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Kateřina Lepková 5 and Deepak Dwivedi 5

1 Sustainable Minerals Institute, The University of Queensland, St Lucia, QLD 4072, Australia;
m.edraki@uq.edu.au

2 Geotechnical and Hydrogeological Engineering, Federation University, Churchill, VIC 3842, Australia;
t.baumgartl@federation.edu.au

3 CSIRO Mineral Resources, Waterford, WA 6152, Australia; allan.costine@csiro.au
4 School of Civil Engineering, The University of Queensland, St Lucia, QLD 4072, Australia;

s.quintero@uq.edu.au
5 Curtin Corrosion Centre, WA School of Mines—Minerals, Energy and Chemical Engineering, Faculty of

Science and Engineering, Curtin University, Perth, WA 6102, Australia; k.lepkova@curtin.edu.au (K.L.)
* Correspondence: m.boshrouye@student.uq.edu.au

Abstract: This study examines the geotechnical and hydro-mechanical behaviour of a model slurry
used in high-solids, high-salinity applications, both before and after inline flocculation with an
anionic polyacrylamide. Initial evaluations showed untreated tailings (UT) with a water content
of 107%, void ratio of 2.6, and dry density of 0.711 t/m3, compared to polymer-amended tailings
(PAT) with 53% water content, a void ratio of 1.6, and a dry density of 1.069 t/m3. Post-flocculation
consolidometer tests revealed a distinct consolidation mode, with PAT showing 60% less settlement
within the first 48 h and achieving 50% more free water drainage. Polymer treatment improved
consolidation parameters, yielding a lower compressibility index (Cc of 0.74 vs. 1.05 for raw slurry),
a higher coefficient of consolidation (Cv of 0.005 cm2/s for PAT vs. 0.0009 cm2/s for raw slurry),
and an increased water retention capacity. Additionally, PAT demonstrated a final void ratio of
0.62 compared to 0.51 for the UT sample and an internal porosity characterised by discrete voids,
supporting enhanced stability for long-term rehabilitation. These findings underscore the potential
of inline flocculation to improve tailings management in saline conditions.

Keywords: inline flocculation; consolidation; settling; hydraulic conductivity; high-solid tailings;
dewatering

1. Introduction

Among the several available techniques for treating fine-particle tailings, polymer-
bridging flocculation is an effective approach which achieves solid–liquid separation by
forming larger aggregated structures with higher settling rates than the individual parti-
cles [1–5]. One of the industrially applied methods is in-pipe or inline flocculation, where a
polymer is added at high dosages to the thickener underflow, resulting in the additional
aggregation and water release on deposition compared to conventional low-solids in-tank
thickening processes [6,7]. While this polymer’s addition technology has been applied
in the minerals and oil sands industries to greatly increase the permeability of tailings
and therefore dewatering on deposition, many of the fundamental aspects remain poorly
understood [8]. Despite several patents and the strong industry interest (e.g., McColl et al.,
2004 [9], Poncet and Gaillard, 2010 [10]), tailings deposited from this process may have
properties that are beneficial for rehabilitation, but there is not enough data available on
how their properties change over time yet (e.g., consolidation, permeability, void ratio,
etc.), particularly under highly saline conditions [11,12].
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While previous studies have demonstrated the effectiveness of polymer addition
in improving solid–liquid separation and permeability in tailings, there remains a need
for the deeper investigation into how inline polymer treatment impacts the long-term
consolidation, microstructural stability, and hydraulic properties of tailings, particularly
in high-solids and high-salinity contexts [8,9]. Recent advancements in testing systems,
such as slurry consolidometers, provide new opportunities to capture the full geotechnical
behaviour of polymer-amended tailings. However, few studies have leveraged these
technologies to study the unique characteristics of polymer-treated tailings under realistic
field-like stress conditions [13,14].

The addition of high dosages of polymer to high-solids tailings streams leads to
an effective densification of the aggregate structures with further dewatering achieved
compared to traditional techniques [9,15,16]. By implementing this method, the rapid
dewatering of tailings can be initiated at or close to the point of deposition. It is important
to understand the changes in geotechnical properties of inline flocculated materials, as these
parameters impact critical factors like the flow behaviour of tailings and the design and
construction of tailings storage facilities (TSFs) [17,18]. The saturated hydraulic conductiv-
ity, pore water pressure, water retention capacity, and tensile stress due to desiccation can
affect the hydraulic performance of polymer-treated tailings. These parameters also have a
significant influence on the mechanical stability, durability and environmental performance
of deposited mine tailings [19,20] as well as the future closure of TSFs [21].

It must be pointed out that the polymer-treated tailings compared to the conventional
tailings deposits will present potential reclamation advantages such as early consolidation
and trafficability, less potential instability of the embankment surfaces, and less super-
natant with an overall drier tailings stack [22,23]. Although tailings are site-specific, the
reclamation of dewatered high-density tailings is an effective approach in favour of sus-
tainable closure which requires a systematic way to understand all the properties of the
deposited materials.

Understanding the sedimentation and consolidation behaviour of tailings is essential
in delivering higher performance operations by creating stable tailings dams and also
estimating the settlement and the final volume of the materials [24–26]. Qin et al. [27]
proposed a simple analytical solution to estimate the settlement and volume variation
in tailings deposited in a TSF. The changes in geotechnical properties of tailings during
consolidation have been investigated, but the behaviour of aggregates created by in-line
flocculation in high-solid/high-salinity applications during settling and consolidation, plus
the stability of these new materials, are not yet fully understood [28–31].

Traditional oedometers have limitations in terms of operating mostly for clay-rich
tailings [32,33] and extra attention needs to be paid to material responses related to the
stress gradient during engineering practices [34,35]. Hence, the use of new testing systems
with an increased capability for different types of tailings is becoming more popular. The
slurry consolidometer is one such system, offering a promising approach for studying the
consolidation behaviour of materials, even those with high water content [13], in the lab
under simulated field conditions [14]. This approach allows tailings with different densities
to settle before consolidating under various loading cycles, with the capability of recording
the properties of the materials with high gravimetric moisture contents and monitoring the
changes from a slurry-like to solid-like state. In fact, through slurry consolidation testing,
the settling behaviour of mine tailings under consolidation can be evaluated and predicted,
which would otherwise take a prohibitively long time through self-consolidation [36,37].

By focusing on these aspects, this study not only enhances our understanding of the
underlying mechanisms in polymer-bridging flocculation but also introduces new insights
into the consolidation dynamics, stability, and hydraulic conductivity of tailings treated
with high-dosage polymers. These findings have potential implications for improving
tailings management practices by enabling safer, more stable deposition methods and by
supporting the design of TSFs that meet the environmental and regulatory standards for
sustainable closure and rehabilitation. This study contributes to the literature by providing



Minerals 2024, 14, 1180 3 of 20

a detailed characterisation of tailings behaviour through synchrotron X-Ray tomography
and consolidometer testing, offering a wide-ranging analysis of how polymer-amended
tailings perform under operational stresses over time.

This study builds upon previous research [38,39], which examined the interactions of
different polymer chemistries with mineral particles in saline, high-solids tailings streams.
Those studies highlighted the ionic strength dependence of polymer-tailings interactions,
establishing a practical framework for optimising dewatering strategies. Based on those
findings, this study applies a targeted high-dosage polymer treatment to evaluate its
effects on the geotechnical and hydraulic properties of tailings in a controlled setting.
This approach enables a detailed exploration of the effects of polymer-treated tailings on
consolidation, drainage, and stability.

The objective of this study was to evaluate the impact of high-dosage polymer addition
on geotechnical properties such as settling rate, consolidated density, rate of consolidation,
and the hydraulic conductivity of tailings. The initial physical properties of a sample of
raw slurry and polymer-treated slurry were evaluated along with their water retention
characteristics, while synchrotron-sourced X-Ray tomography provided direct evidence of
the changing texture of materials and altered pore size distribution. Experiments were then
conducted using a slurry consolidometer for a comprehensive monitoring of the changes
in raw and flocculated materials under increasing applied stress.

2. Materials and Methods
2.1. Materials

Kaolinite-NY prestige, silica 200G and silica fine sand were purchased from Sibelco
Company (Brisbane, Australia), to prepare the initial slurry. Table 1 lists the dominant
minerals for each slurry ingredient in this study. For this study, an acrylamide/acrylate
copolymer, BASF’s Magnafloc® 336 (Melbourne, Australia) was selected because its gen-
eral behaviour is considered representative of nominally equivalent products available
from other polymers suppliers. Magnafloc® 336 is a very high molecular weight anionic
polyacrylamide supplied as a free-flowing granular powder. The intrinsic viscosity (IV),
as specified by the supplier, was 24 dL/g, providing a relative indication of its solution
dimensions. Higher MW polymers typically offer a larger hydrodynamic size of chains in
solution, with increasing MW-producing loops and, more importantly, long extended tails
that can form bridges with other particles to create aggregates [40]. Under highly saline
conditions, as applied in this study, the polymer chains are expected to be more mobile and
flexible on the colloidal surface, which allows the restructuring of aggregated clusters to
proceed unhindered [41].

Table 1. Synthetic slurry ingredient composition.

SiO2 (%) Al2O3 (%) Fe2O3 (%) TiO2 (%)

Kaolinite-NY prestige 49.2 35 0.94 0.96

Silica 200G 99.6 0.17 0.02 0.03

Silica fine sand 98.5 0.1 0.3 0.9

A synthetic homogenous tailings slurry was prepared in 0.6 M NaCl solution to avoid
the natural variability that exists with real tailings samples and to enable the preparation of
large batches for testing. The slurry was prepared at 50 wt% solids from a combination of
25% kaolin, 45% silica 200G (93% finer than 53 µm), and 30% silica fine sand (99% finer than
0.3 mm), as described elsewhere [42]. It was revealed that this combination of the kaolin,
silica 200G silt, and silica fine sand produce a slurry that can provide a wide dynamic
response in the material behaviour after adding the polymer due to having plastic fine
grained particles (25% kaolin in this study) [43]. Moreover, this synthetic material would
be assumed to be sensitive to liquefaction-related strength loss, which is consistent with
examples of tailings from a variety of mineral types, including iron ore, gold, mineral



Minerals 2024, 14, 1180 4 of 20

sands, and nickel tailings [44]. The specific gravity of the slurry solid particles was 2.64.
Conditioning of the slurries was conducted at 1200 rpm for five days in a baffled 200 L tank
to ensure a stable, reproducible size for the duration of testing, which was confirmed by
laser diffraction measurements.

Working polymer solutions (0.4 wt%) were prepared in the same saline solution used
for the slurry make-up. The weighed polymer was added slowly to the vortex produced in
salted water under vigorous mixing to fully disperse the powder. Initial strong agitation
with an A310 impeller at 250 rpm for 30 min was followed by gentle agitation (80–100 rpm)
for 16 h to produce clear, homogenous solutions. Polymer solutions were aged for 3 days
in a cool room (4 ◦C) to ensure optimal activity before adding to the slurry and producing
polymer-amended tailings (PAT) [45].

2.2. Inline Polymer Addition

Figure 1 shows the lab-scale experimental set-up used to simulate the inline floc-
culation process [11,46]. This set-up was developed to assess polymer performance in
high-solids tailings applications, addressing limitations found in conventional testing meth-
ods (e.g., beakers, plungers, and mechanical devices) which often lead to inconsistent
mixing conditions that may not accurately reflect the true effectiveness of the polymers
themselves [46]. The main advantage of the low-shear chaotic mixer (or topological mixer)
as a laboratory tool is that it gives a uniform shear history across the vessel, in contrast
to the distinct zones of shear that will exist in a stirred tank [47]. To control the polymer
dosage, the polymer solution (45 mL/min) and slurry (0.25 L/min) were pumped to the
inlet of the pre-conditioning coil (1 m length, 7.7 mm I.D.) before entering the chaotic
mixer for continued mild mixing. The final mixed product was then collected from the
discharge point. All experiments were conducted at room temperature, and the pH was
maintained within a neutral range of 6.5–7.5. This controlled environment was selected
to ensure consistency and to provide a stable baseline for the analysis of mechanical and
hydraulic properties following flocculation.
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The selection of the specific anionic polyacrylamide used in this study was informed
by previous studies, where we systematically explored various polymer types [38]. The
current study, therefore, represents an application of those foundational findings, focusing
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on high-dosage treatments to evaluate some mechanical and hydrological properties of
polymer-treated tailings.

2.3. Determination of Physical Properties

The specific gravity of the untreated (raw) and polymer-treated slurry samples after
oven drying was determined using a helium pycnometer. Each measurement was repeated
three times, and the average result was used to calculate porosity and other consolidation
properties [48]. The gravimetric water content of each sample was quantified by dividing
the mass of the water by the oven-dry mass of the sample (105 ◦C), in accordance with
ASTM Standard D4959 [49]. To estimate the porosity and the void ratio of the materials,
the dry density of the sample was calculated using the measured dried mass and volume
of the sample (ASTM Standard D7263) [50,51]. The particle size distribution (PSD) was
determined by wet sieving, which is a more reliable method compared to other techniques,
particularly in the case of flocculated materials [52]. Wet sieving involved 10 stacked sieves,
sized from 1000 µm to 38 µm, followed by a hydrometer analysis for particles under 38 µm.
Testing adhered to AS 1289.3.6.1 [53] and AS 1289.3.6.3 standards [54].

2.4. Synchrotron-Sourced X-Ray Tomography

The internal structure of the polymer-treated sample was studied by X-Ray computer-
tomography (CT) at Hutch 2B of the Imaging and Medical Beamline (IMBL) at the Aus-
tralian Synchrotron. To capture high-resolution images, a custom-designed ‘Ruby’ detector
was used, consisting of a terbium-doped gadolinium oxysulfide (Gadox, P43) scintilla-
tor (12 µm thickness) [55]. A PCO edge sensor equipped with a Nikon Micro-Nikkor
105 mm/f2.8 macro lens provided crisp images and precise measurements (the sensor
was controlled using a motorised system and was protected from direct and scatter
beam radiation by a mirror). During the experiment, the system was tuned to produce
2560 × 2560 pixel images, giving a field of view of 33.5 mm with a pixel size of 13.1 µm.
The presentation of wet thickened polymer-treated material to the monochromatic X-Rays
(30 keV) was not without challenges, and several configurations were explored to pro-
vide optimum 3D tomographic information. The thickened slurry was immobilised on
glass slides with minimal disruption using a modified version of the doctor blading tech-
nique [56]. Each tomographic scan was collected over a 180◦ range in 0.20◦ steps, resulting
in 900 views in total, with an exposure time of ~1.5 s per view.

2.5. Consolidation Test

Consolidation was completed as a drained test using a cylindrical slurry cell (volume
2655 cm3 with a cross-sectional area of 177 cm2), as shown in Figure 2. Constant initial
rates of loading and step loading were used for both the flocculated and unflocculated
samples. Loading rates of 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 kPa/min for loading steps of 20,
40, 80, 160, 320, and 500 kPa were applied to consolidate the samples. Each loading step
was permitted to consolidate the materials for a maximum 24 h and the excess pore water
pressure (PWP) was logged at the base of the sample. This gradual loading method best
represented the continuous deposition of the tailing into a TSF and the above-mentioned
approach for applying stress from the top in 24 h cycles was selected based on previous
work, to mimic the continuous deposition of tailings in a TSF [13] and the results of
preliminary testings. The drainage of water was allowed across the top surface to imitate
field conditions. After each loading step, the allocated time was sufficient to consolidate
the sample and to dissipate excess PWP [13].
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2.6. Determination of Hydraulic Properties

To analyse the samples for their soil physical properties, water retention curves (WRC)
were determined by initially desiccating each sample to a water potential of −1, −2, and
−3 kPa for 24 h using a sand-based tension table. Both untreated and treated samples were
placed in soil core holders (5.6 cm ID and 4 cm depth); however, due to the high-water
content in untreated samples, settling was allowed for 48 h before transferring sediment to
the core holders. A vacuum was applied to achieve a lower matric suction; the soil cores
were placed on a porous plate for 4 days, 6 days, and 5 days sequentially to achieve water
contents of −10, −30, and −50 kPa [57]. The last step was desiccation at −500 kPa using
a pressure plate extractor (1500F1; Soil Moisture Equipment Corp., Santa Barbara, CA,
USA) for 3 weeks. To determine the volumetric water content, the samples were weighed,
and their shrinkage monitored and recorded after each desiccation step. After the final
step, samples were dried at 105 ◦C for at least 24 h to calculate the bulk density. For the
untreated and treated slurry, three representative samples were tested and the average
results reported [58].

Several empirical models are available to predict the relationship between a specific,
porous soil and its unsaturated soil properties such as shear strength and hydraulic con-
ductivity through WRC data [59]. For the PAT and raw tailing materials in this study,
uni-modal and bi-modal van Genuchten empirical models were applied, respectively, as
the best fit of the experimental data [19]. To analyse the water content of the materials after
gravitational drainage (water-holding capacity), the water potentials at field capacity were
determined using the following equation [60]:

ψFC =
1
α

(
n − 1

n

) (1−2n)
n

(1)
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Then, the volumetric water contents were calculated after fitting the data to gain
parameters based on the van Genuchten model [61] as follows:

θ(ψ) = θr +
θs − θr[

1 +
(
α|ψ|n

)]1− 1
n

(2)

where θ(Ψ) is the water content (L3/L3); |Ψ| is the suction pressure (L); θs and θr are the
saturated and residual water content (L3/L3), respectively; α is the inverse of the air entry
suction (1/L); and n is the measure of the pore size distribution [62]. It is suggested that
for aggregated soils, a more flexible retention function should be used to provide a better
fitting of experimental data [63]. Durner proposed a linear superposition of van Genuchten
type sub-curves to yield the following expression for a multimodal retention as follows:

θ(ψ) = ∑k
i=1 wi

[
1 +

(
αi|ψ|ni

)]−mi (3)

where the integer k indicates the modality of the model; and wi are the weighting factors
for the subcurves, subject to the constraints 0 < wi < 1 and summation of wi is 1. In addition,
α, ni, and mi (m = 1 − 1/n) are the curve-shape parameters of the subcurves, as in the
unimodal case.

The saturated hydraulic conductivity of the soil samples was determined using a
constant head permeability test [64]. The hydraulic conductivity test followed the method
described by Reading et al. [65]. Deionized (DI) water was introduced to the columns from
the bottom of the soil cores and the volume of water passing through the soil cores was
determined to calculate the flow rate and then the hydraulic conductivity using Darcy’s
law [66].

3. Results and Discussions
3.1. Distribution of Applied Stress and Settling Behaviours

Figure 3 shows the extent of settlement in terms of the volume of the settled sediments
(mL) and the recorded stress at the bottom of the samples (kPa) for both the untreated
and PAT samples. Prior to starting the test, the friction between the piston (seal) and the
cylinder wall was monitored to ensure that an appropriate stress was applied on top of the
sample. Immediately after overcoming the friction by the applied load from the top, the
stress was transferred into the base of the sample leading to consolidation. The friction loss
between the specimen and cell wall was calculated using the following equation, in which
the σt is the applied load at the top (kPa), and σb is the measured stress at the base (kPa):

Friction loss (%) =

(
(σt − σb)

σt

)
× 100 (4)

Over the course of the test, approximately 68% of the applied stress was transferred
to the base in the PAT sample, compared to 59% in the raw slurry. Higher friction losses
in the raw slurry are likely due to its greater number of smaller particles, creating more
contact points with the cell wall. This observation aligns with the reported friction loss
ranges (10%–50%) for tailings slurries in similar studies [28]. This behaviour can also be
related to the raw slurry conditions in the early stage of the test, during which negligible
effective stress was generated [36,67].



Minerals 2024, 14, 1180 8 of 20

Minerals 2024, 14, 1180 8 of 20 
 

 

𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠 ሺ%ሻ = ቆሺ𝜎௧ − 𝜎௕ሻ𝜎௧ ቇ ൈ 100 (4)

Over the course of the test, approximately 68% of the applied stress was transferred 
to the base in the PAT sample, compared to 59% in the raw slurry. Higher friction losses 
in the raw slurry are likely due to its greater number of smaller particles, creating more 
contact points with the cell wall. This observation aligns with the reported friction loss 
ranges (10%–50%) for tailings slurries in similar studies [28]. This behaviour can also be 
related to the raw slurry conditions in the early stage of the test, during which negligible 
effective stress was generated [36,67]. 

 
Figure 3. Applied stress, settlement, and base stress results for raw slurry and PAT samples over 
time. 

The time required to reach a stable settlement varied significantly between samples. 
For instance, the raw slurry showed 60% greater settlement than the PAT sample within 
the first 48 h. The first loading cycle (20 kPa) took around 12 h for the PAT sample to reach 
the stable condition. Greater settlement of the raw slurry over the first two cycles led to a 
larger final settlement at the end of the test compared to the PAT sample, which had al-
ready lost most of its water content during the inline flocculation process. While the per-
sistence of flocculated structures formed by acrylamide/acrylate copolymers can limit fur-
ther settlement, the formation of such structures during inline flocculation could have po-
tential benefits for tailings rehabilitation if the inter-aggregate pores are wide enough and 
persist to create higher pore conductivity and connectivity, thereby maintaining the con-
vective flow of water and air [68]. 

Less stress being transferred to the base of the raw slurry compared to the PAT sam-
ple could also be attributed to the former’s lower initial solids concentration and fewer 
particle interactions. Variations in the rate and extent of settlement could affect the pore 
water pressure (PWP) at the base of each sample, which is correlated to the friction pattern 
during the test. In this regard, Figure 4 presents the PWP results for both samples. 
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over time.

The time required to reach a stable settlement varied significantly between samples.
For instance, the raw slurry showed 60% greater settlement than the PAT sample within
the first 48 h. The first loading cycle (20 kPa) took around 12 h for the PAT sample to reach
the stable condition. Greater settlement of the raw slurry over the first two cycles led to
a larger final settlement at the end of the test compared to the PAT sample, which had
already lost most of its water content during the inline flocculation process. While the
persistence of flocculated structures formed by acrylamide/acrylate copolymers can limit
further settlement, the formation of such structures during inline flocculation could have
potential benefits for tailings rehabilitation if the inter-aggregate pores are wide enough
and persist to create higher pore conductivity and connectivity, thereby maintaining the
convective flow of water and air [68].

Less stress being transferred to the base of the raw slurry compared to the PAT sample
could also be attributed to the former’s lower initial solids concentration and fewer particle
interactions. Variations in the rate and extent of settlement could affect the pore water
pressure (PWP) at the base of each sample, which is correlated to the friction pattern during
the test. In this regard, Figure 4 presents the PWP results for both samples.

Figure 4 shows that when stress was applied after the first load, the bottom PWP
started to develop immediately, indicating the piston had good contact with the sample
and that the sample was entirely saturated [69]. A very small response was recorded for
the PAT sample at the initial loading cycle, which is very low compared to the higher
loads. Response for the PWP dissipation of the raw slurry was observed from the second
loading cycle (40 kPa), and following the dissipation of PWP, only about 40% of the applied
stress was transmitted to the base of the cell, indicating a high friction loss. As the PWP
dissipated, effective stresses were generated, and hence, wall friction developed.
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The results also showed PWP for the raw slurry and PAT samples rising in parallel
with an initial increase with each applied stress cycle and thereafter a rapid dissipation,
with the PAT sample giving a higher maximum pore pressure compared to the raw slurry.
Thus, a combination of higher PWP and less contact points with the cell wall due to the
presence of fewer but larger aggregates (Figure 5 presents PSD information for the samples)
resulted in a greater base stress and consequently lower friction losses for the PAT sample.
To understand the pattern of transferring applied stress to the base of the sample, there is
a competition between the applied stress being mobilised along the cell wall in favour of
the wall friction or interaction between particles [70]. The former leads to less stress at the
bottom while the latter transfers more stress to the base, either in the form of PWP or base
stress. This is in agreement with an earlier study in which numerical analysis was used
to investigate the influence of the wall friction on large-strain consolidation tests under
various loading sequences [71].

For the higher applied stresses (320 and 500 kPa), a greater proportion of the stress was
transferred into the base. This was a consequence of reaching a higher solids concentration
and the resulting lower void ratio transferring more stress to the water pore pressure.
Additionally, the settlement behaviour of the materials shows an initial settlement of about
57% of the final settlement for the first loading cycle in both samples with no pore water
pressure dissipated. On the other hand, a continuous sharp decreasing trend on settling
was noted for the raw sample over the second 24 h period at 40 kPa, and this significant
difference compared to the PAT settlement behaviour reflects the impact of changing the
texture of the materials through polymer addition.
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3.2. Void Ratio and Dry Density Changes

The changes in void ratio for a standard kaolin-silt-sand slurry after inline flocculation
with a conventional anionic polyacrylamide are presented in Figure 6 to better understand
the impact of inline flocculation on the geotechnical and hydrological behaviour of tailings
materials. The void ratio data of the PAT are higher than that of the raw slurry in all the
applied loads. The initial moisture contents for the untreated tailings slurry and polymer
amended sample before starting the test were 107% (with a void ratio of 2.6, and a dry
density of 0.711 t/m3) and 53% (with a void ratio of 1.6, and a dry density of 1.069 t/m3),
respectively. Similarly to previous studies [24,42,72] on the impacts of polymer treatment,
the PAT materials resulted in different normal consolidation lines compared to the untreated
tailings, which is mostly related to its water content. For several soils and tailings, initial
slurry gravimetric water content has been shown to impact the final normal consolidation
lines with lower slurry water content resulting in denser states [73,74].
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Based on the recorded data, the initial void ratio of the raw slurry before applying
any load was 2.6, while that of the polymer-treated sample was 1.6. Upon initial loading
(20 kPa), the raw sample reached a void ratio of 0.81, while PAT maintained a higher void
ratio (1.03) due to porous aggregate structures. This compression curve can be divided into
three stages [75,76]. In the first stage, the void ratio decreases rapidly with the application
of the initial applied stress. It can be inferred that the first stage of the compression
was dominated by the suspension of larger particles and aggregates in a matrix of finer
particles/aggregates, which are subject to initial compaction. In the second stage (40 to
300 kPa), or the transition stage, larger particles such as sand and silt compress, leading to
compaction for both samples and a monotonic decline in the void ratio. Finally, in the last
stage, the largest particles and aggregates made contact, and it is possible that fine particles
moved into and filled the available voids, which led to a further slower decrease in void
ratio before maximum compression was reached.

Based on soil mechanics theory, the slope of the graph can be used to calculate the
overall compression index (Cc), the average consolidation coefficient (Cv), the coefficient
of volume compressibility (Mv), and the saturated hydraulic conductivity (k). These
parameters are summarised in Table 2 for the tailings sample before and after polymer
treatment. Cv values were determined using the widely applied Casagrande logarithmic
time-fitting method [13] and the equation below, in which H (in cm) is the average height of
the sample before and after each loading step and t50 (in s) is the interpolated time required
to reach 50% consolidation [33]:

Cv =
0.197H2

t50
(5)

Table 2. Calculated average consolidation parameters and hydraulic conductivity.

Sample Cc Cv (cm2/s) Mv (1/kPa) K (m/s)

Raw slurry 1.05 0.0009 1.57 × 10−3 3.24 × 10−10

PAT 0.74 0.005 8.61 × 10−3 1.99 × 10−7

There are a number of relationships between the compression index (Cc) and other
tailings properties such as void ratio, water content, and Atterberg limits for estimating
and designing TSFs [77,78]. A larger value for the compression index signifies a greater
compressibility. Consequently, a higher compressibility would result in a lower coefficient
of consolidation Cv and more strain, which is necessary for developing the effective stress
in the soil [79]. This interpretation is in broad agreement with the data presented in Table 2.

The void ratio variation with effective stress depends mainly on the solids concentra-
tion in the tailings sample. In this regard, the calculated data for the dry density of materials
during each test under the applied stress is presented in Figure 7. Having different initial
moisture contents for each sample resulted in substantial differences in the dry density,
particularly throughout the lower applied stress. The greatest changes were observed
for the raw slurry during the first two loading steps, increasing more than 0.6 t/m3 in
dry density or 25% growth in solid mass percentage. Under these circumstances, a large
quantity of water had to be released from the raw tailings under the applied pressure. In
comparison, the changes in dry density were smaller for the PAT, as it had already been
dewatered during inline flocculation treatment and therefore had a more stable condition
under load.

After applying all loading stages, the final dry density of PAT reached 1.75 t/m3,
which is more than that of the raw slurry (1.60 t/m3) and means that the amount of the
water released during the polymer treatment under saline conditions was sufficient to
improve the density. X-Ray tomography showed that the flocculated material produced
at high solids and elevated dosages has a high degree of internal porosity, manifesting
as discreet voids rather than an inter-connected pore structure (Figure 8). This raises the
potential for the additional release of inter- and intra-aggregate water, particularly under
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mild shear. In contrast, fine clay particles in the raw slurry struggle to release the contained
water. The difference between the PAT and the raw slurry samples’ dry density is reduced
by increasing the applied stress.
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The raw unflocculated slurry did not have any rigidity or observable pores (not shown).
Figure 8 shows a selected cross-sectional view of the PAT sample and 3D reconstructions
of the internal pore space. Preliminary analysis indicates that PAT material produced at
high solids and extreme polymer dosages has an abundance of micropores in the form
of discrete voids with little inter-connectivity between them. Wells et al. [80] showed the
importance of applying the correct shear regime for optimal water release from flocculated
clay-rich oil sands tailings. The authors noted that some degree of aggregate breakage was
needed to secure the largest water returns, with further over-shearing resulting in minimal
water release. When considered in the context of the current X-Ray tomography results, it
appears that the low-shear conditioning of the flocculated material can result in additional
water being expelled from internal voids through the creation of new flow paths.

Among other factors (e.g., mineralogy), it is well known that the presence of fine
particles in the tailings can lead to a higher compressibility [81–83]. In this study, it was
found that inline polymer treatment can alter the properties of the deposited materials,
resulting in significant effects on compressibility that may offer closure and rehabilitation
benefits in some applications. In this context, the effect of polymer treatment on other
parameters such as the hydraulic conductivity, the rate of consolidation, and the structure
of the porous media is investigated in the next section.

The microstructural characteristics of PAT, particularly the presence of discrete mi-
cropores, play a pivotal role in influencing the material’s macroscopic mechanical and
hydrological properties. This distinct pore structure facilitates more efficient drainage
under lower loads, as evidenced by PAT’s higher hydraulic conductivity, and faster pore
water pressure (PWP) dissipation rates compared to untreated tailings. The discrete voids
created through polymer flocculation act as isolated reservoirs that, under mild shear, can
release entrained water, enhancing overall water recovery from the material. This structural
distinction contributes to PAT’s lower compressibility and faster consolidation rate, which
are advantageous in managing tailings’ stability and long-term rehabilitation outcomes.
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Comparative studies, such as those by Wells et al. [80] (on flocculated clay-rich oil
sands tailings), underscore the benefits of a well-tuned shear regime in promoting water
release from polymer-treated tailings. However, while previous research highlighted
the need for moderate aggregate breakage, the present study demonstrates that PAT,
with its discrete pore structure, can achieve significant water release without extensive
breakage. This finding suggests that inline polymer treatment at high solids and elevated
dosages may present a unique mechanism that enhances drainage and stability. The PAT’s
microstructure, with large, robust aggregates and isolated micropores, ensures faster water
release and reduced consolidation time, supporting a more sustainable approach to tailings
management, especially under high-solids and saline conditions.

3.3. Rate of Consolidation and Hydraulic Conductivity

The coefficient of consolidation (Cv) and hydraulic conductivity from bottom excess
pore pressure dissipation are plotted as a function of applied stress in Figure 9. Hydraulic
conductivity (k) can be calculated reliably from the consolidation test results by multiplying
the Cv (m2/s) by the volume rate of compressibility Mv (1/Pa) and the unit weight of
water (kN/m3) [84]. PAT materials exhibit a higher hydraulic conductivity and a more
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rapid rate of consolidation across the range of the vertical stresses tested. To confirm the
impact of the polymer treatment on the hydrological properties of the materials without
applying stress on top, the constant head technique for measuring saturated hydraulic
conductivity was carried out in duplicate for each sample and the results were 2.1 × 10−9

and 8.8 × 10−5 m/s for the raw tailings and PAT samples, correspondingly. These results
are very close to the calculated saturated hydraulic conductivity under the initial loading
condition before consolidating the material under pressure.
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The variation in the coefficient of consolidation with each incremental loading step
was greater for the untreated sample, suggesting that it cannot easily lose the water around
its structure and clay particles. This resulted in not only a lower rate of consolidation,
but also produced material with a lower dry density and consequently poor saturated
hydraulic conductivity. Saturated hydraulic conductivity data indicated that the polymer
treatment resulted in changes to the materials allowing water to be expelled under lower
loads. However, under higher stresses, both materials showed comparably small values
of hydraulic conductivity that were indicative of a well-consolidated state [85]. Similar
trends showing a greater hydraulic conductivity and higher rate of consolidation have
been reported in other studies of polymer addition to different tailings, which indicate that
polymer addition is inducing changes to the material’s structure [81,86].

The significant difference between the particle size distribution of samples (Figure 5)
clarifies the results obtained for hydraulic conductivity. While large aggregates are fragile
and prone to breakage, their core structure is expected to be stronger in this application,
and possibly a little larger when formed under high-dosage/high-solids conditions [46].
The PAT sample with larger aggregates and discrete void structure (shown in the X-Ray
CT images in Figure 8) drains and dissipates PWP faster because of its higher hydraulic
conductivity. After increasing the applied stress, variation in the hydraulic conductivity was
greater for the PAT sample compared to the raw untreated tailings. The recorded hydraulic
conductivity of PAT shows a reduction from 10−6 to 10−9 during the consolidation test;
however, the minimum value at the highest applied stress is still higher than the maximum
calculated hydraulic conductivity for the raw tailings sample. As discussed earlier, it
appears that the pathways for releasing entrained water are blocked to some degree by
fine particles and aggregates filling the voids and channels. This results in a reduction in
hydraulic conductivity during the consolidation phase. That the primary consolidation for
the raw untreated slurry took more than double the time of the PAT sample is consistent
with a lower permeability and longer length of the drainage path. As hydraulic conductivity
strongly impacts the time required for consolidation, it is one of the most important
parameters in designing TSFs and predicting the stability of tailings [85].

3.4. Water Retention Curve (WRC) Anaysis

WRCs provide quantification around the ease of water removal from porous media
by changing the water content through controlled suction [87]. WRCs were employed to
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evaluate the air entry values (AEVs) for each sample and to characterise their properties
across a range of suctions by changing the soil wetness, as illustrated in Figure 10. The
amount of water remaining in the materials at equilibrium is a function of the sizes of the
water-filled pores, so it is a function of the matric suction. This function can be quantified
experimentally, and it is represented graphically by a curve known as the WRC [48].
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All calculations and parameters after fitting the data to the van Genuchten model
(Equation (3)) are reported in Table 3. The macropore volume and the mesopore volume
calculated for each sample show the difference in pore structure after polymer treatment.

Table 3. Water retention characteristics of both raw slurry and PAT samples.

Sample α1
(kPa−1)

α2
(kPa−1) n1 n2 w θs θr θFC θWP

Macropore
Volume

(cm3/cm3)

Mesopore
Volume

(cm3/cm3)

Raw Slurry 0.099 - 1.083 - - 0.52 0 0.43 0.28 0.09 0.15

PAT 0.07 0.2 3 1.04 0.1 0.6 0 0.48 0.39 0.12 0.09

α: inverse of the air entry suction; n: measure of the pore size distribution; w: weighting factor for bi-modal WRC;
FC: field capacity; WP: wilting point; s: saturated; r: residual.

At the start of each test, the materials were in equilibrium with free water at atmo-
spheric pressure and the suction set to zero. Upon applying a small suction, no outflow was
observed until a critical applied suction was reached, in which the larger pores released
their entrapped water. The point at which water is displaced by air from the larger pores is
called the air entry suction, which was only ~2 hPa for PAT and 8 hPa for the raw tailings, re-
spectively. This value is generally small for well-aggregated and coarse samples compared
to more fine-textured materials [48]. Increasing the matric suction results in the progressive
removal of water from smaller pores. Only narrow, constrained pore geometries would be
expected to retain any water under the very high matric suction of 5000 hPa.

The polymer-treated sample drained almost 50% more free water compared to the
untreated slurry at field capacity (−100 hPa water potential) but can also retain more water
within its aggregated mass. This material has higher infiltration rates in comparison with
the raw slurry which contains finer particles. Practically, the polymer addition transforms
some microporous media to the macropores structure in which the drainage expanded, and
more water was readily conducted through the aggregates [88].

Water retention characteristic curves were presented to better understand the physical
and soil-like properties of the created aggregates resulting from polymer addition and to
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quantify the capacity of the material for holding and losing water through its porous texture.
The addition of polymer to dewater the raw slurry altered the physical characteristics of
the materials by changing the volumetric water content while increasing matric suction.
These changes include (i) creating larger macropore volumes to drain more water easily, (ii)
changing the field capacity and permanent wilting points of the raw tailing in favour of
having a greater holding capacity, and (iii) improving the residual water content to prevent
the strong wilting of the materials which cause the preferential flow. These modifications,
plus the larger particle sizes, are linked with hydraulic conductivity and provide the
conditions to move water through the structure of the tailings in favour of potential
rehabilitation purposes for the long-term processes.

4. Conclusions

This study quantified the geotechnical and hydro-mechanical properties of untreated
and polymer-amended tailings after inline flocculation under high-solids, dosage, and
salinity conditions. The findings reveal that polymer treatment using an anionic poly-
acrylamide significantly enhances tailings stability post-deposition. The key results are
as follows:

• Polymer treatment increased the average rate of consolidation from 0.0009 to 0.005 cm2/s
and enhanced hydraulic conductivity from 3.24 × 10−10 to 1.99 × 10−7 m/s, support-
ing faster water drainage and more effective consolidation under lower loads.

• PAT samples displayed a higher void ratio, permeability, and hydraulic conductivity,
leading to a ~50% increase in free water drainage at field capacity compared to the raw
slurry. The air entry suction also decreased from 8 to 2 hPa, indicative of improved
aggregate formation and a non-homogeneous structure even under saline conditions.

• Synchrotron X-Ray tomography confirmed that PAT has discrete, non-interconnected
micropores, which could facilitate additional water release through new flow paths
under mild shear.

These findings highlight the potential of polymer treatment to improve tailings sta-
bility and support sustainable tailings management, particularly in high-solids, saline
environments. It should be noted, however, that these results were obtained for a single
flocculant dosage, and the observed effects are therefore specific to this dosage. Future
studies are recommended to explore the impact of varying flocculant doses on these param-
eters to fully understand the dose-dependent behaviour of polymer treatments in tailings
stabilisation.

While this study provides valuable insights into the short-term mechanical and hy-
draulic behaviour of polymer-amended tailings, further research is needed to assess the
long-term stability of these treated materials. Understanding the evolution of polymer-
treated tailings over time, including factors like potential changes in microstructure, consol-
idation behaviour, and hydraulic conductivity, will be essential for developing sustainable
tailings storage and rehabilitation strategies.
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