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Abstract: The oil sands industry employs different technologies at pilot and commercial demon-
stration scales in order to improve the dewatering rate of fluid fine tailings. Of these technologies,
centrifugation has advanced to the commercial scale and is playing a major role in the fluid fine
tailings management strategy. However, centrifuge technology on its own may not develop the
required strength to ensure fine tailings can be incorporated into dry landform reclamation, which
requires water contents close to their plastic limit. Hence, it is paramount to combine more than
one technology to maximize post-depositional dewatering. Management of the tailings deposit to
promote seasonal weathering (freeze–thaw, evaporation and self-weight consolidation) can promote
further dewatering. Properly assessing the contributions of the seasonal weathering components
is vital to optimizing this strategy. Using the geotechnical properties of centrifuged tailings, the
effects of seasonal weathering on tailings were modeled under two different freezing temperature
gradients. A coupled analysis combining FSConsol and Unsatcon was used to simulate the deposition
scenario similar to the laboratory. The modeling results were found to match the laboratory response
reasonably well, indicating the coupled approach proposed in this manuscript is valid and helps to
predict the seasonal weathering effects on dewatering.

Keywords: fluid fine tailings; dewatering; modelling; seasonal weathering; freeze–thaw; evaporation

1. Introduction

Alberta, Canada is considered to be the fourth-largest proven reserve of crude bitumen
in the world [1]. Most of Alberta’s oil is unconventional as it is trapped within oil sands and,
hence, traditional drilling and pumping methods using the natural pressure differential
cannot be employed here [2]. Instead, advanced extraction techniques such as oil sands
mining and in-situ development are needed to extract the heavier oil/bitumen. With
a combined estimated reserve of 1.8 trillion barrels of in-place reserves of in-situ crude
bitumen, the Athabasca, cold Lake and Peace River deposits form a massive resource
in Alberta. Of these regions, the Athabasca oil sand deposit (situated in northeastern
Alberta in the Fort McMurray area) is the largest and only one to be shallow enough to
allow for surface mining [3]. The extraction of bitumen from oil sands in a surface mining
operation is a water-based process that generates large volumes of byproducts known as
tailings. In general, tailings are a warm suspension of sand, fines (clays and silts), residual
bitumen and process-affected water [4]. These are temporarily stored aboveground in
dams referred to as tailings ponds, where the mixtures of coarse streams (primarily sand)
form settled sand beaches near the deposition outlet and an aqueous slurry of fines and
residual bitumen accumulates in the center of these ponds termed as thin fine tailings
(TFT) [4,5]. When allowed to settle under quiescent conditions (self-weight consolidation
under no further loading), TFT forms a material with a solids content (mass of solids
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divided by the total mass of tailings including bitumen) of around 30-40% by mass referred
to as mature fine tailings (MFT) [6]. Dewatering of fluid fine tailings (the collective term
for TFT and MFT) to recycle the released water and reduce the environmental footprint
is very slow as these materials are highly dispersed, resistant to consolidation and can
remain in a soft, fluid state for decades, thus creating a unique fundamental management
problem for the oil sands industry [7]. Consequently, the inventory of tailings being stored
in the ponds, covering a total area of 259 km2, has been steadily increasing over time,
and at present, the total volume of fluid fine tailings (FFT) stored in the pond already
exceeds 1302 million m3 [7,8]. In order to meet regulatory and closure requirements, FFT is
needed to be dewatered so that these large volumes of FFT can be accommodated in the
development of an environmentally acceptable reclamation plan.

In order to dewater and facilitate the reclamation efforts of the surface-mined FFT, dif-
ferent chemical, mechanical and environmental processes have been employed that could
have the potential for effective tailings management in the oil sands industry [5]. One of
these technologies, centrifugation, is currently being used by Syncrude and Canadian
Natural Upgrading Ltd. (CNUL) as a key process technology to accelerate dewatering [6,7].
Centrifugation employs dredging FFT from the tailings pond and treating it with floccu-
lant and/without coagulant prior to feeding to the centrifuge where solids are separated
from the water via a centrifugal force [5]. The endproduct of centrifugation is known as
centrifuged tailings. However, the achieved solids content from this technology is typically
50–55% [5], which is not sufficient (strength less than 1 kPa, as documented in [5,9]) to
develop a trafficable surface (atleast 25 kPa for mobile equipment trafficability, as docu-
mented in [5]). Additionally, the oil sands industry is currently more focused on creating
deep deposits (typically > 10–20 meters deep) to eliminate the large footprints typically
required for thin-layered deposits [5,10]. However, deep deposits of these centrifuged tail-
ings undergo settlement for centuries due to the extremely slow settlement times resulting
from decreasing permeability as the deposit densifies [10].

Since environmental dewatering processes (freeze–thaw dewatering, evaporation,
desiccation) are economical and cost-efficient, a combination of these processes can be
considered as additional dewatering technologies contributing to creating a reclaimable
deposit. Figure 1 shows a simplified diagram of the environmental processes contributing
to dewatering from the tailings.
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The freezing process results in the formation of a three-dimensional reticulate ice
network surrounding blocks of over-consolidated tailings. Upon thawing, dewatering
occurs due to these structural changes within the frozen tailings, which in turn facilitates
water removal from the underlying thawed tailings as ice melts [11]. Hence, tailings un-
dergoing freeze–thaw dewatering develop thaw strain (ε) (the change in height prior to
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and after thawing divided by the total frozen height) that further allows for subsequent
post-thaw consolidation through self-weight consolidation, thereby causing an increase in
effective stress [11]. Consequently, the solids content increases and the void ratio decreases
as the tailings material consolidates at a faster rate under self-weight [12]. When evapo-
ration/drying is incorporated with freeze–thaw dewatering, the thawed tailings further
dewater under the desiccation process, which is the process of drying and cracking [4].
As a result, further dewatering and higher undrained shear strength at the surface can be
achieved, enabling reclamation and closure. Among all the environmental processes, the
natural process of freeze–thaw dewatering has shown promise as a method to dewater,
strengthen and reclaim FFT (as investigated by [11–14]). However, much of these works
were focused on using thin-layered freeze–thaw dewatering but not so much on deep
deposits. Hence, there is a need to develop a fundamental understanding of the effects of
these environmental processes on the dewatering performances of deep-deposit tailings.

The objective of the research reported in this paper was to evaluate numerical ap-
proaches in order to simulate the dewatering of centrifuged tailings subjected to seasonal
weathering under a controlled laboratory testing program. A coupled analysis methodol-
ogy was developed here to validate two sequences of laboratory testing under two different
freezing temperature gradients.

2. Tailings Material and Characterization

The centrifuged tailings samples studied in this research were received at the Univer-
sity of Alberta Laboratory in a 200L barrel from Syncrude Canada Ltd. The samples were
homogenized thoroughly with a mixer and the mineralogy and geotechnical properties
were determined upon delivery (Table 1).

Table 1. Geotechnical properties of the centrifuged tailings.

Property Value

Water content, w (%) 89
Solids content, s (%) 53
Bitumen content (%) 5.7
Specific gravity, Gs 2.24
1 Fines content (%) 87

2 Clay content (Dispersed hydrometer) (%) 52
3 Clay content (MBI) (%) 52

4 D50 (µm) 1.5
Liquid limit (%) 57
Plastic limit (%) 26
Liquidity index 2

1 Fines content = Material finer than 0.045 mm. 2 Clay content = Material finer than 0.002 mm. 3 Clay content by
Methylene Blue Index (MBI). 4 Median particle diameter.

The initial water content (mass of water divided by the mass of dry solids including
bitumen) of the sample was found to be 89% by mass, corresponding to a solids content of
53% by mass. The properties of the as-received centrifuged tailings show a fine-grained
tailings material with a higher amount of clay content, high plasticity along with moderate
water adsorption onto the clays. These values are influenced by the combined effects of the
geologic origin, clay mineralogy, water chemistry and bitumen content [15].

3. Laboratory Setup

Figure 2 shows the schematic diagram of the laboratory freeze–thaw test setup. These
small-scale freezing tests were carried out in cylindrical freezing cells (0.1 m dia × 0.22 m height)
within a walk-in freezer where the samples were frozen from top-down (one dimensional) un-
der two different temperature gradients of 0.083 and 0.028 ◦C/mm. These two temperature
gradients were applied to the freezing cells through two temperature baths where the top
boundary temperatures were set at −15 (to achieve 0.083 ◦C/mm) and −5 ◦C (to achieve
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0.028 ◦C/mm) and the bottom boundary temperature was set at 0 ◦C in order to replicate
the average temperature of Fort McMurray. The installation of the insulation wrap and the
thermoelectric cooling plate were all applied in order to ensure one-dimensional freezing
and to represent the freezing process that occurs in nature.
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Figure 2. Schematic diagram of the freeze–thaw test setup (after [9,16]).

For the drying–wetting cycles, the drying tests were carried out in the freezing cells at
room temperature (~20 ◦C) under which the weight loss due to evaporation was recorded
daily along with the subsequent shear strength measurements. The volume of water
that evaporated during each drying cycle was poured back into the cells to simulate the
rainfall/wetting event.

Laboratory investigations were carried out in two phases: First-phase testing that is
associated with five consecutive freeze–thaw cycles followed by a single cycle of drying–
wetting–re-drying after wetting; and second-phase testing includes five alternate freeze–
thaw and drying–wetting cycles to better represent the natural seasonal cycles. For both
phases, each of the freeze–thaw cycles took seven days to complete, whereas the drying–
wetting cycles varied. For the first phase of testing, the centrifuged tailings samples were
subjected to a month-long (dried to a target actual evaporation/potential evaporation
(AE/PE) ratio of 0.7 for each test) drying cycle followed by a single wetting event to
simulate the rainfall. After the wetting event, another drying cycle was continued for
around twenty days. Further, the second phase of testing included five drying–wetting
cycles and hence, each of the drying cycles was run for a shorter duration (seven days)
prior to a single wetting event. After the wetting event, the re-drying cycle was continued
for another seven days. The detailed procedures of the first-phase and second-phase testing
were documented in [9,16].

4. Coupled Modeling
4.1. Modeling Analysis Development

A one-dimensional coupled modeling approach was developed to simulate the ef-
fects of multiple freeze–thaw and drying–wetting cycles in the laboratory. The model-
ing exercises were conducted to simulate the laboratory results (water content) of cen-
trifuged tailings samples subjected to seasonal weathering (multiple freeze–thaw consoli-
dation and drying–wetting cycles) under two different temperature gradients (0.083 and
0.028 ◦C/mm), as mentioned in the above section. In this study, a coupled modeling
analysis was conducted in two steps. First, the freeze–thaw analysis was coupled with
the FSConsol model to incorporate the freeze–thaw process into consolidation modeling.
Next, the coupled FSConsol model was coupled with the UNSATCON model to further
incorporate the evaporation/drying cycles followed by the freeze–thaw cycles. FSConsol
is a commercially available one-dimensional consolidation program that incorporates the
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large strain consolidation theory from Gibson et al. [17], whereas the UNSATCON program
developed by Qi and Simms (documented in [18]) is a research code that simulates the
tailings dewatering process induced by self-weight consolidation and evaporation while
considering the stress/desiccation history and hydraulic hysteresis. Since none of these
models incorporates the freeze–thaw consolidation directly, the change in water content
due to thaw strain was calculated externally in an Excel sheet and applied to the active layer
(the top layer of the ground that experiences above (thawing) and below 0 ◦C (freezing)
during the year, also known as the frost depth (shown in Figure 1)) of the deposit (for the
laboratory test, the active layer was equal to the total thickness of each of the samples) in
FSConsol to account for the freeze–thaw consolidation.

Figure 3 shows the flowchart diagram of the coupling analysis. FSConsol was first run
where the initial (height and void ratio) and boundary conditions similar to the laboratory
were applied. A hydrostatic condition was assumed for the very first run. The boundary
conditions at the top were specified as a constant water cap thickness of zero so that all the
fluid will be drained off the top as the tailings consolidate. Similarly, the bottom boundary
condition was specified as impermeable so that no fluid can exit through the bottom of
the cell to simulate the laboratory condition. For numerical modeling of the oil sands
tailings, the large strain consolidation theory is generally adopted [4] that requires one
to input the compressibility (void ratio, e and effective stress) and saturated hydraulic
conductivity (Ksat—void ratio) properties in FSConsol to be obtained from a large strain
consolidation test. Using the large strain consolidation apparatus, the material properties
of each of the samples were determined. After the consolidation analysis, the output results
such as the void ratio (e), pore water pressure (pwp) and solids content (s) at different
pre-sets depths were recorded. Next, solids contents were converted to the bulk density
using the mass–volume relationship, and the thaw strain was applied to the analysis.
The relationship between the thaw strain and bulk density for the centrifuged tailings
samples under temperature gradients of 0.083 and 0.028 ◦C/mm is represented below
using Equations (1) and (2), respectively:

ε = 0.0684 − 0.079 lnρ, (1)

ε = 0.1887 − 0.276 lnρ, (2)

where ε represents the thaw strain (unitless) and ρ represents the bulk density in gm/cm3.
The above two equations were obtained by fitting the laboratory testing data from the ε–ρ
relationship. The constants of these equations are dependent on the boundary conditions
and hence will be changed based on the available thaw strain data for the particular deposit.
Based on the thaw strain, the void ratio and solids content profile from the initial FSConsol
run were adjusted. The total height and the heights of all the observation points were
adjusted accordingly due to the thaw settlements. Consequently, the input for the next
FSConsol run allows for incorporating the freeze–thaw consolidation process (denoted as
the F/T cycle to represent freeze–thaw cycles in the diagram). This was accomplished by
changing the initial conditions to reflect the thawed void ratio (based on thaw strain) and
pore water pressures (from the previous run) to be applied at the adjusted preset depths in
the profile. All these steps prior to the coupling with UNSATCON were repeated during
consecutive multiple freeze–thaw cycles (for example, the first-phase testing simulation
where FSConsol incorporating the thaw strain analysis needs to be repeated for subsequent
freeze–thaw cycles).
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Whenever a drying cycle was introduced, the coupled analysis was run by switching
from FSConsol to the UNSATCON model (for example, the second-phase testing simulation
where alternating analyses were required in each cycle). Hence, the output results (void
ratio, elevation) from FSConsol were applied as an initial condition for the UNSATCON
model. For modeling the unsaturated soil behaviour, the constitutive model (based on the
state surface modeling approach) was selected, in which the void ratio and water content
were expressed as the functions of the net normal and matric suction in the 3D space [19].
The parameters of this state surface model for the present study were obtained from the
test conducted by Hurtado [20] on similar centrifuged tailings. The evaporation rate (in
mm/day) was applied as a top boundary condition obtained from the laboratory tests,
whereas no water flux through the bottom was allowed.

For the numerical modeling, a sequence similar to the laboratory was followed.
Figure 4 shows the sequences of laboratory and modeling simulation of the first- and
second-phase testing. However, due to the complexity of the coupling analysis in the
second-phase testing (five alternate freeze–thaw and drying–wetting cycles), re-drying
after the wetting event was not simulated in the numerical model.
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4.2. Numerical Model Parameters

Tables 1–3 show the nessesary boundary conditions, intial conditions and summary
of material and model parameters for the FSConsol and UNSATCON models, respectively.
The initial thickness of each of the samples was 0.18 m, similar to the laboratory testing.

Table 2. Boundary conditions and summary of parameters for the FSConsol models.

Freeze–Thaw Cycle Boundary Conditions
Material Properties

Compressibility (e = A.σ′B+ M) * Permeability (k = C.eD) **
A B M C D

0

Top: Constant water
cap: Thickness 0 m

Bottom: Impermeable

5.9548 −0.149 0 2 × 10−13 15.832
1 3.7377 −0.123 0 2 × 10−12 23.594
2 3.7956 −0.135 0 1 × 10−10 11.465
3 3.516 −0.146 0 2 × 10−10 10.723
4 3.516 −0.146 0 2 × 10−10 10.723
5 3.516 −0.146 0 2 × 10−10 10.723

* (e = A.σ′B+ M) Here, e = Void ratio and σ′= Effective stress in Pascal. ** (k = C.eD) Here, k = Permeability in m/s.

To achieve numerical stability of the FSConsol model, a time step of 5 h was specified.
The spatial discretization of this one-dimensional model was a total of 100 nodes, as per
the recommendations provided by the manual of FSConsol. The sensitivity analysis was
run with different timesteps including an hour and ten hours, and no significant change
was observed.

Please note that the state surface model was developed by Qi [19], who solved a set of
constitutive relationships incorporating volume change and water retention behaviour of
unsaturated soils using finite difference techniques. All these in-depth formulations and al-
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gorithms were not studied in this paper. Only the parameters applied to similar centrifuged
tailings were inputted in the models and these tests were performed by Hurtado [20].

Table 3. Boundary conditions and summary of parameters for the UNSATCON model.

Property Value

Boundary conditions
Top (all cycles)

Desiccation is enabled.
Evaporation rate data

from laboratory (varied in
each cycle)

Bottom (all cycles) No flux

State surface model parameters
(mechanical: void ratio surface)

Plastic

a 2.4
b 0.33
c 0.015
d 0.03
f 6000
g 5000

Elastic
kappa 0.005

kappa_s 0.001

State surface model parameters
(hydraulic: water content surface)

Primary

C_d0 3
C_w0 1.35

lambda_se 0.15
Lambda_sr 0.17

Hysteresis kappa_ss 0.04

Permeability

Multiplier

1st cycle 2 × 10−13

2nd cycle 2 × 10−12

3rd cycle 1 × 10−10

4th cycle 2 × 10−10

5th cycle 2 × 10−10

Power

1st cycle 23.594
2nd cycle 11.465
3rd cycle 10.723
4th cycle 10.723
5th cycle 10.723

M (unsaturation effect) All cycles 0.75

Numerical parameters Number of nodes All cycles 10
Time step (s) 9

5. Modeling Results
5.1. Numerical Simulation of First-Phase Testing

The first-phase numerical modeling of laboratory testing was run for five consecutive
freeze–thaw cycles under two freezing temperature gradients of 0.083 and 0.028 ◦C/mm
followed by a single drying–wetting cycle. Two separate scenarios were modeled here
using coupling analysis incorporating the material properties, volume change relation-
ships and the laboratory testing sequences reported above. The model-predicted water
contents along with the change in elevation after each cycle (denoted as F/T cycle for
each freeze–thaw cycle and D-W cycle for the drying–wetting cycle in the figures) are
displayed in Figures 5 and 6. Both figures show that the water contents were consistently
decreasing with the freeze–thaw cycles, and by the fifth cycle, nearly half of the water had
been lost (44 and 46% reduction in water content for the temperature gradients of 0.083 and
0.028 ◦C/mm, respectively). When drying/evaporation was incorporated in the numer-
ical simulation, both these samples further dewatered to two-fold lower water content
(Figure 5) for the higher-gradient sample and five-fold lower water content (Figure 6) for
the lower-gradient sample, as compared to the initial value.



Processes 2021, 9, 1906 9 of 17

Processes 2021, 9, x FOR PEER REVIEW  9  of  18 
 

 

5. Modeling Results   

5.1. Numerical Simulation of First‐Phase Testing 

The first‐phase numerical modeling of laboratory testing was run for five consecutive 

freeze–thaw cycles under two freezing temperature gradients of 0.083 and 0.028 °C/mm 

followed by a single drying–wetting cycle. Two separate scenarios were modeled here 

using coupling analysis  incorporating  the material properties, volume change relation‐

ships and the  laboratory testing sequences reported above. The model‐predicted water 

contents along with the change in elevation after each cycle (denoted as F/T cycle for each 

freeze–thaw cycle and D‐W cycle for the drying–wetting cycle in the figures) are displayed 

in Figures 5 and 6. Both figures show that the water contents were consistently decreasing 

with the freeze–thaw cycles, and by the fifth cycle, nearly half of the water had been lost 

(44 and 46% reduction in water content for the temperature gradients of 0.083 and 0.028 

°C/mm, respectively). When drying/evaporation was incorporated in the numerical sim‐

ulation, both these samples further dewatered to two‐fold lower water content (Figure 5) 

for the higher‐gradient sample and five‐fold lower water content (Figure 6) for the lower‐

gradient sample, as compared to the initial value. 

 

Figure 5. Water content profile simulation of centrifuged tailings at a temperature gradient of 0.083 

°C/mm. 

 

Figure 6. Water content profile simulation of centrifuged tailings at a temperature gradient of 0.028 

°C/mm. 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0 20 40 60 80 100

D
e

p
th

 (
m

)

Water content (%)

Initial value 1st F-T Cycle 2nd F-T Cycle 3rd F-T Cycle

4th F-T Cycle 5th F-T Cycle 1st D-W cycle

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0 20 40 60 80 100

D
ep

th
 (

m
)

Water content (%)

Initial value 1st F-T Cycle 2nd F-T Cycle 3rd F-T Cycle

4th F-T Cycle 5th F-T Cycle 1st D-W cycle

Figure 5. Water content profile simulation of centrifuged tailings at a temperature gradient of
0.083 ◦C/mm.
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Figure 6. Water content profile simulation of centrifuged tailings at a temperature gradient of
0.028 ◦C/mm.

The centrifuged tailings samples at freezing temperature gradients of 0.083 and
0.028 ◦C/mm resulted in water contents of 48 and 47% at the surface, respectively, af-
ter five consecutive freeze–thaw cycles (the initial water content was 89%). Although the
reduction in water contents for both the samples did not differ significantly from each other
during the freeze–thaw analysis, the drying analysis from the UNSATCON model resulted
in higher dewatering on the lower gradient (0.028 ◦C/mm) sample compared to the sample
subjected to higher gradient. The lower gradient sample (as shown in Figure 6) experienced
an average water content of 19% throughout the sample with the lowest one observed
at the surface (17%). Conversely, the sample subjected to a higher freezing temperature
gradient of 0.083 ◦C/mm resulted in an average water content of 42% (shown in Figure 5),
with the lowest being observed at the surface was 31%. The final surface elevations for the
higher- and lower-gradient samples were found to be 0.102 (43% reduction in thickness
compared to the initial value) and 0.095 m (47% reduction in thickness compared to the
initial value), respectively, at the end of the model run.

5.2. Numerical Simulation of Second-Phase Testing

The second-phase numerical simulations of the laboratory testing were run for five al-
ternate freeze–thaw and drying–wetting cycles where each freeze–thaw cycle was followed
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by a drying–wetting–re-drying cycle, and this sequence was repeated five times per sample
to represent five seasonal years in the field. The wetting event per cycle was introduced
as a single event in the laboratory to simulate the rainfall where the volume of water that
evaporated during atmospheric drying/evaporation for that particular cycle was poured
back into the cell. As a result, the tailings surface was re-wetted, thereby allowing an
increase in water content similar to the pre-drying phase. Upon wetting, the samples went
through another drying cycle (with a similar time duration to the pre-wetting drying cycle)
to investigate the tailings dewatering behaviour prior to and after the wetting event. The
laboratory results suggest that the gain in solids content (or reduction in water content)
achieved during the first seven days of the drying period was entirely depreciated by
introducing the wetting event (the same amount of water was poured back into the cell that
was evaporated) [9]. When the samples were re-dried for another seven days (at the end
of fourteen days), upon wetting, an increase in solids content was observed similar to the
pre-wetting cycle (within a difference in values of 0–1.4% by mass prior to and post-wetting
drying). However, it was the last two cycles (fourth and fifth cycles) where the wetting
event did not have any significant impact on increasing the water content of the tailings
(particularly significant for the lower-gradient sample) because of the possible higher
suction, thereby resulting in a further decrease in water content after fourteen days [9].
Nevertheless, incorporating all these components using an alternating simulation from
FSConsol and UNSATCON in every cycle was very complex and, hence, the simulation
was simplified by excluding the wetting and re-drying cycles.

Figures 7 and 8 show the model-predicted water content profiles for the two samples
after each cycle (freeze–thaw and drying cycles were shown separately and denoted as
F/T cycle for each freeze–thaw cycle and D cycle for drying cycle in the figures). The
initial water content and elevation were found to be 89% and 0.18 m, respectively. The
coupling analysis to simulate the second phase of testing shows that the centrifuged tailings
samples subjected to temperature gradients of 0.083 and 0.028 ◦C/mm responded quite
differently to seasonal weathering. After five alternate freeze–thaw and drying cycles,
the samples with higher (0.083 ◦C/mm) and lower temperature gradients (0.028 ◦C/mm)
were dewatered to nearly four-fold (surficial water content value was 25%, as shown in
Figure 7) and six-fold (surficial water content value was 16%, as shown in Figure 8) lower
water contents, respectively, at the surface when compared to the initial water content
value. Both the samples dewatered similarly for the first two seasonal cycles (the first
freeze–thaw–drying and second freeze–thaw cycles). It was during the second drying cycle
that dewatering between the two samples started to differ. Evaporation from the lower
temperature gradient sample reduced the water content by 29% at the surface compared
to the other sample at the end of the second cycle. At the end of the third, fourth and
fifth cycles, the sample subjected to a temperature gradient of 0.028 ◦C/mm resulted in a
28, 31 and 36% reduction in water contents at the surface, respectively, compared to the
sample under a higher freezing temperature gradient (0.083 ◦C/mm). Both the higher-
and lower-temperature-gradient samples dewatered considerably after five seasonal cycles
with final elevations of 0.102 (43% reduction in thickness from the initial value) and 0.097 m
(46% reduction in thickness from its initial value), respectively. The bottom few hundredths
of a meter of the sample were not affected much by the seasonal weathering model run.
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Figure 7. Water content profile simulation of centrifuged tailings at a temperature gradient of
0.083 ◦C/mm.
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Figure 8. Water content profile simulation of centrifuged tailings at a temperature gradient of
0.028 ◦C/mm.

5.3. Comparison between the Model and Laboratory Results

Figures 9 and 10 illustrate the cumulative decrease in water content for the two centrifuged
tailings samples under the temperature gradients of 0.083 and 0.028 ◦C/mm, respectively,
after each seasonal cycle, where Figure 9 compares the first-phase laboratory testing and
modeling results and Figure 10 compares the second-phase testing results between labora-
tory computation and model prediction. The water content obtained from the laboratory
after each seasonal cycle was calculated on the basis of the thaw strain during freeze–thaw
cycles and the changes in weight loss/gain during drying–wetting cycles. Hence, the
water content per cycle obtained from the laboratory represents the average water content
throughout the depth. In terms of numerical modeling, both the average and surface values
were reported on the graph as the deposit surface is expected to dewater the most, given it
is the most susceptible to the effects of seasonal weathering.
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Figure 9. First-phase testing comparisons: Water content values per seasonal cycle for the centrifuged tailings samples
under a temperature gradient of (a) 0.083 ◦C/mm and (b) 0.028 ◦C/mm.
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Figure 10. Second-phase testing comparisons: Water content values per seasonal cycle for the centrifuged tailings samples
under a temperature gradient of (a) 0.083 ◦C/mm and (b) 0.028 ◦C/mm.

As evident in Figure 9, the differences between the model prediction and the laboratory
computational results were marginal. However, the model overpredicted water content
values compared to the laboratory results for the higher-temperature-gradient sample
(Figure 9a), while it showed the reversed pattern for the lower-temperature-gradient
sample (Figure 9b). The second-phase testing, as shown in Figure 10, shows a different
trend. The laboratory results for both samples corroborated well with the model-predicted
water contents at the surface.

Figure 11 shows the comparisons between the final (at the end of the tests) laboratory-
measured and model-predicted water content profiles for the two centrifuged tailings
samples subjected to temperature gradients of 0.083 and 0.028 ◦C/mm, respectively.

As shown in Figure 11a, first-phase testing results indicate that the simulation for the
higher-temperature-gradient sample overall underpredicted water content values by 3%, as
the average water content values along the depth were found to be 42 and 45%, respectively,
from the modeling prediction and the laboratory measurement. Likewise, the lowest water
content, observed at the surface, was found to be 31 and 39%, respectively, from the
modeling and laboratory results (about an 8% underprediction of water content compared
to the laboratory value). Conversely, the laboratory and model-predicted water content
profiles correlated quite well for the lower gradient sample (Figure 11b). The model overall
underpredicted water content values by about 1% throughout the depth and overpredicted
this value by about 3% at the surface compared to the laboratory measurement. The model
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predicted an average water content of 19% throughout the depth with the lowest water
content of 17% observed at the surface, whereas the laboratory-measured average value
was found to be 20% along with the lowest water content of 14% observed at the surface.
All these values from the lower-gradient sample suggest a stiff/solid consistency for the
tailings, provided these values passed through the plastic limit of 26% (Figure 12).
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Figure 12. Liquidity index profiles of centrifuged tailings from coupled analysis.

As mentioned above, the numerical model to simulate the second-phase testing ex-
cluded the wetting event and re-drying cycle after wetting. Hence, the model predictions
were expected to achieve higher water contents compared to the laboratory results. How-
ever, the laboratory results suggest that the water content reduction/solids content gain just
prior to wetting (at the end of the seven-day drying cycle prior to the wetting event) and the
post-wetting drying phase (at the end of another seven-day drying cycle post-wetting) was
invariable for the higher-temperature-gradient sample (0.083 ◦C/mm) and, therefore, this
sample is not supposed to be impacted much because of these wetting and re-drying event
exclusions. It was the lower-gradient sample where the water content reduction/solids
content gain prior to and after the wetting event was not similar at the higher cycles (fourth
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and fifth cycles). This is due to the higher suction values that prevented rainfall possi-
bly causing any impact on the increasing water content upon wetting [9]. However, the
modeling results that simulated the second-phase testing (as shown in Figure 11) suggest
that the model overall overpredicted water content values by about 10 and 5% for the
higher (Figure 11a) and lower (Figure 11b) temperature-gradient samples, respectively, as
compared to the laboratory results. In contrast to that, the surficial water content values
were comparable, given that the model overpredicted water content by almost 1 and 4%
for the higher (0.083 ◦C/mm) and lower (0.028 ◦C/mm) temperature-gradient samples,
respectively. The surface elevation of the higher-temperature-gradient sample was reduced
to nearly half of its initial thickness (43 and 44% reduction of its initial thickness from the
modeling simulation and laboratory results, respectively) at the end of the tests. Likewise,
the surface elevation of the lower-gradient-temperature sample was reduced to 46 and 44%
of the initial thickness from the numerical modeling and laboratory results, respectively.

Figure 12 shows the liquidity index profiles of the coupled analysis models. Similar to
the first-phase testing, the second-phase testing also suggests that the surface of the lower-
gradient sample was able to pass through the plastic limit. On the contrary, the higher-
gradient sample was in a relatively softer consistency in the first-phase testing (could not
reach the plastic limit), while the sample surface just reached the plastic limit in the second
phase of testing. Overall, coupling analyses were able to predict the laboratory results
reasonably well for the centrifuged tailings sample subjected to the lower temperature
gradient (0.028 ◦C/mm) compared to the higher gradient (0.083 ◦C/mm).

6. Discussion

Both the laboratory results and the numerical model suggest that the centrifuged
tailings samples subjected to seasonal weathering (multiple freeze–thaw and drying cycles)
have the potential for improved dewatering compared to the as-received centrifuged
tailings. Figures 5 and 6 show how multiple freeze–thaw cycles at two different freezing
temperature gradients contributed to dewatering prior to drying/evaporation. The freeze–
thaw process is known to alter the structure of the tailings/soil materials by redistributing
moisture inside the tailings/soil particles that, in turn, improves dewatering upon thaw [11].
Consequently, higher dewatering/volume change can be expected during the very first
freeze–thaw cycle followed by a gradual decrease in subsequent cycles due to the gradual
decrease in available water/moisture inside the tailings materials [21,22]. Both of these
two figures may look similar until the drying/wetting cycle is introduced. Fine-grained
tailings subjected to freezing likely generate high suction/negative pore water pressure
at the freezing front, thereby causing water migration upwards to the front (as shown in
Figure 1) and a subsequent reduction in water content and shrinkage crack development
in the tailings. The extent of these cracks is predominantly dependent on the temperature
gradient, the number of freeze–thaw cycles and the physio-chemical interactions among
the tailings particles and solutes [11,12,23]. Apart from the earlier findings (carried out
by [12,23,24]), the visual observation from the laboratory testing also suggests that the
lower freezing temperature gradient results in higher shrinkage and cracks, contributing to
higher evaporation and solids content. Hence, the shrinkage and cracks developed during
freeze–thaw cycles facilitated different evaporation rates for the centrifuged tailings under
two different gradients, which contributed to the significantly different water content
profiles in the drying–wetting cycle (as shown in Figures 5 and 6).

Figures 7 and 8 show how seasonal weathering in nature can contribute to dewatering
of the centrifuged tailings deposit. At the start of the simulation, the tailings are first
consolidated at the bottom. With subsequent cycles, the upward water flux due to consoli-
dation becomes less than the applied evaporation at the surface and, hence, desiccation
occurs. As a result, the tailings surface first becomes unsaturated after being exposed to the
atmosphere, thereby reducing the water content considerably more than the bottom part.
However, the void ratio profile (void ratio vs. elevation) from the previous freeze–thaw
cycle cannot be specified within a single-layer deposit in the UNSATCON model and hence,
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an average void ratio was applied that can affect the drying cycle outputs. As shown in
Figures 7 and 8, the water content profiles at the bottom few hundredths of a meter remain
almost constant, which can be attributed to the input parameter specified as an average
value (void ratio from the previous cycle).

The coupled analysis, as shown in Figure 9, correlates well with the first-phase labo-
ratory testing results of the centrifuged tailings samples under temperature gradients of
0.083 and 0.028 ◦C/mm. The subsequent cycle has a lower impact on the volume changes
due to the freeze–thaw cycles, thereby causing lower dewatering from the sample. Hence,
the differences in water content values between the laboratory results and modeling pre-
dictions (both average and surficial water content values) are expected to be marginal.
However, the results from the drying model, which has a significant impact on dewatering,
corroborates well with the laboratory results and validates the efficacy of the coupled
analysis model.

Similar to Figure 9, Figure 10 compares the second-phase laboratory testing with the
modeling results of the centrifuged tailings under two different temperature gradients
(0.083 and 0.028 ◦C/mm). In contrast to the Figure 9, the model-predicted water contents
at the surface correlated well with the laboratory computation for both gradient scenarios
of the investigated centrifuged tailings. The model-predicted average water content values
deviated to an extent (up to 18% differences) from the laboratory-computed average values,
and this can be attributed to the limitation of the drying (the UNSATCON model) model,
where the input parameter (void ratio) has to be specified as an average value instead of
a void ratio profile (varying with depth). The exclusion of wetting and re-drying after
wetting events may also have an impact on the variations. However, given the fact that
both the samples deviated in their average water content values compared to the laboratory
results but correlated well in terms of surficial water content, the limitation of the drying
model most likely predominantly contributed to these deviations.

Figure 11 shows the final water content profiles subjected to first- and second-phase
testing for the two investigated centrifuged tailings under temperature gradients of
0.083 and 0.028 ◦C/mm, respectively. The laboratory results shown on the graph rep-
resent the oven-measured water content values at the end of the tests. Figure 11a shows
that the higher-gradient centrifuged tailings sample predicted an overall lower water con-
tent profile than the laboratory measurement for the first-phase testing while the opposite
trend was observed in the second-phase testing. The higher water content profile predicted
in the model for the second-phase testing can be attributed to the preclusion of the wetting
event and the re-drying cycle in the model. In addition to that, the limitation of the UNSAT-
CON model to incorporate the void ratio/water content profile from the previous cycle
results in the overall differences between the laboratory results and modeling prediction.
However, the water content profiles developed to predict the laboratory testing (as shown
in Figure 11b) supported the laboratory results considerably for the lower-gradient tailings
sample. Although the drying model could predict the profile for the top few hundredths
of a meter of the sample reasonably well following the evaporative flux incorporated in
the top boundary, the lower part of the sample could not be predicted quite as well due to
the limitation of defining input parameters. Figure 12 shows the change in consistency of
tailings samples prior to and after seasonal weathering to illustrate the efficacy of these
processes that can be applied in the field deposit.

Overall, this study presented the coupling of three components (incorporating the
freeze–thaw process into the FSConsol, consolidation from FSConsol and atmospheric
drying from UNSATCON) to develop a coupled model. Model-predicted dewatering
behavior correlated well with the laboratory results that validated this coupling approach.
However, the coupling analysis has a few limitations, such as:the incapability of running
under a single program that can incorporate all the seasonal weathering processes (freeze–
thaw, consolidation, desiccation, etc.) and the limitations of defining input parameters in
the UNSATCON model, such as being unable (1) to define a void ratio profile (varying with
depth) instead of an average void ratio per cycle; (2) to define data directly from the SWCC
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curve and compressibility curves instead of fitting data into a state surface model; and (3) to
input separate files for the evaporation and infiltration under the same cycle. The numerical
software available in the industry is yet to develop a program that can simulate the freeze–
thaw, consolidation and desiccation of tailings under different boundary conditions and
deposition scenarios. Switching between different modeling platforms to address all these
seasonal weathering components is cumbersome and time-consuming. Neverthless, the
coupled analysis, in some ways, is able to validate the laboratory analysis based on which
field behaviour can be predicted. It may not predict the long-term field behaviour given the
complexity related to combining the multiple models for each cycle (each cycle is required
to go through the flowchart each time as shown in Figure 1, which implies the flowchart
needs to be repeated 100 times for a prediction of 100 years). However, these analyses can
provide insight into predicting dewatering behavior of the future field deposits.

7. Conclusions

The coupling modeling methodology presented in this study was able to develop an
approach that was validated by comparing it with the laboratory test results of centrifuged
tailings under similar boundary conditions. This coupling methodology can assist in tail-
ings management by predicting the short-term behaviour of the dewatering performance
of the tailings deposits subjected to the natural seasonal weathering (freeze–thaw, consol-
idation and desiccation). Within limited scope, this coupled analysis demonstrated that
freeze–thaw cycles can be considered as a part of the tailings management in regions where
weather permits this. The freeze–thaw process may appear to achieve lower dewatering
enhancement compared to atmospheric drying, but the shrinkage and/or cracks developed
during the freeze–thaw cycles facilitate greater evaporation and desiccation during the
subsequent drying cycle, thereby contributing to higher dewatering overall. The model also
confirms the previous research and the present laboratory findings that suggest that a lower
temperature gradient results in higher solid content/lower water content in post-thawed
tailings. When the drying/evaporative component was incorporated, atmospheric drying
was shown to significantly (half an order of magnitude lower) reduce the water content as
compared to the multiple freeze–thaw cycles only. With the combined effects of alternate
freeze–thaw and drying–wetting cycles, the tailings could even achieve a water content
exceeding the plastic limit (as evident in the lower-temperature-gradient sample), enabling
reclamation and closure. While time consuming, this approach can provide insights into
predicting the dewatering behaviour of future field deposits so that it can be used for
planning purposes.
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