
In each iteration, the PLS model was calibrated
using the calibration set and the performance of
the model was assessed by calculating R-squared
and root mean square error (RMSE) values on the
validation set. The PLS model that resulted in the
highest R-squared and lowest RMSE value on the
validation set was selected as the best model for
the prediction of the tailings characteristic of
interest. It is noted that any errors in the laboratory
data will inherently introduce errors in the spectral
model. Therefore, the performance of the models
developed in this research can only be as good as
the laboratory measurements. In other words, the
laboratory data is incorrectly assumed to be
perfect in order to determine model errors.
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Figure 1. Reflectance spectra types of the tailings samples measured. Water content associated
with each sample is shown on each spectrum.

RESULTS
Spectra of Samples

Figure 1 shows spectra of a representative
selection of the tailings samples. In general, the
samples display similar reflectance spectra. The
absorption feature near 1.4 pm is attributed to
water or OH overtones, while the 1.9 pym feature is
a water combination band. The feature at 2.2 ym
is a characteristic clay feature in oil sands tailings
spectra. The presence of residual bitumen causes
absorption features near 1.7 ym and 2.3 ym and
may affect the clay absorption bands as well. In
addition to the variation in the depth of the
absorption features, it is evident that the slope of
the spectra in different wavelength regions also
changes with a variation in tailings composition, in
particular water content variations.

MBI Estimation Model

For MBI estimation, the best results were achieved
using a PLS model with 107 input bands (selected
through the stepwise elimination process) and 30
PLS components when the tailings spectra were
transformed to absorbance and smoothed with a
SG filter. Figure 2a shows the relationship
between MBI measured in the laboratory and MBI

predicted using the PLS model for both calibration
and validation sets. R-squared and RMSE were
0.94 and 1.12 (meq/100g), respectively, using the
validation set.

Water Content Estimation Model

It was observed that the combination of first
derivative and SG filter to pre-process the input
spectra led to the best results in PLS regression
for water content estimation. The relationship
between estimated and measured water content is
shown in Figure 2b. A PLS model with 73 bands
and 29 components resulted in the best R-squared
and RMSE on the validation set (R-squared =
0.96, RMSE = 4.3 wt%).

Bitumen Content Estimation Model

Similar to the case of water content estimation, the
best pre-processing method was observed to be
applying a first derivative followed by SG filter on
the input spectra. The highest R-squared and
lowest RMSE for the estimation of residual
bitumen content of tailings were achieved for a
PLS model with 71 bands and 25 components. R-
squared and RMSE were observed to be 0.91 and
0.57 wt%, respectively.
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CONCLUSIONS

This research examined the use of hyperspectral
sensing in the estimation of some tailings
characteristics. The work conducted here on 290
tailings samples showed that hyperspectral
observations can be highly correlated to tailings
properties that include MBI, water content, and
bitumen content. The results showed that MBI can
be predicted with an accuracy of 1.12 meq/100g
while the contents of water and bitumen can be
estimated with 4.3 and 0.57 wt% errors,
respectively. Although these errors are generally
higher than published laboratory measurements,
they are sufficiently accurate enough for many
applications and for investigating tailings
behaviour. A key advantage of spectral models is
that they provide rapid (within minutes) and
repeatable predictions that are less prone to

human errors. Consequently, the wuse of
hyperspectral technology for tailings
characterization can enable the oil sands

operators and service providers to quickly analyze
the tailings on-site to provide a near real-time
assessment of the tailings properties. This would
significantly reduce the operational costs
associated with sample collection, transportation,
and laboratory analysis. Timely, repeatable, and
sufficiently accurate measurements of tailings
properties such as MBI and water content may be
of great benefit for establishing best practices in
tailings management.
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A METHOD FOR AUTONOMOUS BATHYMETRIC SURVEYING USING

AN AMPHIBIOUS ROBOT
Nicolas A. Olmedo and Michael G. Lipsett
Copperstone Technologies Ltd., Calgary, Canada

ABSTRACT

Bathymetric surveying determines the volume
contained in ponds and identifies subsurface
structures. Workers in boats generally conduct
surveys manually with simple tools for measuring
the depth at a location that is measured by GPS.
Depth can be measured using probes, ultrasound,
or sonar. With contact instruments, the survey
data can be collected while moving along a path
that covers the pond surface with a pre-selected
maximum spacing between locations. This
approach is labour-intensive, prone to
measurement error, and can pose some risk to
personnel when the littoral zone is difficult to
access. Radio-controlled boats are problematic
when access is limited, there are mud zones near
the surface that may strand the boat, or there are
obstacles in the water such as trash or bitumen
mats. In this work, a new system is presented for
autonomously surveying a pond. The system
comprises an amphibious platform with a set of
screw rollers (scrolls) for locomotion over land and
water, an automatic control system for navigation,
a communication system for remote control, and a
sensing and data acquisition system for recording
geo-referenced depth measurements. Results are
presented for system commissioning tests; and
field trials at an operating mining facility are
described.

INTRODUCTION

Environmental monitoring of areas affected by
industrial operations, such as fluid waste deposits,
is key for sustainability and eventual reclamation
of the site. Fluid waste (tailings) from mining
operations and from raw material processing
facilities needs to be monitored for (i) improving
the performance of mining processes (Lipsett
2014), (ii) timely feedback to improve remediation
efforts (Hold 1993), (iii) environmental monitoring
(Plumlee 1994), and legislative compliance (Wills
2016).
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Geotechnical sampling and measurements
campaigns can help identify hazards, minimize

long-tem storage of material and improve
reclamation (Lipsett 2009). Currently,
environmental surveys, including geotechnical

campaigns, are conducted manually (Beier 2013),
and are limited to areas made accessible to
workers or areas that large manned vehicles can
navigate. There are risks associated with
equipment sinking and some operations may put
personnel at risk.

Bathymetric surveying is necessary to calculate
the volume contained in water-capped deposits
and to profile subsurface structures. Manual
surveys from boats are costly, and are only
possible on deposits with docks, or traversable
beaches. Typically, the varying nature of tailings
deposits and unstable littoral zones are a
challenge for boat operators.

These challenges can lead to costly and
intermittent monitoring of accessible areas, and
insufficient monitoring of inaccessible areas.
Additionally, human surveying is labour-intensive,
and prone to measurement error. Recently,
unmanned systems have been developed to
provide access to traditionally difficult terrains and
reduce the risk of injuries to workers. Robotic
systems have been developed to aid human
workers in collecting samples and estimating soll
properties (Olmedo 2016a). Wheeled and tracked
ground robots have been tested on deposits that
have developed a crust to collect samples and
estimate soil properties. These measurements
were limited to the bearing strength of the
deposits, 15kPa.

Amphibious robots have been developed to
provide access to very rough terrains and water
(Olmedo 2016b). The unmanned amphibious
robots have been used to deploy geotechnical
tools and specialized payloads for tailings
characterization and reclamation activities. Screw-
drive robots have been used to measure shear
strength, install wick drains, broadcast sees, and
plant seedlings in previously inaccessible terrain
(Olmedo 2017). Key unique design and control
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elements allow these robots to move over hard
ground, deformable terrain, snow, and water,
making them a highly versatile platform for
challenging environments.

Bathymetric surveys have been conducted with
remote controlled (RC) boats, which carry sonars
and a Global Positioning System (GPS) to collect
geo-referenced depth measurements. These
systems are challenging to deploy in deposits that
have an inaccessible littoral zone. Typically,
workers cannot approach the water line to
manually drop the boats in the water. Shallow
deposits may pose a risk of the RC boats getting
stuck. In some deposits, shallow areas located far
from the shoreline may also pose a risk of getting
stuck.

This paper presents the design and preliminary
field trials of an autonomous amphibious robot
designed specifically for unsupervised long-
endurance bathymetry that provides easy access
to rough terrain.

SYSTEM DESCRIPTION
FUNCTIONALITY

AND

An amphibious robot developed for bathymetric
surveys (CST-ARO) is shown in Figure 1. The
platform employs a modified screw-drive
locomotion method. A screw-drive (amphirol) robot
is an unmanned system propelled by counter-
rotating Archimedean screws (scrolls).

This propulsion mechanism provides a number of
operating advantages, such as the ability to
traverse both water and solid ground and side-to-
side mobility. The scrolls are sealed, to make the
robot buoyant. Typically, two counter-rotating
scrolls have been used (Olmedo 2016b), but two
pairs of counter-rotating scrolls with opposite pitch
have been shown to provide significant
advantages in mobility.

Based on observed performance in previous field
trials, the dual-scroll configuration works well on
soft terrain and on liquid; but two scrolls presents
difficulties for control when turning on hard ground
that is prone to excessive slip. A four-scroll system
allows for forward motion in soft material & water
as well as side-to-side rolling movement with high
turning manoeuvrability when traversing solid
ground (Figure 2). The system must be able to
deliver both high torque for ground motions in
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the

Figure 2. CST-ARO
transition between water and a
sandy beach, Alberta, Canada

moving through

rough terrain, and fast motion to propel through
water. To accomplish this, the current design has
direct-drive electric servomotors that actuate each
of the four scrolls.

For ease of manufacture for operations primarily in
water with little chance of extended driving on
rough hard ground, the scrolls are made of plastic
by additive manufacturing, with metallic inserts
and mating flanges for structural integrity. Each
3D-printed plastic scroll is coated with epoxy to
prevent leaking of water into the scrolls. While this
fabrication method is cost effective, it is not very
durable.

The structure of the UGV is a simple ladder frame.
For the demonstration prototype, the frame is
constructed primarily from t-slot extruded
aluminum. Overall dimensions of the vehicle are
approximately 1 m x 1.5 m x 0.5 m and it has a
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mass of 55 kg. Controller electronics and power
supplies, including lithium-ion batteries, are
mounted in watertight enclosures above a
polycarbonate splashguard. Motor controllers
accept inputs from an autopilot or manual
commands through a microcontroller. Under
automatic control, geo-positioning is achieved
using a GPS receiver into a PixHawk autopilot,
which delivers motion commands to the
microcontroller.

Depth is measured with an Airmar DT800 NMEA
2000 (CAN-based) ultrasonic depth sensor,
mounted at the front of the rover slightly
submerged to reduce the influence of air
entrainment on the transducer. The autopilot
sends telemetry information that is displayed on a
laptop to act as a ground station. Manual control is
achieved through a commercial Taranis radio
control transmitter with digital telemetry capability.

Telemetry, including GPS information and depth
measurements is recorded on board the rover, as
well as on the ground station. The ground station
is used to configure the robot, for real time data
visualization, and debugging; but the ground
station is not necessary for autonomous operation.

PERFORMANCE TRIAL RESULTS

The rover performance was assessed on a range
of ground conditions and in water.

Rolling on land was done on grass and sand.
Gravel and sharp rocks were avoided to prevent
damage to scrolls due to impacts. Manoeuvrability
was good, with the rover able to make tight radius
turns while rolling. The motors delivered sufficient
torque to be able to shear saturated sand, but not
clay-loam soil. Maximum linear velocity on land
was approximately 2 m/s.

Screw motion on water was successful, with top
speed of about 1.8 m/s, excellent manoeuvrability,
and no tipping during turns (Figure 3). There was
no ingress of water into the scrolls or electronics
enclosures. Transitioning from water to sand
beach was successfully done under manual
control while rolling. More durable scrolls would
allow for ftransition while scrolling. The speed
control mode allowed the scrolls still in the water to
spin to create a drive force while the scrolls on
sand rolled (and spun at times) to drive up onto
the beach (Figure 2).

Figure 3. CST-ARO water performance tests,
Alberta, Canada

Peak power consumption was about 6kW at
maximum speed. Two 24 V 2.5 kWh Li-ion
batteries were connected in parallel to supply
power. Battery life was monitored during
operations to ensure that the rover did not stop
from a loss of power unexpectedly. Most
operations were conducted at less than half of the
peak power consumption. The robot can achieve
and endurance of 10km with the current battery
capacity. The robot can carry up to four times the
current battery mass if necessary.

BATHYMETRIC SURVEY TRIALS

A pond mapping scenario was identified at a
Canadian mineral processing facility. The pond of
interest has a sandy edge (littoral zone) that is
inaccessible; and there are shallow zones in the
middle of the pond that prevent manual surveys
with conventional boats. For these reasons, an
amphibious platform is necessary to access the
entire pond. A teleoperation approach is possible
for navigating around the pond; but an
autonomous system was much preferred.

The survey was set up with a sequence of
waypoints in a rastered geometry with a home
position and a set of straight parallel lines for the
rover to pass by as it traced the pattern. Each new
line of surveying was beside the previous line
segment. Spacing between waypoints was
approximately 15 m to allow good coverage of the
pond; and a different spacing specification could
easily be defined. For wavy conditions, the pitch
and roll angles of the rover could be used to
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calculate the actual depth at a particular location;
but testing was done with no significant waves and
so this feature was not necessary.

The autopilot required tuning to reduce oscillations
and overshooting, especially when the rover was
navigating without RTK GPS. The configuration
software of the PixHawk allowed real-time
visualization of the navigational accuracy and the
path of the rover, while also displaying the depth,
which helped with tuning.

MAPPING RESULTS

A ftrial bathymetric survey of a natural pond is
shown in Figure 4. The results of geo-reference
depth measurements on the pond are presented
below. The CST-ARO conducted an autonomous
survey with a grid spacing of 15m. For larger,
multi-kilometer area ponds, a spacing of 50m is
suggested. An example of a planned trajectory is
presented in Figure 5. The robot navigated at a
speed of approximately 0.9 m/s, and collected
depth measurements at 1Hz. These parameters
are configurable.

The resulting map of the survey is presented in
Figure 6. The measured depths were recorded
between 1 and 4 meters. The data recorded was
interpolated linearly to create the continuous heat
map in Figure 6. Other possible interpolation
methods can be used, including cubic and nearest
point hold. The graphs were generated using the
open source Matplotlib packages (Hunter 2017).

Using an RTK GPS can mitigate sources of error
in localization. Typically, the base stations for RTK
GPS need to be setup in advance in order to have
reliable, accurate, position references. Sources of
error in depth measurements can be reduced by
correcting for pitch and roll angles of the robot, in
case of waves and wind, as well as by using more
than one sensor in the platform. Additionally, multi-
beam and multi-frequency sensors are available to
increase measurement accuracy and precision.

FUTURE WORK

While the commercial prototype performed very
well, several improvements are being
implemented. A payload is in development for
collecting a set of water samples. A payload has
been tested for automatically collecting a surface

, AB - December 9-12, 2018

soil sample; and a related system has been
developed for vegetation sampling, such as peat

moss. A more durable structure and scrolls are

in

development for commercial service duty. At the
littoral zone between water and shore, individual
scroll control will be used for improved transition

between fluid and solid ground, allowing a scroll

in

each zone to move at a speed that delivers good
torque to move up onto the shore. A simple scroll
cleaning mechanism has been designed for

conditions with sticky mud to prevent the scro

s

from accumulating material on the scrolls. For long

surveys, a larger battery payload can be installe
but also easily removed for carrying the machin

d,
e.

Metal printing is being investigated for fabricating
the scrolls.

Figure 4.
survey, Alberta, Canada

CST-ARO conducting a bathymetric

Figure 5. Planned trajectory for surveying part

of a natural pond with 15m spacing

Figure 6. Measured pond depth.
meters
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CHARACTERIZING SOFT OIL SAND TAILINGS BY GAMMA CONE

PENETRATION TESTING

Mark Anthony Styler, Dallas McGowan and Jamie Sharp
ConeTec, Fort McMurray, Canada

ABSTRACT

Piezocone Penetration Testing (CPTu) is
performed by pushing an instrumented conical-
shaped probe into the subsurface at 2 cm per
second. CPTu performed in oil sand tailings
containment facilities provide a continuous profile
of measurements from the pond surface through
the recycle water, across the mud-line, through the
fluid tailings, across the hard bottom, through the
soil-like tailings, and into the natural ground.
Passive-gamma, and other, modules can be
attached behind the cone probe to respond to in-
situ concentrations of natural radioisotopes. In this
paper we show how the Gamma Cone Penetration
Test (GCPTu) results can be used to measure the
mud-line and hard bottom depth. We show how
the GCPTu results can be used to estimate the
total unit weight of fluid tailings and that this
estimate is confirmed by adjacent laboratory
results. We also show that the passive-gamma
measurements are strongly correlated to the total
fines content. GCPTu profiles can be interpreted to
develop cross-sections of tailings units (recycle
water, fluid tailings, soil-tailings), to investigate
time-dependent phenomena by comparing
successive CPT profiles, and to investigate
ongoing tailings management operations. This
paper does not report on the product of a single
experimental testing program, but the result of
examining empirical observations made in over 29
years of cone penetration testing in oil sand
tailings.

INTRODUCTION

Athabasca oil sands ore is mined and processed
to extract bitumen impregnated in the soil. Bitumen
is extracted from the ore on site, which creates a
waste by-product of tailings. These tailings are a
mix of soil particles, water, and residual bitumen.
Continued operations at oil sand mine sites
requires responsible management, through
transportation, storage, treatment, and deposition
of the generated tailings by-product.
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The purpose of this paper is to share our
experience analyzing Gamma Cone Penetration
Test (GCPTu) results in oil sand tailings. The
GCPTu is one site-investigation tool that can be
combined with other tests and sampling
campaigns to fully characterize OST tailings
facilities.

TAILINGS STORAGE FACILITIES

Oil sand tailings are managed in tailings storage
facilities. The whole-stream tailings have high
water contents and are typically transported
hydraulically. Tailings must be contained to limit
the footprint to the mine-site. Tailings storage
facilities can be in-pit, where the tailings are
deposited in place of previously mined ore and
contained within in-pit dykes. Alternatively,
external facilities can be constructed where a
tailings dam is built above the original ground
elevation to contain the tailings.

Tailings management is required to meet
operational needs and regulatory requirements.
Tailings storage facilities need to have sufficient
capacity for the existing tailings and future
production. This capacity can be met by
constructing new facilities, raising dam crest
elevations to increase the volume, or by treating
the existing tailings to remove stored water. Oil
Sand Tailings regulations, such as the rescinded
ERCB Directive 074, the Alberta Tailings
Management Framework, and the active AER
Directive 085, have been instituted to ensure that
these facilities are designed for eventual closure.
Current tailings regulations requires annual
tracking of the volumes of stored fluid tailings and
the quantity of fines in these fluid tailings.

Tailings are dynamic. The discharged tailings can
flow, segregate, form a consolidating sediment, or
remain suspended in a fluid column. Blight &
Bentel (1983) covered the hydraulic deposition of
tailings. The discharged tailings can segregate
along a forming beach slope angle, with
progressively finer tailings settling with distance
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from the discharge point. Consoli and Sills (2000)
analyzed the  simultaneous transportation,
consolidation, and sedimentation that occurs in
tailings reservoirs. Tailings management needs
and regulatory requirements necessitate the
investigation and characterization of the contents
of these tailings storage facilities. A COSIA
working group reviewed current site-investigation
techniques used in oil sand tailings facilities
(Ansah-Sam et al. 2015).

A typical tailings profile may include a water cap,
fluid tailings, and soil-like tailings. The water cap,
also called recycle water, has solids contents less
than 5%. There is typically a sharp boundary
between the water cap and fluid tailings termed a
mud-line. The solids content at the mudline rises
sharply. Fluid tailings are dominated by fines and
have negligible effective stress. The fine grained
soil particles may be entirely suspended within the
fluid column. A sediment bed forms at the base of
the fluid column where the soil-particles are in
contact and form a soil-skeleton that develops
effective stress. This boundary between fluid
tailings and soil-like tailings is termed the “hard
bottom”. This hard bottom can increase in
elevation due to additional sedimentation,
decrease in elevation due to consolidation of
underlying soils, or remain essentially constant
due to the balance of these phenomenon or the
logarithmic-scale of time required for continued
sedimentation and consolidation. Soil-like tailings
have formed a particle skeleton and the
geotechnical behaviour depends on effective
stress.

Characterizing the entire profile, from the water
cap through the hard bottom, can inform tailings
management decisions. The recycle water volume
can be returned to bitumen extraction or other
uses. The fluid tailings volumes are required for
regulatory reporting, and can be dredged and
treated to reduce their volumes. Beach and dyke
tailings require geotechnical characterization for
construction purposes.

CONE PENETRATION TESTING

Piezocone penetration testing (CPTu) is performed
by advancing an instrumented probe into the soll
at a rate of 2 cm/s. The standard CPTu probe,
shown in Figure 1, includes sensors to measure
the tip resistance (qc), friction sleeve (fs), dynamic
pore pressure (uz2), inclination, and temperature at
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a depth interval of 1 cm, 2.5 cm, or 5 cm. The
cone tip resistance requires a systematic
correction from qc to a corrected value of gt using
gt = qc + U2(1 — a) (Campanella et al. 1982).

The CPTu is a geotechnical test that was
developed to investigate soils. Published methods
to reduce CPTu data are mostly limited to natural
soils such as gravels, sands, silts, clays, or
organics (e.g. Lunne et al. 1997, Mayne 2007,
Robertson & Campanella 1983a, 1983b). The
CPTu is used in geotechnical practice to profile
soil-types and characterize the geometry of the
geotechnical problem. The CPTu is also used to
estimate soil-properties for the various identified
soil units.
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Figure 1. Diagram of Passive Gamma module
attached behind a 15 cm? cone

probe
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AER Directive 085 defines fluid tailings as having
solids content greater than 5% and undrained
strengths less than 5 kPa. In geotechnical
engineering, the wundrained strength actually
depends on the stress path to failure and different
laboratory and in-situ tests result in different
undrained strength measurements. The CPTu net
penetration resistance is often correlated to the
field vane undrained shear strength (su)v (Wroth
1984), and this undrained strength is used to
geotechnical analysis and design (Aas et al. 1986,
Bjerrum 1974, Larrson 1980).

AER Directive 085 defines the bottom of the fluid
tailings profile using a conical drop-probe. This
boundary is termed the hard bottom, and depends
on the strength of the tailings. This hard bottom
will be located at sharp increases in the CPTu net-
penetration resistance associated with the
development of effective stress and a soil-particle
skeleton. It also corresponds to an increase in the
viscosity and friction.

The CPTu probe, as shown in Figure 1, includes a
piezometer which is used to obtain a measure of
dynamic fluid pressure in-situ. This fluid pressure
is affected by transient pore pressures generated
from cavity-expansion and shear of the soil to
accommodate the in-situ probe. The dissipation of
these excess pressures can be monitored by
suspending cone penetration during a pore
pressure dissipation (PPD) test. PPD results can
be interpreted to estimate the soil's coefficient of
consolidation. Tanaka and Sakagami (1989)
performed PPD tests in a deposit undergoing
consolidation. The characterized PPD equilibrium
profile versus depth agreed with adjacent
permanently installed piezometer monitoring.

In recycle water and fluid tailings with negligible
effective stress, the measured CPT pore pressure
equals the total stress. PPD results in fluid tailings
show no dissipation of excess pore pressures.

Gamma Cone Penetration Testing (GCPTu) uses
a passive-gamma module attached behind the
cone probe, as shown in Figure 1. The module
housing contains a scintillating crystal that glows
when it is struck by gamma rays. The gamma-
module uses a photo-multiplier-tube and
associated internal electronics to monitor this
scintillating crystal. The observed gamma-ray
incidents are counted up and used to calculate the
gamma counts-per-second, which is reported in
the GCPTu soundings. Quantitative application of
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gamma measurements requires
between soundings and equipment.

repeatability

There are three common Naturally Occurring
Radioactive Minerals (NORMs). These are natural
radioisotopes of Potassium (*°K), Thorium (32Th),
and Uranium (?®U). These three radioisotopes
exist in nature due to exceptionally long half-life
times of a similar magnitude to the age of Earth.
Potassium is in llite and Feldspar minerals,
Thorium is associated with heavy minerals (Ellis
2007), and Uranium is found in uranium salts and
organic shale (Ellis 2007). The mineralogical
constituents of the bitumen ore remain in the
tailings by-product and gamma profiling can
identify different tailings units. The gamma
measurements in tailings are proportional to the
total fines content (weight of fines / total weight)
due to the potassium in the lllite mineral. It is not
proportional to the geotechnical fines content
(weight of fines / weight of solids). The total fines
content is proportional to the in-situ concentration
of K in OST.

The generated gamma rays from these natural
sources will interact with matter. This interaction
makes it possible to observe gamma rays in-situ.
The propagating gamma rays can re-coil, lose
energy, and change direction in a process known
as Compton scattering. When the gamma ray
energy drop below 100 keV, the ray can be
extinguished by photoelectric absorption. Gamma
rays with energies higher than 1022 keV and split
into two rays of 511 keV in a process known as
pair-production. Berger (1961) presents table of
energy absorption coefficients that averages these
three matter interaction effects. For a typical
density of tailings a generated gamma ray from 4°K
may travel from 10-20 cm. This means that the
GCPTu gamma profile responds to the same soil
measured by the cone penetration test.

CONVENTIONAL TAILINGS PROFILE

GCPTu profiles in OST can include recycle water,
fluid tailings, soil-like tailings, and natural ground.
The typical measurements in these types of
materials can be used to identify the tailings units
and to estimate OST properties — such as solids
content and fines content.
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Recycle Water

GCPTu measurements in OST recycle water
produce an easily identifiable profile. First, the
corrected tip resistance, qi, equals the pore
pressure uz. The friction sleeve, fs, is nearly zero.
The pore pressure channel, uz, increases at
approximately 9.8 kPa per m (kN/m?) in pure water
and slightly higher in saline water.

Recycle water has negligible concentrations of
natural radioisotopes. The observed passive
gamma rates are nearly 0 cps. There can be an
increase in gamma rates at the pond surface due
to atmospheric radiation. Over a very short depth,
the impact of atmospheric radiation is completely
shielded by the recycle water.

Mudline

Hitting the mudline typically has no discernable
effect on qi. The friction sleeve, fs, will still be
nearly 0 kPa. The slope of uz will begin to deviate
from 9.8 kN/m3; but this change can be nearly
imperceptible. The standard cone probe results
cannot be used to identify the mudline depth with
any degree of confidence.

However, below the mudline the tailings contain a
concentration of natural radioisotopes. Therefore,
the mudline corresponds with a sharp increase in
passive gamma rates. The GCPTu can be used to
easily identify the mudline depth.

All gamma ray measurement devices have an
efficiency factor that reduces the in-situ
concentration of gamma rays to a measured
gamma rate. This efficiency factor depends on the
module shielding, module electronics, and
scintillating crystal geometry and type. By sheer
coincidence, the ConeTec passive gamma module
shown in Figure 1 has an efficiency factor that
produces measured gamma rates approximately
equal to the total fines content in fluid oil sand
tailings. The mudline definition of 5% solids
corresponds to a gamma rate of 5 cps. The
mudline depth can be routinely and easily profiled
using the GCPTu, however other pond surface
geophysical methods are more efficient for large
mudline surveys.

Fluid Tailings

In fluid tailings the cone tip resistance will increase
with the measured pore pressure. The effective tip
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resistance, qt-uz, will be close to zero. The friction
sleeve measurements will also be nearly zero.

The measured pore pressures will equal the total
stress in fluid tailings. This has been observed in
laboratory tests on sedimentation (Sills 1998). It
was also observed in 10 m high standpipe tests on
oil sand tailings (Jeeravipoolvarn et al. 2009).
Since the u2 measurements equal total stress, the
slope of uz versus depth equals the total unit
weight of the fluid tailings.

PPD tests can be performed in fluid tailings. These
show that the uz2 channel does not dissipate to a
hydraulic profile of 9.8 kN/m3 from the pond-
surface. The uz channel does not dissipate at all
because there are no excess pore pressures from
shear or cavity expansion to accommodate the
cone probe.

This total unit weight, yt = du2/dz, can be used to
estimate the solids content of the fluid tailings
using Equation 1. In this equation Gs is the specific
gravity of the oil sand tailings particles and can be
assumed to equal 2.6; yt is the unit weight of water,
9.8 kKN/m?.

Solids(%) [ G 1Y
100% Gg -1 7,

If the fluid tailings are 100% geotechnical fines,
then the estimated solids content also equals the
total fines content. The gamma measurements
approximately equal the total fines content.
Therefore, the difference between the estimate of
solids content and the passive gamma estimate of
total fines content can indicate the presence of
sand in the fluid tailings. Empirical equations, such
as the Tailings Behaviour Type, can be developed
from compiled datasets of OST constituents and
GCPTu results to further refine these
interpretations (Ansah-Sam et al. 2015).

Eq. 1

The froth-treatment process concentrates minerals
containing  Thorium-232 and  Uranium-238
radioisotopes that naturally occur in the parent ore
body. The passive gamma measurements in fluid
froth treatment tailings are not proportional to the
total fines content. In froth-treatment tailings we
measure passive gamma rates that are an order of
magnitude larger than conventional OST tailings.
While this removes one application of the GCPTu
site investigation tool, it adds another. The GCPTu
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profiles can be used to easily identify depth-ranges
of froth-treatment affected tailings.

Hard Bottom

The hard bottom corresponds to the development
of significant effective stresses between the soil-
particles. It is identified by a sharp increase in the
cone penetration resistance, qt. It can also occur
with a gradual increase in qt in old thick fines
dominated deposits. The hard bottom depth
corresponds to an increase in fs from zero and the
generation of transient pore pressures on the u:
channel.

The net penetration resistance, gi-ovo, is used to
estimate the undrained vane strength (su)w through
an N factor such that (su)v = (Qt-ovo)/Nkt. A typical
Nkt factor is 15, which means that the undrained
strength boundary of 5 kPa would occur when the
net penetration resistance exceeds 75 kPa.

Calculating the net penetration resistance requires
an estimated profile of total unit weight to calculate
the total vertical stress. There are many
approaches available to estimate unit weights from
CPTu data in natural soils, but they may not be
applicable to tailings. In tailings, the total unit
weight should be estimated as 9.8 kN/m? in the
recycle water, equal to the slope of uz in fluid
tailings, and roughly estimated as 18.3 kN/m?
below the fluid tailings. From Equation 1, this 18.3
kN/m3 corresponds to a solids content of 75%.
This assumption can be adjusted if alternative

information is available from characterized
samples or empirical relationships to solids
content.

Soil-Like Tailings

Soil-like tailings occur below the hard bottom
depth. A soil-particle skeleton has formed and the
geotechnical behaviour depends on developed
effective stress. CPT responses have net-tip
resistances in excess of 75 kPa, friction sleeve
measurements above zero, and pore pressure
measurements with transient pore pressures that
will dissipate to an equilibrium value. This
equilibrium value can depend on the hydrostatic
pore pressure, any pore pressure flow gradients,
and any excess pore pressure due to ongoing
consolidation of the deposit. Tanaka and
Sakagami (1989) presented PPD equilibrium
values in a deposit of clay under consolidation due
to the construction of a man-made island. The
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connected PPD points matched the excess pore
pressure profile due to consolidation pressures.

The passive gamma measurements in soil-like
tailings are still proportional to the total fines
content. However, a smaller fraction of the gamma
rays will be sourced from the sand content.

CPTu measurements in soil-like tailings can be
used in geotechnical analyses for strength and

stability, static liquefaction susceptibility,
deformation and consolidation, and other
applications.

Natural Ground

CPT results in natural soils can be interpreted
using conventional data reduction techniques.
Routine techniques to interpret CPTu
measurements in natural soils are readily available
and not within the scope of this paper.

EXAMPLE GCPTu PROFILES

Two sites were selected and interpreted to
demonstrate typical GCPTu observations. These
two sites both had a water cap over fluid tailings
over soil-like tailings. They did not have froth-
treatment affected tailings influencing the passive
gamma rates.

Site 1

The GCPTu profile for Site 1 is shown in Figure 2.
This test was performed to a depth of 14.7 m. The
mudline was crossed at 4.3 m and the hard bottom
was crossed at 9.1 m.

The water cap had zero net tip resistance, zero
friction sleeve resistance, a uz2 pore water pressure
that increased at 9.8 kN/m3, and essentially no
gamma rates. Four fluid samples were collected
and characterized in a laboratory. These samples
had solids contents of 0.01%, 0.06%, 0.00%, and
6.74%. These solids contents were converted to
total unit weights, y, using Equation 1 and plotted
in the fourth column. The calculated results agreed
with the calculated slope of the measured pore
water pressure. These four samples had
insufficient solids contents for total fines
measurements. The passive gamma rate column
includes data-points for fines contents. In this plot,
we assumed that these points had 100%
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Figure 2. Site 1 GCPTu profile compared to adjacent laboratory characterized samples (red

points)

geotechnical fines such that the total fines were
equal to the solids content.

The mudline was crossed when the passive
gamma rates first exceeded 5 cps. The fluid
tailings below the mudline also had nearly zero net
tip resistance and zero friction measurements. At
the mudline the pore pressure measures begin to
deviate from the hydrostatic profile drawn from the
pond-surface. Figure 3 shows the results of a PPD
test performed at 6.3 m depth. There were no
excess pore pressures. The pore pressures in the
fluid tailings column equal the total stress under
the higher unit weight of the fluid tailings. Five fluid
samples were collected and the constituents were
measured in a laboratory. The measured solids
contents were converted to total unit weights using
Equation 1. These total unit weight points are
plotted in the fourth column. This fourth column
also shows the slope of the u2 channel versus
depth. The GCPTu estimated unit weight is
confirmed by these laboratory points. The passive
gamma measurements increase to near 40 cps in
the fluid tailings. The passive gamma plot also
includes points corresponds to the total fines
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content. As previously mentioned, by sheer
coincidence the gamma ray efficiency factor for
this passive gamma tool produces gamma rates
that almost equal the total fines content.

The total unit weights were set equal to 18.3
kN/m3 when the local slope of the pore pressure
channel became non-linear (responding to shear
and cavity expansion to accommodate the cone
probe). The total unit weights were used to
calculate the total vertical stress and net-tip
resistance.

The net-tip resistance was used to define the hard
bottom depth at 9.1 m. At this depth the net-tip
resistance increased from 36 kPa to 825 kPa. Two
dissipation tests, also shown in Figure 3, were
performed below the hard bottom. The equilibrium
pore pressure is increasing at 11.4 kN/m? between
these two points. The pore water pressure
dissipated values greater than hydrostatic, which
may be due to excess consolidation pore
pressures in an under-consolidated soil and/or a
hydraulic gradient driven ground water flow.
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Figure 3. PPD tests performed at Site 1
showing no dissipation in recycle
water (3.3 m) and fluid tailings (6.3
m) and dissipation of excess pore
pressure below the hard bottom (9.1

The passive gamma measurements below the
hard bottom exceed the measured total fines
content. Gamma rays are emitted by the sand-
fraction of OST, but at a much lower intensity. In
these tailings nearly 60% total sands are required
to generate an equivalent gamma rate as 10%
total fines.

The lab data was compared to the GCPTu
interpretations. This lab data was not used in the
GCPTu data reduction or interpretation.

Site 2

The GCPTu profile for Site 2 is shown in Figure 4.
This test was performed to a depth of 49.0 m. The
mudline was crossed at 5.9 m and the hard bottom
was crossed at 14.6 m. This GCPTu was
performed at a different tailings facility under a
different owner than Site 1.
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The same criteria used to define the water cap,
mudline, fluid tailings, hard bottom, and soil-like
tailings were applied to these GCPTu results.

The fourth column includes the laboratory
measured solids contents converted to unit weight
estimates with Equation 1. These results matched
the slope of the pore water pressure through the
fluid tailings.

The soil-like tailings had two distinct zones. An
upper zone was encountered between the hard
bottom and 28.3 m depth. This upper zone had
different  Qgnet, U2, and passive gamma
measurements than the lower tailings unit below
28.3 m.

CONCLUSION

In this paper we showed that GCPTu profiles can
be interpreted to estimate the solids content in
fluid tailings using Equation 1. In fluid tailings the
pore pressure measurements equal total stress.
The increase in total stress with depth equals the
total unit weight.

In this paper we showed that the passive gamma
rates are proportional to the total fines contents in
oil sand tailings. The passive gamma tooling used
in the GCPTu probe has an efficiency factor that
produces measurable gamma rates almost equal
to total fines measurements. More advanced and
site-specific empirical relationships can be
developed, such as the Tailings Behaviour Type
relationships that build upon these underlying
correlations.

In this paper we showed how to determine the
depth to the mudline and hard bottom from GCPTu
profiles.

Two profiles were presented showing typical
GCPTu measurements. These results show that
the GCPTu measurements can be instructive on
both the state and composition of the Oil Sand
Tailings. Furthermore, expectations for typical
GCPTu results can be used to identify atypical
profiles.
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USING TECHNOLOGY TO BETTER UNDERSTAND SEEPAGE AT

TAILINGS IMPOUNDMENTS

Ryan Blanchard and Val Kofoed
Willowstick Technologies, Draper, UT, USA

ABSTRACT

Preferential seepage flow paths often follow
paleochannels, and identifying these seepage flow
paths is an expensive and slow process, often
characterized by drilling “trial and error” boreholes.
A Geophysical technology, applied to the study
area in question, along with 3D models are a cost
effective and accurate way to identify the seepage
flow paths. In this paper, the results from a mine
located in Alaska are presented. There was
contaminated water flowing from a waste rock
dump into a Tailings Storage Facility (TSF). Over
fifty wells were drilled in order to understand the
flow paths, and a drainage collection trench was
installed to divert water from flowing into the TSF.
Despite these efforts, the acid rock drainage
continued to infilirate the TSF, causing regulators
to get involved. Using MagnetoMetric Resistivity
(MMR), Willowstick identified the exact location
and depth of thirteen preferential groundwater flow
paths. After comparing the locations of the flow
paths to pre-mining contours, we determined the
contaminated water was following paleochannels.
With this information, the mine showed regulators
they understood the situation and began targeted
remediation.

INTRODUCTION

Preferential seepage flow paths often follow
paleochannels, and identifying these seepage flow
paths is an expensive and slow process, often
characterized by drilling “trial and error” boreholes.
Identifying the source and character of seepage is
notoriously difficult and has numerous challenges.
Engineers often drill several holes by simply
guessing the location of the seepage and hoping
to intercept water flow paths. This method is
expensive and can further impair the integrity of
the structure. Alternatively, the MagnetoMetric
Resistivity (MMR) method can be used to identify
the exact location of preferential groundwater flow
paths (Jessop et al. 2018 and Kofoed et al. 2011).
The method is based on the following scientific
principles:

121

. Subsurface water seeping through earthen
materials increases the electrical conductivity of
the earthen materials through which it flows.
Without  water, earthen materials are
fundamentally electrical insulators  while
earthen materials saturated by subsurface
water flow become excellent electrical
conductors. For example, the electrical
conductivity of dry earthen materials typically
ranges between 1072 and 10" mho/m.
However, in-ground measurements  of
groundwater conductivity typically range from
10" to  10® mho/m—in other words many
orders of magnitude higher (Purvance and
Andricevic 2000).

Whenever an electrical circuit is established a
magnetic field is also created.

The magnetic field emanates from the electric
current. The specific characteristics of the
magnetic field are determined by the Biot-
Savart Law.

The electric current follows the preferential
groundwater flow path or the path of least
resistance to complete a circuit between two
electrodes, which are placed strategically
upstream and downstream of the area of
investigation, and the water between them is
energized with a low voltage, low amperage,
alternating electrical current with a 380 Hz
frequency.

Measuring magnetic field intensity is an
accurate method to determine zones of highest
conductivity or transport porosity of water, or
water bearing zones.

The 380 Hz current creates a distinctive magnetic
field that represents the location and character of
the groundwater flow occurring between the
electrodes (Figure 1).

This magnetic field can be measured from the
surface using a Willowstick instrument (specially
tuned magnetic receiver, see Figure 2). The
instrument has coils in the x, y, and z direction.
When an operator decides to make a
measurement, the instrument simultaneously
measures the magnetic field data from the three
orthogonal coils, completes a Fourier Transform
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on this data to identify the magnitude of the 380
Hz signal and the magnitude power line
frequencies and it merges this data with the GPS
data at the specific location. This data is sent to
the field computer via Bluetooth. Next, the user
can analyze the signal to noise ratio and GPS data
and decide whether or not to save the data. Each
measurement is completed in eight seconds.

The collected magnetic field data is used to render
two- and three-dimensional (2D and 3D) maps and
Electric Current Distribution (ECD) models of
seepage paths. Through this technique,
investigative teams have accurately diagnosed
seepage and groundwater problems for over 300
projects in locations around the world.
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CASE STUDY MINE IN ALASKA

A mine located in Alaska had a waste rock dump
and downgradient of it was a tailings pond. The
tailings pond provides storage for tailings, waste
water and drainage for the mine. Drainage through
the waste rock usually has higher contaminant
concentrations than the tailings water. It is
preferable to collect and treat drainage from the
waste rock dump before flowing into the tailings
pond. Figure 3 shows a 3D view of the site. The
purpose of the investigation, described in this case
study, is to identify preferential drainage flow paths
bypassing the waste rock dump drainage
collection trench to the tailings pond. Figure 4
shows all of the individual study areas.

Waste Rock Dump

Drainage Collection Trench

Tailings Pond

Figure 3. Topography of the survey area
(looking East from above) showing
the position of the drainage
collection trench at the bottom of
the waste rock dump

Tailings Pond

Figure 4. The investigated area is divided into
4 sub-surveys S1 to S4
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The field work took about two weeks to complete.
Given the length of the drainage collection trench
(approximately 1900 m long), four separate survey
configurations were employed to energize the
different segments of the trench. For every survey
an electric current is placed in the ground and the
resulting magnetic field is measured using the
Willowstick instruments. Figure 5 shows the
survey configuration of Survey 3.

Once the field work is completed, the magnetic
field is used to create a 3D ECD model. Figures 6
and 7 show slices of the ECD model in plan and
profile views, repetitively. The lines in Figure 6 and
the tubes in Figure 7 represent preferential flow
paths of electric current that pass below the
drainage collection trench.

Over fifty wells were drilled in the area of the
drainage collection trench, however, the wells
alone couldn’t provide an explanation of where
water bypassed the trench. Figure 8 shows a
summary of the investigation. Thirteen preferential
flow paths of electric current were identified which
were caused by groundwater passing beneath the
drainage collection trench. The contours shown in
Figure 8 are the pre-mining elevation contours.
After comparing the locations of the flow paths to
pre-mining contours, we determined the
contaminated water was following paleochannels.
With this information, the mine showed regulators
they understood the situation and began targeted
remediation.

~ Circut Yare
= Drsirape Colection Tranch

Figure 5. Survey 3 survey configuration with
908 measurement stations

CONCLUSION

The MMR method can be used to identify the
exact location of preferential groundwater flow
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slice

Secondary Flow Path 3b Primary Flow Path 3a
Secondary Flow Path 3b (fiows beneath drainage (flows at depth beneath w
(flows beneath drainage coflection trench) drainage collection trench)

This anomaly is not continuous from
upstream to downstream of the drainage
collection trench and is befieved to be.
caused by conductive culture

o PR o

_ Primary Flow Path 3a
aligns with pre-mining —
'\m channel
N

Figure 7. Profile view of Survey 3's ECD
model slice

Primary
Flow Path 1a

Secondary.

Secondary
Flow Path 1k

Flow Path 3b
Secondary
Flow Path 3c

» Frimary
k Flow Path 3a
'~ ‘—‘-
’

L
f .. =
i

Secondary
Flow Path 2¢

Secondary

Sacond
ol Flow Path 2b

Flow Path 2a
Primary
Flow Path 4a

Figure 8. Summary of the investigation.

paths without the need to drill “trial and error’
boreholes. This method was used at a mine in
Alaska to successfully identify water bypassing a
drainage collection trench between a waste rock
dump and tailings pond. This allowed the mine to
show regulators they understood the situation and
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begin targeted remediation, saving the mine a
significant amount of time and money.
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