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ABSTRACT 

Oil sands tailings are the final product of oil sands processing and in the form of 

slurry with very low solid content. After sedimentation, due to a low hydraulic 

conductivity of the tailings, both dewatering and consolidating the tailings are difficult. 

Since electrokinetic (EK) is an effective method to consolidate low permeability soils, the 

objective of this study is to assess the effectiveness and efficiency of EK dewatering of 

MFT, a man-made geomaterial.  Two series of tests were conducted in this study. In the 

first series, four EK cell tests were performed on oil sands tailings to measure the 

electroosmotic permeability, ke, along with other parameters, such as the EK induced 

water flow rate, electrical conductivity of the tailings, and power consumptions. The 

second test series was the dewatering model tests to investigate the feasibility of EK 

dewatering on oil sands tailings. The performance of the EK dewatering under two 

conditions was compared, i.e., 5 kPa consolidation at first followed by EK dewatering; 

and 5 kPa consolidation and EK dewatering simultaneously. The final water content, 

undrained shear strength and plasticity properties of MFT were measured after the EK 

dewatering tests. After the EK dewatering model tests, a significant overall increase in 

the undrained shear strength and decrease in the water content of tailings samples are 

observed, along with significant changes of the plasticity. 

 

 

Keywords: electrokinetics, electroosmosis, surcharge loading, dewatering, oil sands 

tailings, MFT, shear strength 
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CHAPTER 1 INTRODUCTION 
 

1.1 GENERAL 

Oil sands tailings are the by-product from the processing of oil sands. The tailings 

generated many environmental issues, such as air pollution, land use, solid waste, and 

water management. Extensive research has been carried out to address these problems. In 

this study, laboratory scale tests are designed and conducted to assess the feasibility of 

dewatering oil sands mature fine tailings (MFT) using electrokinetics (EK). 

Electrokinetics has been successfully applied in geotechnical engineering for years, 

including consolidation of soft clays, dewatering of mine tailings, strengthening of 

marine sediments and so on. However the EK dewatering of oil sands tailings (MFT) has 

not been studied in detail and no published reports on the electrokinetic treatment on oil 

sands tailings (MFT) can be found in the open literature.    

 

1.2 RESEARCH OBJECTIVE 

The objective of the research is to determine the feasibility of electrokinetic 

dewatering of oil sands tailings (MFT). The following specific objectives were devised: 

 Measure the geotechnical properties of oil sands mature fine tailings from 

characterization tests;  

 Measure the electrokinetic parameters of oil sands tailings, such as the 

electroosmotic (EO) flow rate and the coefficient of electroosmotic permeability 

(ke) under various current densities; 
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 Study the combined dewatering effects of the electric current  and  surcharge 

pressure on oil sands tailings; 

 Investigate the strengthening effect of the electrokinetic process on oil sands 

tailings.  

1.3 THESIS OUTLINE 

The thesis contains five chapters. Chapter 1 is an introduction of the thesis, 

including the research objective, thesis outline and original contributions.  

Chapter 2 is a review of literature related to the properties and treatment 

technologies of oil sands tailings, principles and theory of electrokinetics and applications 

of electroosmotic dewatering. 

Chapter 3 presents the detailed properties of oil sands tailings, including 

geotechnical and chemical properties. An electrokinetic (EK) cell was used to measure 

the EK parameters of the tailings, including the electroosmotic permeability, electrical 

conductivity of the tailings and other effects in the EK process. The detailed testing 

procedure and results are presented and discussed in this chapter. 

Chapter 4 presents the operation of EK dewatering model tests, including the 

apparatus, procedure and results, which were carried out to investigate the performance 

and effects of EK treatment on the tailings.  The results are discussed, including the final 

water content, undrained shear strength, and plasticity properties of the tailings.  

Chapter 5 includes a summary of the thesis, conclusions and a recommendation 

for future research.  
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1.4 ORIGINAL CONTRABUTION 

The original contributions on this study are: 

 Measurement of  the EK parameters of oil sands tailings (MFT); 

 Results of the EK dewatering treatment on oil sands tailings (MFT); 

 Optimization of the EK treatment combined with surcharge loading to dewater oil 

sands tailings (MFT), resulting in a significant decrease in the dewatering time and 

increase in the shear strength of oil sands tailings (MFT). 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 INTRODUCTION 

A review of general properties and current management technologies of oil sands 

tailings is presented and discussed in this chapter. The theory and applications of 

electrokinetics (EK) are also reviewed in detail.  

Electrokinetics is a technology that has been successfully applied for soil 

improvement in civil engineering (Casagrande 1959). Research and field applications 

using EK technology to treat soft clays and mine tailings have been reported extensively 

(e.g., Sprute and Kelsh 1980, Casagrande 1983, Lockhart and Stickland 1984, Shang 

1997, Mohamedelhassan and Shang 2001 and Mohamedelhassan 2008). However, the 

research on dewatering of oil sands mature fine tailings (MFT) using EK technology has 

not been reported in the literature, and the knowledge of the behaviors of oil sands 

tailings (MFT) under an electric current is limited.  

 

2.2 OIL SANDS TAILINGS MANAGEMENT 

2.2.1 Basic Tailings Properties 

Athabasca, located in the northeastern Alberta, Canada, has the largest reserves of 

oil sands in the world, at about 170.8 billion barrels. Athabasca oil sands are composed of 

0~19 wt% bitumen (~12% in average), 86 wt% minerals (mainly quartz, silts and clay) 

and 2 wt% water. The major clay minerals are kaolinite (40~70 wt %), illite (28~45 wt %) 

and traces of montmorillonite (Chalaturnyk et al. 2002).  



5 
 

 
 

Oil sands tailings are the by-product from the extraction of bitumen and are 

transported by pipelines to tailings ponds. Whole tailings, directly produced from oil 

sands processing, are composed of water, sand, silt, clay, and residual bitumen, and they 

segregate and settle in tailings ponds over many years. The coarse grained tailings settle 

rapidly at the edge of the tailings pond, whereas fine grained tailings accumulate at the 

center and form so-called mature fine tailings (MFT), as shown in Fig. 2.1. In Alberta, 

tailings ponds currently occupy more than 170 square kilometers, and are forecasted to 

reach about 250 square kilometers by 2020. MFT, which is a major challenge in the oil 

sands tailings management, has an average solid content1 of about 33%, average void 

ratio of 5, hydraulic conductivity from 1×10-6 to 1×10-9 m/s, liquid and plastic limits 

ranging from 40% to 75% and 10% to 20%, respectively, and shear strength less than 1 

kPa (FTFC 1995, Mikula et al. 1996). Without treatment the MFT will remain in a fluid 

state for decades because of its very slow consolidation rate (BGC 2010, Kasperski 1992, 

MacKinnon 1989). 

 

2.2.2 Technologies for Treatment of Oil Sands Tailings  

Four main categories of technologies, which have been implemented or have the 

potential of implementation for treatment of oil sands tailings, are summarized as follows 

(BGC 2010): 

 Physical/Mechanical Process 

 Natural Process 

 Chemical/Biological Treatment 

                                                            
1 The solid content, s (%), has a relationship with water content, w (%), described as:		ݏ ൌ 1/ሺ1 ൅  .ሻݓ
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 Mixtures/Co-disposal. 

Each of the categories will be discussed herein. 

 

2.2.2.1 Physical/Mechanical Processes 

Filtration is one of the traditional methods used in industries to separate solid 

from liquid. Some research and pilot tests were performed on oil sands tailings by using 

this method (Xu et al. 2008, and Zhang et al. 2009).  However knowledge of applications 

with MFT is still limited. 

The centrifuge is also a method for solid-liquid separation by applying up to 

thousands of times the gravity force. Mikula et al (2008) did a bench scale study on using 

centrifuge technology to treat oil sands tailings. Due to the high operating cost and some 

knowledge gaps, such as a scale-up study, more research is needed to improve and 

properly evaluate this technology. 

Electrokinetics involves the application of a direct current (DC) to saturated 

geomaterials, resulting in generating water flow from the anode to cathode and a negative 

pore water pressure to induce settlement and consolidation of the geomaterials. 

Electrokinetics will be reviewed in detail in a later section.   

2.2.2.2 Natural Process 

Freeze-thaw technology allows multiple thin layers of tailings deposits to freeze 

first and then the frozen tailings are allowed to thaw in the following summer (BGC 

2010). After the treatment, the solid content of MFT was reported to increase from 35% 

to 56% (Beier et al. 2009). Some research conducted on oil sands tailings show that a 

considerable amount of water can be released when the thickness of layers is from 5 cm 
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to 15cm (Dawson and Sego 1993, Johnson et al. 1993, Proskin 1998, and Dawson et al. 

1999). 

Plant dewatering is another method to dewater oil sands tailings by choosing 

suitable plant species growing on tailings, which can dewater tailings through leaves and 

roots (Silva 1999). The problem in this method is the pore fluid of tailings is alkaline and 

has high salinity, which can inhibit the growth of vegetation (BGC 2010).  

 

2.2.2.3 Chemical/Biological Treatment 

Flocculants and coagulants are widely used in chemical industry and water 

treatment for solid-liquid separation, which can be efficient to reduce fine particles 

suspended in water. When fine tailings are mixed with specifically selected flocculants 

and coagulants, the time of settlement can be significantly reduced, and a relatively high 

solid content can be achieved (Jeeravipoolvarn 2010, Yuan and Lahaie 2009).  Devenny 

(2010) found that the typical residence time to increase the solid content of suspended 

fines to 30% is half an hour in a thickener by adding a flocculent, sometimes aided by 

sand addition.  Through self-weight consolidation, on the other hand, this process takes 

many years.  

Biological treatment is studied to treat oil sands tailings, in which bacterial 

actions, such as inoculation and enhancement, are used to densify high fine content 

tailings (Fedorak et al. 2003, Guo 2009). However, the research is still at the preliminary 

stage with limited knowledge. Another challenge is the process control in field 

applications (BGC 2010). 
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2.2.2.4 Mixtures/Co-disposal 

The composite tailings (CT) process was reported by Caughill et al. (1993) as one 

of mixing technologies. It is reported that MFTs are mixed with coarse sand and 

coagulant (typically gypsum) at 4:1 sand to fines ratio to form non-segregating slurry, 

which can reach a solid content of approximately 60%. Suncor first applied this 

technology in 1995, followed by Syncrude in 1997 (BGC 2010). More studies are needed 

to improve the technology to make uniform and qualified CT, to increase energy 

efficiency and to reduce environmental impact, such as emissions of toxic gas (H2S) from 

anaerobic reduction of SO4
-2 with the residual bitumen in tailings (BGC 2010). 

 

2.3 ELECTROKINETICS  

The general concept of electrokinetics (EK) consists of three phenomena: 

electroosmosis (EO), electrophoresis and electromigration. Electroosmosis refers to the 

movement of an electrolyte fluid in porous media or capillary tubes with electrically 

charged surfaces. The opposite movement, i.e. a colloidal particle with charged surfaces 

moves in a stationary fluid under an electric force, is known as electrophoresis (Masliyah 

and Bhattacharjee 2006). Figure 2.2 depicts the electroosmosis and electrophoresis 

phenomena in a single capillary.  Finally, electromigration represents the movement of 

ions in the applied electric field, resulting in the momentum transfer from electrons.     

 

2.3.1 Double Layer Theory  

The particle surface of clay minerals carries permanent negative charges because 

of isomorphous substitution, i.e. the replacement of silicon atoms in a crystal structure by 
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a lower valence atom (Al or Mg). The negative charged surface can attract cations and 

repel anions to form a double layer in a water-soil system. The Gouy-Chapman-Stern 

double layer model (Mitchell and Soga 2005) describes the ion distributions adjacent to 

charged surfaces of clay particles. The double layer consists of an inner lining (stern 

layer), comprising adsorbed, fixed cations and oriented water dipoles; and an outer lining 

(Gouy layer), formed by balancing cations attracted to the surface charge via electrostatic 

force. This Gouy layer, also called the diffuse layer, consists of ions with limited mobility. 

Figure 2.3 depicts of the Gouy-Chapman-Stern double layer model. Shang et al. (1994) 

discussed the potential distribution of the Gouy-Chapman-Stern double layer model. 

The Zeta potential, as shown in Fig. 2.3 is an important concept in electrokinetics 

and colloidal systems. When an electric field is applied to a particle-fluid suspension, 

particles are attracted to the electrode that has the opposite polarity. The stern layer and 

part of diffuse layer remain fixed at the particle surface. The shear surface, as seen in Fig. 

2.3, is a boundary that separates the moving fluid from the fixed layer.  Zeta potential is 

considered to be the electric potential at the shear surface and slightly less than potential 

at the Stern layer. 

2.3.2 Theory of Electroosmosis 

The main principle of EK dewatering is electroosmosis (EO), which refers to the 

movement of liquid in a porous medium under a direct current electric field. When ions 

migrate under the influence of DC current, they carry hydrated water molecules and exert 

a viscous drag on water around them (Mitchell and Soga 2005).  Porous media can be a  

wet soil mass, waste slurry, tailings, etc. When a DC current flowing from electrodes 

installed in a porous medium, the pore water is driven from the anode to cathode. For 
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dewatering and consolidation applications, a closed anode and open cathode condition is 

setup, then it allows water to drain at the cathode, thus reduces the water content and 

increase the solid content of the porous material between electrodes.  

In addition to electroosmosis, a DC current, when applied to water containing 

media generates electrochemical reactions. These reactions dominate the chemistry at 

electrodes and their vicinity.  Oxidation will happen at the anode, while reduction reacts 

at the cathode, namely:              

                             2HଶO → Oଶ ↑ ൅4Hା ൅ 4eିሺAnodeሻ																																						ሺ2.1ሻ 

                           	4HଶO ൅ 	4eି → 2Hଶ ↑ ൅4OHିሺCathodeሻ																														ሺ2.2ሻ 

The Helmholtz-Smoluchowski model (H-S model) is widely used to explain 

electroosmosis in soils.  This theory is first introduced by Helmholtz (1879) and later 

refined by Smoluchowski (1921). The coefficient of electroosmotic permeability, ke 

(m2/sV), which controls the water flow rate under a unit voltage gradient, is expressed in 

this theoretical relationship  (Mitchell and Soga 2005): 

ke= െ
ζεn

μ
																																																																	  (2.3) 

Where ζ (V) is the zeta potential of solids, ε (F/m) is the permittivity of the pore 

fluid, n is the porosity of the porous medium and μ (Ns/m2) is the viscosity of the pore 

fluid. As indicated in Eq (2.3), ke is mainly governed by the zeta potential (ζ) and 

porosity (n) because the permittivity and viscosity of the pore fluid remain constant. The 

zeta potential of solids is related to the surface charge of solids, pH, and electrolyte 

concentration (Sparks 1986). 
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By analogy with the Darcy’s Law in seepage flow in porous media, the water 

flow due to electroosmosis can be written as (Casagrande, 1949): 

qୣ= kୣE																																																																				  (2.4)	

Where ke (m
2/sV) is the coefficient of electroosmotic permeability and E (V/m) is 

the voltage gradient. The coefficient of electroosmotic permeability, ke, is calculated 

according to Eq. (2.4) in laboratory tests, where qe and E are measured. A comparison 

between EO flow and hydraulic flow is shown in Fig. 2.4.  

The efficiency of an electroosmotic dewatering system is evaluated by the power 

consumption, i.e. the energy to treat a cubic meter of soil for an hour, P (W/m3), which 

can be calculated as follow: 

P = λEଶ ൌ jE ൌ
jଶ

λ
																																																								  (2.5) 

Where λ (S/m) is the electrical conductivity of soil, E (V/m) is the electric 

gradient, j (A/m2) is the current density applied on the soil, and it is calculated as follows:  

j ൌ
I
A
																																																																						  (2.6) 

Where A (m2) is the cross-section area perpendicular to the direction of electric 

field, I (A) is the electric current. According to the Ohm’s law, in one dimension, the 

electrical conductivity of soil can be calculated as follows:  

λ = 
LI
A∆U

ൌ
j
E
																																																												  (2.7) 
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Where L (m) is the length of between anode and cathode ΔU (V) is the electric 

potential drop across the length, L. 

In the EO dewatering design, the coefficient of water transport, ki (m
3/C), is used 

to estimate the efficiency of electroosmosis dewatering and described by Mitchell and 

Soga (2005): 

k୧= 
kୣ
λ
																																																																				  (2.8) 

	

2.3.3 Consolidation by Electroosmosis  

The electroosmotic permeability ratio, which is the ratio of electroosmotic 

permeability and hydraulic conductivity of a porous medium, ke/kh, is the governing 

parameter of electroosmotic consolidation. When a closed anode and open cathode 

condition is present, the negative pore-water pressure generated by electroosmosis, ue(x,t) 

at a distance x from the anode, and time is describe as follows (Esrig 1968): 

uୣሺx, tሻ ൌ η
kୣ
k୦
቎െγ୵Uሺxሻ ൅

2
πଶ
γ୵෍

ሺെ1ሻ୬

ሺn ൅
1
2ሻ

ଶ
sin

ሺn ൅ 1
2ሻπx

L
eିሺ୬ା

ଵ
ଶሻ
మπమ୘౒

∞

୬ୀ଴

቏ 

																																																																																																																																                   (2.9) 

Where η is an empirical factor for electrode efficiency, γw (kN/m3) is the unit 

weight of water, U(x) (V) is the electrical potential at distance x (m) from the anode, and 

Tv is dimensionless time factor defined as: 
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T୚ ൌ
c୚t
Hଶ 																																																														ሺ2.10ሻ	

Where cv is the coefficient of consolidation, t is the time, and H is the length of 

drainage path. At equilibrium, the negative pore water pressure, u(x, t→∞), in equation 

2.9 becomes (Esrig 1968): 

uୣ୭(x)= െ η
kୣ
k୦

γ୵Uሺxሻ ൌ െ∆σ																																										  (2.11)	

Where Δσ (kPa) is the increase in the effective stress due to the negative pore 

pressure in soil. According to Eq. (2.11), the increase in the effective stress and 

corresponding to the effectiveness of EK dewatering is governed by the EO permeability 

ratio (Mohamedelhassan and Shang 2001). 

 

2.4 CASE HISTORY 

Two cases involving EK treatment are reviewed in this section because of their 

relevance to this research. Bjerrum et al. (1967) carried out a well-documented field 

treatment of quick clay by using EK. A review of the procedures of the EK treatment are 

presented in detail, followed by  the results of EK treatment and discussion,  including 

the final water content, undrained shear strength, and plasticity properties. These 

properties are also measured and discussed in this study after the EK treatment of oil 

sands tailings (MFT). The second case reviewed is the dewatering of mineral sands 

tailings by using electrokinetic geosynthetics, reported by Fourie et al. (2007). 

 Mineral sands tailings show similar properties with oil sands tailings. The effects 

of EK treatment on mineral sands tailings are reviewed in detail and served as a reference 
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on EK dewatering of oil sands tailings. 

2.4.1 Application of Electroosmosis in A Norwegian Quick Clay (Bjerrum et al. 

1967) 

Bjerrum et al. (1967) carried out a field application of electrokinetic treatment on 

a quick clay located in Ås, about 30 km south of Oslo on the Eastern side of the Oslofjord. 

The site is located in a valley with very gentle slopes (1:8 on both sides). Excavations to a 

depth of 4.5m were required for the construction of the sewage treatment plant. A safety 

factor of 1.3, because of the low shear strength, only allowed a excavation to depth of 2.3 

m. As final solution, the electroosmosis was selected to strengthen the clay before 

starting the excavation.  

The soil profile at the location near the area of electroosmotic treatment is shown 

in Fig. 2.5, and the soil properties are summarized in Table 2.1. The electroosmotic 

permeability, ke, was measured before the treatment in the field by using the equipment 

shown in Fig. 2.6.  The results of the ke are given in Fig. 2.7 and a value of 2×10-5 of ke 

was chosen for the design, corresponding to a voltage gradient of 0.2 V/cm. The 

electrode layout and installation on the site are shown in Fig. 2.8. The electrodes were 

10m long and 19 mm diameter reinforcing steel bars. The installation was finished on 13 

April, 1964 and the current was applied one day later.  

The settlement generated by electroosmosis was observed immediately after 

turning on the power. The settlement rate was about 8 mm per day and the flow of water 

measured on day 4 and day 7 was 1.7 and 1.5 m3 per day respectively. Some 

modifications were made during the treatment because of a short circuit between row 1 

and row 2 caused row 1 to be disconnected. As a result, the polarity reversal was made 
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between days 51 and 58, to investigate the effect of a reversal of the current. The current 

was interrupted several times during the treatment to carry the modifications and to 

perform the soil explorations. The current was set at 210 A during first 18 days in order 

to assess the effects of electroosmosis at a current below the maximum value. Then the 

current was increased to 350 A. 

 As seen in Fig. 2.9, the required settlement of 50 cm was achieved on day 120, 

i.e., on 12 August, 1964. The average values of the voltage and current used were 40 V 

and 250 A respectively during the 120 days treatment. The total energy consumed was 30 

000 kWh. The un-corroded reinforcing steels used as the cathodes were easy to remove, 

but the anodes could not be removed because of corrosion and adhesion between the 

electrodes and the soil. The total corrosion of the anodes was 740 kg, i.e., 37% of the 

original value.  

Figure 2.10 presents a summary of the measured results of the samples at a depth 

of 4.5 m below the ground level. Figure 2.10 (a) shows the undrained shear strength 

distribution between the row of anodes and the row of cathodes. The initial value of 

undrained shear strength was 0.9 t/m2. It had increased to 11 t/m2 at the anode after 

treatment. The average shear strength at the halfway of electrodes was 4.0 t/m2. No 

significant changes were found near the cathodes. The shear strength of remoulded clay 

was measured by using the pocket vane as shown in Fig. 2.10 (b). The initial value of the 

remoulded shear strength was very low. After the treatment it had reached to 5.5 t/m2 at 

the anode part and about 1.0 t/m2 at the middle of electrodes. However the remoulded 

shear strength near the cathode had no change compared with the original value. Figure 

2.10 (c) presents the water content of the clay at the different positions between anodes 
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and cathodes. The average water content of the clay before the electroosmosis was 31.0%. 

It had then decreased to 27.2% after the electroosmotic dewatering treatment. It can be 

observed that the water content is ranged from 23% to 24% near the anode, which is 

about 7% reduction, whereas it had no significant change at the cathode. Figure 2.10 (d) 

shows the Atterberg limits of those samples taken from the depth of 4.5 m below the 

ground surface. The average values of the Atterberg limits of the samples at the same 

location were originally 21% and 16% respectively. The liquid limits of the clay had 

increased to 30% at the vicinity of anode, but there was no change at the cathode. The 

plastic limit was not changed significantly. Due to the increase in the liquid limit, the 

plasticity index increased from 5% to 9% in average and from 5% to 13% at the anode 

part. The summary of the electroosmosis on the properties of the clay at the depth of 4.5 

m is shown in Table 2.2. It can be found that the EK can significantly enhance the clay 

properties, including the decreases in the water content and sensitivity, and the increase 

in the shear strength, especially near the anode.  

 

2.4.2 Dewatering of Mine Tailings Using Electrokinetic Geosynthetics (EKGs) 

(Fourie et al. 2007) 

Fourie et al. (2007) carried out a series of tests on mineral sands tailings to 

investigate the electrokinetic dewatering by using electrokinetic geosynthetics. These 

tests included EK cell tests, laboratory tank tests, and outdoor tank tests. The properties 

of the mineral sands tailings are summarized in Table 2.3, and the grain size distribution 

of the tailings was plotted in Fig. 2.11. 
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The EK cell tests indicated that the coefficient of consolidation increased from 1.5 

m2/year before EK cell tests to 5.4m2/year with an applied voltage of 10V across the 

anode and cathode with a distance of 90mm, resulting in a voltage gradient of 1.1 V/cm. 

The reported energy consumption was 30kWh per dry tonne of mineral sands tailings 

correspondingly.  

In the laboratory tests small wooden tanks (30cm×20cm×20cm) were used. The 

mineral sands tailings were mixed at a water content of 147% (solid content of 40%) 

before filling the tank. Figure 2.12 shows a schematic of the laboratory tank testing 

arrangement. The electrokinetic geosynthetics (EKGs) used in the study were described 

in detail in Pugh (2002). The cathode EKG was covered by a nonwoven heat-bond 

geotextile before installation, whereas the anode was inserted without covering. A 

voltage of 5 V was applied constantly during the tests, with an intermittence ratio of 0.66, 

and the voltage gradient of 0.24 V/cm.  The current was monitored during the tests. 

Water drained out from the cathode was collected by using a syringe whenever it was full 

and the volume measured. The results were plotted in Fig. 2.13. A variation in the water 

content of the tailings with time was converted from Fig. 2.13 and shown in Fig. 2.14. 

The final water content was 109%, which is a 26% reduction from the initial value.  The 

pH of water collected from the cathode increased from 8.5 to 11.3 at the end of the tests, 

and the electrical conductivity had risen to 1.15 mS/cm from the initial of 0.51 mS/cm.  

The energy consumption calculated during the tests was 1.9 kWh/dry tonne. 

A 3-m diameter container made from high-density polyethylene (HDPE) was used 

in the outdoor tank test, as seen in Fig. 2.15. The tailings used in the outdoor tank test 

were directly from the thickener under flow. After filling the tank, the tailings were left to 
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stand for 3 weeks and at that time with a final water content of 158% and thickness of 

750 mm. The initial volume of tailings was 5.3 m3 before the test. The relationship 

between the undrained shear strength and water content of the tailings was measured and 

presented in Fig. 2.16.  

A single EKG cathode, covered with a nonwoven, needle-punched geotextile was 

installed into the center of the tank. Six anodes were inserted by hand in a hexagonal 

pattern around the cathode with a distance to cathode of 900 mm. The initial voltage was 

30V, which was applied after the anodes and cathode were connected to the power supply. 

The voltage gradient at this stage was about 0.33 V/cm. The volume of water discharged, 

pH and conductivity were measured during testing. The polarity reversal was made when 

the author visited the site, usually once a day. After the first week, in order to prevent 

theft, the power supply was switched to a 12 V rechargeable battery adjacent to the tank 

and protected by a small shed. Hence the voltage gradient of the test was 0.11 V/cm. 

The total volume of water discharged during the 2 months test is shown in Fig. 

2.17.  In Fig. 2.18 water collected from anodes and cathode during the rainfall was 

recorded in order to correct the total volume for rainfall. The variation of water content 

with depth is presented in Fig. 2.19. After the two weeks testing, the mean water content 

of the tailings was 75%, varying from 54% at the top to 92% at the bottom of the tank. 

The mean water content of 75% was corresponding to undrained shear strength of 18 kPa, 

according to Fig. 2.16. The voltage gradient used in field test was about half in the 

laboratory tank test as reported by the authors.  The power consumption rate in the field 

test was 0.9 kWh/dry tonne, compared with 1.9 kWh/dry tonne for the laboratory test.   
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The results showed the significant decrease in water content of the tailings, from 

158% to 75% with relatively low power consumption, 0.9 kWh/dry tonne. These indicate 

the EK has a high efficiency to treat the mineral sands tailings. 

2.4.3 Conclusions  

Bjerrum et al. (1967) found that the EK treatment was effective on quick clay 

with low hydraulic conductivity. The results from Fourie et al. (2007) indicated 

significant dewatering effect on mineral sands tailings. These two geomaterials have 

some similar properties to oil sands tailings, such as the mineral composition as well as 

the low hydraulic conductivity, coefficient of consolidation and undrained shear strength. 

Hence the cases can provide useful insight to EK dewatering of oil sands tailings.   

 

2.5 SUMMARY 

A review of properties and treatment technologies of oil sands tailings as well as 

the theory and application histories are presented in this chapter. EK treatment has a 

considerable effect and high efficiency on clays and mineral sands tailings, based on 

theoretical aspects and cases reported in the literature.  The oil sands tailings have similar 

properties to the materials reported in the case study, i.e., the mineral composition, high 

water contents and low hydraulic conductivities. Therefore, the review provides 

encouraging background information for the study of EK dewatering oil sands tailings. 
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Table 2.1 Properties of the soft clay (modified from Bjerrum et al. 1967) 

Properties  
Nature water content, w 31% 
Plastic limit, PL 14% 
Liquid limit, LL 19% 
Plasticity index, PI 5% 
Clay content  < 2µm 37% 
Activity Ip/% < 2µm 0.14 
Salt concentration in pore water, equivalent 
NaCl 

0.9 g/L 

Content of organic matter 0.9% 
Specific gravity Gs 2.75 
Bulk density γ 1.94 g/cm3 
Undrained shear strength, Su, average in 
first 10m 

0.9 t/m2 

Shear strength ratio Su/p 0.14 
Sensitivity St ~100 
Compression index C0 0.40 
Coefficient of consolidation Cv 0.5×10-7 m2/s 
Hydraulic conductivity, k 2×10-8 cm/s 
 

 

 

 

Table 2.2 Summary of effects of electroosmosis on the properties of the clay at a depth of 
4.5m (Bjerrum et al. 1967) 

 Water content 
W(%) 

Plasticity index 
PI(%) 

Shear strength 
Su (t/m

2) 
Sensitivity 

St 
 before after before after before after before after 
Near anode 31.0 23.4 5 13 0.9 11 100 2 
Average 31.0 27.2 5 9 0.9 4 100 -4 
Near cathode 31.0 31.0 5 5 0.9 0.9 100 100 
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Table 2.3 Properties of mineral sands tailings (modified from Fourie et al. 2007) 

Specific 
gravity 

Mineralogy 
Liquid 
limit 
(%) 

Plastic 
index 
(%) 

pH 
Zeta 
potential 
(mV) 

2.76 
Kaolinite, quartz, chlorite, 
haematite 

62 26 6.4 -19 



22 
 

 
 

 

Figure 2.1 Schematic of an oil sands tailings pond (Modified from FTFC 1995) 

 

 

 

Figure 2.2 Electrokinetic transport phenomena in a single capillary 
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Figure 2.3 The Gouy-Chapman-Stern model (Modified from Shang et al. 1994) 
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Figure 2.4 Comparison between electroosmotic flow and hydraulic flow in a capillary 
(Casagrande 1952) 
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Figure 2.5 Soil profile at the location near the site of treatment (Bjerrum et al. 1967) 

 

 
Figure 2.6 The apparatus used for the measurement of the electroosmotic permeability 

(Bjerrum et al. 1967) 
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Figure 2.7 The results of the electroosmotic permeability, ke (Bjerrum et al. 1967) 
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Figure 2.8 The plan of the electroosmosis installation (modified from Bjerrum et al. 1967) 
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Figure 2.9 Final settlement on the site (modified from Bjerrum et al. 1967) 
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Figure 2.10 The summary of the measured results at a depth of 4.5m below the ground 

level (Bjerrum et al. 1967)
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Figure 2.11 Grain size distribution of the mineral sands tailings (Fourie et al. 2007) 

 

 

 

 
Figure 2.12 A schematic of the laboratory tank (Fourie et al. 2007) 
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Figure 2.13 Rate of water loss in the laboratory tank test (Fourie et al. 2007) 

 

 

 
Figure 2.14 Changes in mean water content in the laboratory test (Fourie et al. 2007) 
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Figure 2.15 The photo and cross-section of the outdoor tank (modified from Fourie et al. 

2007) 

 

 



33 
 

 
 

 
Figure 2.16 The relationship between the undrained shear strength and the water content 

of the mineral sands tailings (Fourie et al. 2007) 

 

 

 

 
Figure 2.17 The total volume of water lost during the 2 month test (Fourie et al. 2007) 
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Figure 2.18 The water collected from anodes and cathode during the rainfall (Fourie et al. 

2007) 

 

 

 
Figure 2.19 The variation of water content with depth (Fourie et al. 2007) 
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CHAPTER 3 ELECTROKINETIC CELL TESTS ON OIL 
SANDS TAILINGS 

 

3.1 INTRODUCTION 

 

The properties of oil sands mature fine tailings (MFT) and the results obtained 

from electrokinetic (EK) cell tests are analyzed and presented in this chapter. The tests, 

including the characterization and electrokinetic cell tests on oil sands tailings are 

described in detail, including the experimental apparatus, testing procedure, and 

discussion of results. 

The characterization of oil sands tailings (MFT) involved the measurement of 

geotechnical properties (such as particle size analysis, water content and the Atterberg 

limits), X-ray diffraction tests, and chemical analysis of the pore water and the zeta 

potential of the suspension of MFTs. The EK cell tests were carried out with preloading 

the MFT sample with a surcharge pressure of 5 kPa in the EK cell. The tests were carried 

out and monitored for eight hours under a constant DC electric current, and parameters 

such as voltage distribution between the electrodes, EK induced water flow, water pH at 

the electrode reservoirs, electrical conductivity of water, settlement and temperature of 

the sample were recorded during the EK cell tests. 

The test results on the effects of the electrokinetic process on oil sands tailings 

(MFT) in EK cell tests are discussed in detail in this chapter. 
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3.2  PROPERTIES OF OIL SANDS TAILINGS (MFT) 

The oil sands tailings used in this study are mature fine tailings (MFT) recovered 

from the disposal pond in Fort McMurray, Alberta, Canada, courtesy of Syncrude Canada 

Ltd. and Imperial Oil Canada. The tailings were shipped to the Western University in 

London, Ontario, Canada in seven barrels.  The tailings have a sticky dark grey texture 

with a strong odor, contain 80% silt and 20% clay sized solids, and have a natural water 

content of 171.3 %. The properties of tailings are summarized in Table 3.1. The particle 

size distribution was analyzed by a laser particle size analyser (Mastersizer 2000) and the 

results are shown in Fig. 3.1. According to the Atterberg limits and particle size 

distribution, the oil sands tailings (MFT) are classified as elastic silt (MH) based on the 

USCS classification. In tailings ponds, the oil sands tailings (MFT) have a high water 

content and void ratio, resulting in a high compressibility and virtually zero shear 

strength.  

The hydraulic conductivity of oil sands tailings (MFT) was measured after 

consolidation under a surcharge pressure of 5 kPa by using the falling-head permeability 

test method (ASTM D5856 2007). The tailings sample was consolidated for two weeks in 

a specimen tube especially designed for the falling-head permeameter before 

measurement.  The hydraulic conductivity was measured as 1.81×10-9 m/s, which is 

comparable to high plasticity clays.  

X-ray diffraction was conducted on MFT solids, which were air-dried for over 7 

days at room temperature and then pulverized. The entire solids passing a #200 sieve (74 

microns) were used to analyze the mineral composition. The results are shown in Fig. 3.2. 

The semi-quantitative mineralogy is summarized in Table 3.2. The MFT sample contains 
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a high percentage of clay minerals, which leads to a very low permeability; as a result 

dewatering by self-consolidation would take long time.  

The chemical analysis on MFT included:  

 Pore water pH and electrical conductivity (EC); 

 Pore water ionic compositions; 

 Zeta potential of suspended solids. 

The results of pore water chemical analyses are shown in Table 3.3. The pore 

water has a natural pH of 8.8 and EC of 3.59mS/cm, which are suitable for EK treatment 

(Mitchell and Soga 2005).  Meanwhile the pore water chemical properties are important 

for the evaluation of the quality of the pore water for reusing in oil sands processing.  

The zeta potentials of suspended tailings solids at different pH values were 

measured by titration using 0.1M NaOH and 0.1M HCL. The plot of the zeta potential of 

oil sands tailings vs. water pH is shown in Fig. 3.3. As seen, the zeta potential remains 

negative between pH 2 and pH 12. It means the EK treatment will be effective in a broad 

pH range (Mitchell and Soga 2005) 

 

3.3 EXPERIMENTAL APPARATUS AND TESTING PROCEDURE 

3.3.1  Design Consideration for Electrokinetic Cell Tests 

The EK cell tests were designed to measure the EK parameters of oil sands 

tailings (MFT), including the electroosmotic permeability, electrical conductivity, power 

consumption, and coefficient of water transport. These parameters are important for the 

performance assessment of electrokinetic treatment on oil sands tailings. The apparatus 
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and testing procedure are based on the measurement procedure described by 

Mohamedelhassan (1998). 

 

3.3.2 Experimental Apparatus 

The EK cell device was designed to measure the coefficient of electroosmotic 

permeability, ke, of a geomaterial in the laboratory, as shown in Fig.3.4. The apparatus 

consists of an EK cell, loading plate, DC power supply, and a water pump. The EK cell 

was modified based on the cell described in Mohamedelhassan and Shang (2001). It 

consists of a Plexiglas tank (35 cm L ×10 cm W × 24cm H) and two electrodes. A 

loading plate is placed on top of the tailings sample, which has been covered by a high-

density polyethylene geo-membrane to prevent the vertical drainage. 

The electrodes are connected to DC power supplies (Models 1670 and 1671, BK 

Precision DC Regulated Power Supply), which are connected in series via a cable. The 

anode is made of a dimensionally stable anode (DSA) mesh (expanded titanium coated 

with iridium oxide) and the cathode is made of a woven wire stainless steel mesh (SS316). 

The electrodes are covered with geotextile fabric and filter paper to prevent tailings from 

entering the electrode reservoirs. The water pump supplies a constant rate of water flow 

into the anode reservoir in order to maintain a constant water head. A graduated cylinder 

is used to collect water discharged from the cathode reservoir via a stand pipe. The water 

levels in both reservoirs remain the same to ensure a zero hydraulic gradient across the 

tailings sample in the EK cell.  
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3.3.3 Testing Procedure 

The conditions for all EK cell tests are summarized in Table 3.4. To set up a test, 

the oil sands tailings were poured into the EK cell carefully without any pre-treatment. 

The sample height was about 12 to 15 cm. A surcharge pressure of 5 kPa was gradually 

applied on the tailings sample via dead weights placed on the loading plate for 

consolidation. Two dial gauges were installed at the left and right edges of the loading 

plate to monitor the sample settlement during consolidation. The primary consolidation 

finished in about two weeks, as seen in Fig. 3.5, showing the consolidation settlement 

versus time. The settlement shown in Fig. 3.5 is the average from the readings of the two 

dial gauges (Fig. 3.4). Tap water with an electrical conductivity from 250 μS/cm to 350 

μS/cm and average pH 7.8 was used in all tests.  

After two weeks, the average degree of consolidation of the tailings sample was 

about 80%, with the estimated coefficient of consolidation, cv, of the oil sands tailings 

about 0.12 m2/year (Wong et al. 2008). After two weeks consolidation a DC electric 

current was applied across the tailings sample via the anode and cathode meshes. The EK 

cell tests on oil sands tailings were current controlled. It means the DC current was kept 

constant during testing.  The current densities applied in the test series ranged from 5 

A/m2 to 15 A/m2. The voltage during the tests was recorded with time. All EK cell tests 

lasted 8 hours. During a test, the water discharged from the cathode reservoir was 

collected by using a graduated cylinder. The quantity of water discharged is presented 

versus time in Fig. 3.6, along with the fractional change in the volume of the tailings 

sample, ∆V/V0 (%). The calculations of the coefficient of electroosmotic permeability at 

a given time, ke, were based on the water discharged and the effective electric field 
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intensity shown in Figs. 3.6 and 3.7. The voltage drops along the EK cell were measured 

via four voltage probes in the EK cell and the results are plotted in Fig. 3.8. 

The pH and electrical conductivity of water at the anode and cathode reservoirs 

were measured using a Multi-parameter Research Meters (Symphony SB90M5) and the 

results are shown in Figs. 3.9 and 3.10, respectively. Temperature changes during EK cell 

tests were recorded with time. The results are shown in Fig. 3.11. 

The consolidation settlement during an EK cell test was measured by two dial 

gauges installed at the left and right edges of the loading plate, as seen in Fig. 3.12. The 

equivalent vertical strain of the tailings sample, defined as ∆H/H0 (%), is also presented 

in Fig. 3.12 

After a test, the sample was carefully removed from the EK cell to measure the 

index properties such as the water content, void ratio, and undrained shear strength. 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Electroosmotic Permeability 

The calculation of the coefficient of electroosmotic permeability is based on the 

measurement of the volume of water discharge with time, electric field intensity, and 

height of the sample during EK cell tests, according to the following equation (Mitchell 

and Soga 2005) 

Q ൌ kୣEA																																																																	ሺ3.1ሻ 

Where Q (m3/s) is the volume rate of flow, E (V/m) is the effective electric field intensity, 

and A (m2) is the cross section area of the tailings sample in the EK cell.  
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The average coefficient of electroosmotic permeability over a period of time, t, 

ke(ave) (m
2/sV), can be expressed as 

kୣሺୟ୴ୣሻ ൌ
1
t
න kୣdt ൌ

1
t
෍ቆ

kୣሺ୧ሻ ൅ kୣሺ୧ାଵሻ
2

ቇ ሺt୧ାଵ െ t୧ሻ
୒

୧ୀଵ

												ሺ3.2ሻ
ଵ

଴
 

Where ke(i) is calculated from Eq.(3.1) at given time ti. 

The water discharged in the EK cell tests was plotted versus time in Fig. 3.7. The 

slope of the dotted line from the liner regression defines the flow rate, Q, defined in Eq. 

(3.1).  The cross section area has been adjusted based on the average height of the 

specimen at a given time, according to the settlement data shown in Fig. 3.12. 

Using Eqs. (3.1) and (3.2), the average coefficient of electroosmotic permeability, 

ke, was calculated and plotted versus current density in Fig. 3.13. The results show that 

the coefficient of electroosmotic permeability, ke, of MFTs is in the range from 7.68×10-9 

m2/sV to 1.44 ×10-8 m2/sV, within  the current density range from 5A/m2 to 15 A/m2. 

The EO permeability ratio, ke/kh (m/V), is proportional to the negative pore water 

pressure generated by electroosmosis and hence important in EO consolidation (Mitchell 

and Soga 2005). It was assumed that the hydraulic conductivity did not changed during 

the tests. According to the measured the hydraulic conductivity of the tailings, 1.81×10-9 

m/s, the EO permeability ratios of MFTs, ke/kh, were between 4.25 and 7.96 m/V, which 

are  also plotted in Fig.  3.13. The ke/kh ratios are much higher than 0.1, which has been 

identified as the minimum requirement for effective EK treatments (Mohamedelhassan 

and Shang 2001). For example, the EO permeability ratios reported in the successful field 

applications were 9.5~25 (Fetzer 1967), and 12~25 (Long and George 1967), respectively. 
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From the results of EO permeability ratio, ke/kh, obtained in the EK cell tests, the water 

flow generated by electroosmosis is much more significant than the hydraulic flow. This 

indicates the EK treatment will be effective in dewatering oil sands tailings (MFT).  

 

3.4.2 Water Transport Effectiveness and Power Consumption 

The coefficient of water transport, ki (m
3/C), is used to evaluate the feasibility of 

electrokinetic dewatering. The relationship between the coefficient of water transport, ki 

and the coefficient of electroosmotic permeability, ke, is described by Mitchell and Soga 

(2005), using the following equation: 

k୧= 
kୣ
λ
																																																																				  (2.8) 

Where λ (S/m) is the electrical conductivity of tailings, which can be obtained by 

following equation: 

λ = 
LI
A∆U

ൌ
j
E
																																																												  (2.7) 

According to Eq. (2.7), the electrical conductivity of oil sands tailings can be 

calculated using the voltage gradient and current density measured during EK cell tests, 

as seen in Fig. 3.14. The average electrical conductivity of the oil sands tailing is 0.24 

S/m, with a standard deviation of 0.02 S/m.  

The electrokinetic coefficients of water transport, ki (m
3/C) ranged from 3.2×10-8 

m3/C to 6.0 ×10-8 m3/C, which was calculated by using Eq. (2.8).  
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The power consumptions of the EK cell tests were calculated based on the current 

and voltage applied during the tests, using the following equation: 

P ൌ
UI
V
																																																																		  (3.3) 

Where U (V) is the total applied voltage, I (A) is the total applied current, and V (m3) is 

the volume of tailings sample. 

 Figure 3.15 shows the relationship between the power consumption and current 

density for all EK cell tests. The total power consumption, P0, which is represented from 

the red dash line in the figure, is established based on the total applied voltage, U0, and 

current, I0, from the power supply. According to the Eq. (2.5) the effective power 

consumption, Peff, the blue solid line, is calculated from the current density, jeff (A/m2), 

and effective electric field intensity, Eeff (V/m), in the mid-section of the tailings sample, 

as seen in Fig. 3.8. 

The total power consumption values of the EK cell tests ranged from 199 W/m3 to 

1579 W/m3 with the applied current density from 5 A/m2 to 15 A/m2, and the effective 

power consumption values ranged from 122 W/m3 to 901 W/m3. It is noted that the 

higher applied voltage (and current) generated more energy loss. This is reflected from 

the difference between P0 and Peff in Fig. 3.15. More evidences were found in this study. 

Figure 3.6 shows the trend of water flow with the different applied current densities in the 

EK cell tests. At the lower level of applied current density, the water flow rate was 

constant, but with increasing current density the water flow rate decreased with time. 

This is likely because of the effects of heating and desaturation of the MFT samples. 
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3.4.3 Effects of Electrokinetics  

3.4.3.1 Efficiency of Electrodes 

Figure 3.8 shows the voltage distributions along the EK cell. A small voltage drop 

was observed at the interface between the electrodes and the tailings sample. It is likely 

due to the loss of contact between the sample and electrodes. The efficiency of electrodes, 

η, is expressed as follows: 

η ൌ
Uୣ
U଴

ൈ 100%																																																									ሺ3.4ሻ 

Where Ue (V) is the effective applied voltage, which can be calculated from subtracting 

the total applied voltage U0 (V) from the voltage drops at the sample-electrode interface 

(Mohamedelhassan and Shang 2001). The values of efficiency of electrodes ranged from 

98.8% to 99.5%, which indicates a good contact between tailings sample and electrodes, 

attributed mainly to the DSA anode used in this study. 

3.4.3.2 Water Content and Void Ratio 

Table 3.5 shows the water content of oil sands tailings (MFT) after EK cell tests. 

The initial average water content of the MFT slurry was about 170%. After consolidation 

under a surcharge pressure of 5 kPa, the average water content reduced to 93%.  However, 

the average water content of the MFT samples was found to slightly increase from 93% 

to 99% after the EK cell tests.  It was observed that the water content of MFT decreased 

to the range of 60% to 78% near the anode, whereas increased to 102% to 133% near the 

center and cathode. The probable reason for this is that water was driven from the anode 

to cathode by electroosmosis; and the flow rate was influenced by both the applied 
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current density and hydraulic conductivity of the sample.  The hydraulic conductivity of 

the sample was too low to allow the water drained out at cathode immediately. When the 

flow rate due to EO was not compatible with the hydraulic conductivity of the oil sands 

tailings (MFT), an accumulation of water near the centre and cathode could develop.  

The void ratios of MFT samples after the EK cell tests are shown in Fig. 3.16. 

The EK process generated a decrease in the void ratio near the anode and increases at the 

center and near the cathode. 

3.4.3.3 Settlement and Undrained Shear Strength  

The undrained shear strength of tailings sample near the anode after the EK cell 

tests are shown in Fig. 3.17. The undrained shear strength was about 3.2 kPa in average 

near the anode, while it was ~0 kPa near the cathode. The increase in the undrained shear 

strength near the anode was mainly due to the decrease in the sample water content, 

whereas the zero undrained shear strength near the cathode was attributed to the increase 

in the water content.  

Differential settlement was developed during EK cell tests. Figure 3.12 shows the 

settlements during the EK cell tests. It can be found that the settlement of the sample at 

the cathode was larger than that near the anode, as shown in Fig. 3.12.  This is because of 

loss of the undrained shear strength of the tailings sample near the cathode. The 

undrained shear strength after consolidation under 5 kPa was increased from the original 

0 kPa to 0.6 kPa. During the EK cell tests, the undrained shear strength showed an 

increase near the anode, and a complete loss near the cathode. So the tailings close to the 

cathode could not carry the surcharge loading of 5 kPa; this led to a high settlement near 
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the cathode, and moreover, the softening at cathode may lead to the failure of the tailings 

sample.  

3.4.3.4 Changes in Water pH, Electrical Conductivity and Temperature during EK 

Cell Tests 

As described in Chapter 2, oxidation happens as the anode generates and releases 

H+ ions, which leads to a decrease in water pH in the anode reservoir.  The water pH 

increases in the cathode reservoir due to the reduction at cathode. Figure 3.9 shows data 

of water pH versus time during the EK cell tests. The initial values of the pH in the anode 

and cathode reservoir were about 8. The pH in the anode reservoir was found decreased 

slightly from 8 to 6.5. The highest drop in the pH was observed in test EKC12, in which 

it dropped from 8 to 6. Significant increases of water pH were found in the cathode 

reservoir, from 8 to 11 and remained at the constant thereafter.  

The changes in the water electrical conductivity were monitored during the EK 

cell tests. The initial electrical conductivity of the water used in this study was in the 

range from 250 μs/cm to 400 μs/cm. A significant increase in the water electrical 

conductivity in the cathode reservoir was observed, as seen in Fig. 3.10. On the other 

hand the water electrical conductivity in the anode reservoir remained essentially 

unchanged during testing. The highest increase in the electrical conductivity, from 277 

μs/cm to 2568 μs/cm, was observed in test EKC15, which was carried out under the 

highest applied current density, 15 A/m2.  As shown in Fig. 3.10, a higher applied current 

density resulted in a higher increase in the water electrical conductivity in the cathode 

reservoir. 
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It is observed that both the pH and the electrical conductivity of water had the 

significant changes in the cathode reservoir and remained relatively stable in the anode 

reservoir. This is mainly due to the fact that the anode reservoir was supplied by fresh 

water through a water pump. The water was then driven from the anode to the cathode by 

electroosmosis, so that the effects of electrochemical reactions were mainly reflected in 

the tailings sample and in the cathode reservoir.   

The temperature change during an electroosmotic process is related to the 

electrical conductivity of the material and the applied electric field gradient (Chen et al. 

2002). Figure 3.11 shows the temperature changes in the oil sands tailings (MFT) during 

the EK cell testing. The initial temperature was the same as the room temperature. The 

changes in temperature of tailings sample is mainly attributed to the application of DC 

current. The highest increase in temperature was found in test EKC15, from 21 ̊C to 25 ̊C 

after 8 hours.  The smallest change was recorded in test EKC5, from about 17 ̊C to 18 C̊. 

3.5 SUMMARY 

The oil sands tailings (MFT) characterization tests for assessment of the 

electrokinetic dewatering are described in this chapter, including geotechnical properties 

testing, mineral compensation analyses, pore water chemical analyses, and measurement 

of the electrokinetic parameters. The detailed procedures and the results of the 

electrokinetic cell tests are presented and discussed in this chapter. The main conclusions 

are as follows: 

a) The oil sands mature fine tailings was found to contain 80% silt and 20% 

clay sized solids and have a natural water content of 171.3 % and hydraulic conductivity 
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of 1.81×10-9 m/s under the void ratio of 2.03. 

b) The major minerals in the tailings were found to be illite, kaolinite, and 

quartz.  

c) The coefficients of electroosmotic permeability, ke, as measured under 

current densities from 5A/m2 to 15A/m2, were in the range of 7.68×10-9 m2/sV to 1.44 

×10-8 m2/sV.  

d) The EO permeability ratios, ke/kh, were in the range of 4.25 to 7.96, 

indicating EK dewatering will be highly effective compared to natural drainage. 

e) The coefficients of water transport, ki, were in the range of 3.2×10-8 m3/C 

to 6.0 ×10-8 m3/C, indicating electroosmosis can generate a significant EK dewatering 

effect on the oil sands tailings.  

f) The total power consumption of the EK cell tests ranged from 199 W/m3 

to 1579 W/m3 under the applied current densities from 5 A/m2 to 15 A/m2, while the 

effective power consumption ranged from 122 W/m3 to 901 W/m3. It is found that the 

energy loss increases with the increase of the applied current.  

g) The undrained shear strength of oil sands tailings (MFT) increased from 0 

kPa to 0.6 kPa, after the consolidation under a surcharge loading of 5 kPa. After 8-hour 

EK cell tests, the increase in the undrained shear strength was observed at the vicinity of 

anode, from 0.6 kPa to 3.2 kPa in average, whereas the undrained shear strength 

decreased to about 0 kPa near the cathode.  

h) Both the pH and the electrical conductivity of water had the significant 

changes in the cathode reservoir and relatively stable in the anode reservoir. The highest 

increase in water pH and electrical conductivity were from about 8 to 11 and 277 μs/cm 
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to 2568 μs/cm, respectively. 

i) The higher applied current density resulted in more significant increase in 

temperature of tailings samples.   
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Table 3.1 Results of material characterisations tests 

Properties Oil sands tailings 

Water content (%) (as received) 171.3% 

Specific gravity, Gs 2.51 

Void ratio (as received) 4.39 

Dry density(Mg/m3)   0.47 

Hydraulic conductivity (m/s) (at e = 2.03) 1.81×10-9 

Atterberg limits Plastic limit, PL (%) 29.1 

Liquid limit, LL (%) 51.6 

Plasticity index, PI (%) 22.5 

Organic matter (%) 14.7 

Carbonate content (%) <1 

Grain size D10 (μm) 0.85 

D50 (μm) 7.15 

D90 (μm) 27.9 

Sand (%) 0.00 

Silt(%) 80.00 

Clay(%) 20.00 
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Table 3.2 Mineral composition of oil sands tailings (MFT)* 

Mineral Chemical formula Semi-quantitative analysis (%) 

Quartz SiO2 26-30 

Kaolinite Al2Si2O5(OH)4 11-25 

Illite KAl2SiO3AlO10(OH)2 40-50 

Goethite FeO(OH) Trace 

Biotite K(Mg,Fe)3(AlSi3O10)(F,OH)2 Trace 

* Tested on pulverized whole sample of MFT
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Table 3.3 Chemical analysis of pore water of oil sands tailings (MFT) 

Cations Concentration (mg/L) 

Na 599.55 

Ca 9.68 

Mg 9.03 

K 19.73 

Al 0.04 

Ba 0.10 

Cu 0.11 

Fe 0.02 

Ni 0.01 

Pb 0.01 

Rb 0.06 

Sr 0.36 

V 0.01 

Zn 0.01 

Anions Concentration (mg/L) 

Chloride 278.5 

Nitrate 2.6 

Sulphate 29.1 

Hydroxide 328.5 

pH 8.88 

EC 3.59 mS/cm 
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Table 3.4 EK cell tests conditions 

Conditions   

Surcharge pressure (kPa) 5 

Degree of saturation (%) 100 

Drainage path 9.5 cm, Left and right reservoirs (2 ways) 

Tailings sample size (cm) 10(height)×19(length) ×10(width) 

Applied current density (A/m2) 5 to 15 

Electrodes SS316 mesh cathode, Ti/IrOx mesh anode 

Hydraulic gradient 0 

 

 

 

 

 

 

 

 

 

Table 3.5 MFT water contents after EK cell tests 

Test No. Current density Water content 

Anode Middle Cathode 

EKC5 5A/m2 78.0% 133.0% 133.0% 

EKC10 10A/m2 61.6% 102.0% 109.3% 

EKC12 12A/m2 64.2% 112.1% 112.1% 

EKC15 15A/m2 60.3% 118.0% 112.1% 

Note: 1. The original water content: 171.3% 
2. The water content after consolidation: 93.1% 
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Figure 3.1 Grain size distribution of oil sands tailings (MFT) 

 

 

 

 

Figure 3.2 X-ray diffraction on bulk sample of oil sands tailings (MFT) 

d
=

 1
0.

0
4Å

, I
LL

IT
E

d=
 7

.1
6Å

, K
A

O
L

IN
IT

E

d=
 4

.9
8Å

, I
LL

IT
E

d=
 4

.4
6Å

, K
A

O
L

IN
IT

E
/ I

LL
IT

E
d

=
 4

.2
6

Å
, Q

U
A

R
T

Z

d=
 3

.5
7Å

, K
A

O
L

IN
IT

E

d=
 3

.3
6Å

, Q
U

A
R

T
Z

/I
L

LI
T

E

d=
 2

.4
6Å

, Q
U

A
R

T
Z

d=
 1

.8
17

Å
, Q

U
A

R
T

Z

0

2000

4000

6000

8000

10000

12000

14000

0 10 20 30 40 50 60 70

C
ou

nt
s

Degrees (2θ) Copper



55 
 

 
 

 

Figure 3.3 Zeta potential vs. pH of oil sands tailings (MFT) suspensions 
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Figure 3.4 Schematic of electrokinetic cell for ke measurement (redesigned from Mohamehelhassan 1988) 
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Figure 3.5 Average settlement under surcharge pressure of 5kPa 
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Figure 3.6 Water discharge vs. time during EK cell tests 
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Figure 3.7 Effective electric field intensity vs. time during EK cell tests 
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Figure 3.8 Voltage distributions along EK cell
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Figure 3.9 pH changes vs. time during EK cell tests 
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Figure 3.10 EC changes vs. time during EK cell tests 
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Figure 3.11 Temperature vs. time during EK cell tests 
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Figure 3.12 Settlements vs. time during EK cell tests near (a) anode and (b) cathode 
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Figure 3.13 Coefficient of electroosmotic permeability (ke) and EO permeability ratio (ke/kh) vs. the applied current density  
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Figure 3.14 Relationship between current density and voltage gradient on oil sands 
tailings 
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Figure 3.15 Rate of power consumption in EK cell tests 
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Figure 3.16 Void ratio of tailings sample after EK cell tests 

 

 

Figure 3.17 Undrained shear strength after EK cell tests 
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CHAPTER 4 ELECTROKINETIC DEWATERING OF OIL 

SANDS TAILINGS 

 

 

4.1. INTRODUCTION 

 

In this chapter, the detailed testing procedures of the EK dewatering model tests 

are described. The EK dewatering testing procedure was modified from Elazar (2011). 

The results and analyses of EK dewatering model tests are presented. The EK dewatering 

tests were carried out to assess the feasibility of the EK dewatering on oil sands tailings 

in terms of the final water content, treatment time and power consumption. The 

undrained shear strength and plasticity properties were measured after the EK dewatering 

tests; and the changes because of the electrokinetic effects are analyzed and discussed in 

this chapter.  

The EK dewatering model tests included two series of tests, i.e., CDW series and 

DW series. These two series tests were designed and carried out to compare the 

performance the EK dewatering under  two conditions, i.e., the tailings are consolidated 

under 5 kPa at first, followed by EK dewatering (CDW series); and the tailings are 

treated under 5 kPa surcharge pressure and a DC current simultaneously (DW series). 
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4.2. PROPERTIES OF OIL SANDS TAILINGS (MFT) 

The properties of oil sands tailings (MFT) were described in Chapter 3. The 

tailings had the consistency of a sticky dark grey slurry with a strong odor and consisted 

of 80% silt and 20% clay sized solids. The natural water content of tailings slurry was 

171.3% with a void ratio of 4.39.  The original undrained shear strength of oil sands 

tailings was much less than 1 kPa.  The particle size distribution of oil sands tailings was 

shown in Fig. 3.1 and a summary of tailings properties was presented in Table 3.1. X-ray 

diffraction analyses identified illite and kaolinite as the major clay minerals and the main 

non-clay mineral was quartz. The semi-quantitative analyses of mineral compositions 

were shown in Fig. 3.2 and Table 3.2. The results showed a significant percentage of clay 

minerals in the tailings, thus permeability is low and the self-weight consolidation of the 

tailings could take decades. 

 

 

4.3. EXPERIMENTAL APPARATUS AND TESTING PROCEDURE 

4.3.1. Design Consideration for EK Dewatering Model Tests 

A series of small scale model tests were designed and carried out in an 

electrokinetic dewatering cell (EK dewatering cell) to assess the feasibility and effects of 

electrokinetic dewatering on oil sands tailings.  The effects considered in the study 

include the dewatering time, final water content, power consumption, and undrained 

shear strength. 
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4.3.2. Experimental Apparatus 

The EK dewatering cell has the same dimensions with the EK cell described in 

Chapter 3, but no electrode reservoirs. A schematic of the EK dewatering cell is shown in 

Fig. 4.1. The EK dewatering cell was designed to have a vertical two-way drainage. At 

the bottom of the EK Dewatering Cell, two pieces of stainless steel mesh were placed to 

create a drainage channel. The tailings were placed in the cell with a cathode (S.S. 316 

mesh) at the bottom and an anode (DSA mesh) on the top. Both electrodes were covered 

by geotextile fabric and filter papers. The loading plate was placed on top of the anode 

for the surcharge loading. A graduated cylinder was used to collect water from the 

bottom drainage channel via two plastic tubes. The water drained from the top of the cell 

was collected by using a 10 mL syringe. 

4.3.3. Testing Procedure 

The conditions for the EK dewatering model tests are summarized in Table 4.1. 

The EK dewatering model tests on oil sands tailings were conducted in two test series. In 

the first series (CDW series), 3 tests were performed on the tailings consolidated under a 

surcharge pressure 5 kPa. After consolidation, an electric field was applied on the tailings 

sample by using the current control method. Three tests were operated respectively under 

the current densities of 5 A/m2, 10A/m2, and 15 A/m2, until the flow stopped.  

In the second series of the EK dewatering model tests (DW series), tailings at the  

natural water content were poured into the EK dewatering cell; the surcharge pressure of 

5 kPa and DC current were then applied simultaneously. The current densities used in the 

DW series tests were the same as those in the CDW series for comparison, i.e., the 

combination effects of the EK treatment and the surcharge loading. 
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The relationship between the undrained shear strength and water content of 

untreated oil sands tailings was established for assessment of the EK treatment. Tailings 

were first placed into the EK dewatering cell. Then the surcharge pressures of 5, 7.5, 10, 

12.5 and 15 kPa were applied on the tailings sample sequentially. The water content and 

undrained shear strength of the tailings were measured after consolidation of two weeks 

under each pressure. During the consolidation, the top of the tailings sample is covered 

by water to avoid evaporation. The undrained shear strength of the tailings was measured 

by using a pocket vane tester. 

The undrained shear strength and Atterberg limits of the tailings samples were 

measured after the EK dewatering model tests. The direct shear tests and pocket vane 

tests were carried out to measure the undrained shear strength of the tailings. The pocket 

vane tests were conducted directly in the EK dewatering cell after EK treatment. Then the 

tailings sample was removed from the cell, placed in a sealed bag carefully and used for 

the direct shear tests later. Every direct shear test was finished in 5 minutes to measure 

undrained shear strength of the tailings. 

 

4.4. RESULTS AND DISCUSSION 

4.4.1. Dewatering Effectiveness 

Figure 4.2 presents the results of real-time data during EK dewatering tests.  

Figure 4.2(a) shows the quantity of water discharge with time. The results of DW series 

reflect that EK treatment can significantly reduce the dewatering time and water content 

of oil sands tailings. The dewatering time of EK combined with surcharge (DW series) 

was from 70 to 100 hours, while it took about 2 weeks to finish the dewatering of tailings 



69 
 

 
 

samples under the surcharge of 5 kPa alone. These indicate that the EK treatment has 

reduced the dewatering time for more than 60%. Test DW10 showed the most effective 

dewatering effect, i.e., during 91.5 hours the 1898 mL of water was expelled from the 

tailings sample, which is 55.8% of the initial volume of the tailings. 

Figure 4.2(a) also shows the results of CDW series tests, in which the tailings 

samples were consolidated under 5 kPa first and followed with the EK treatment. From 

Fig. 4.2(a), Test CDW5 achieved the maximum dewatering effect. The total water 

discharge included 1505 ml from the consolidation stage under 5 kPa surcharge loading 

and 885ml from EK dewatering process; this represents the volume reduction of 63% 

from consolidation and additional 37 % from the EK treatment. 

As shown in Fig. 4.2(a) the current density of 15 A/m2 in Test CDW 15 generated 

a high water flow rate in the first few hours.  However, the water flow stopped after about 

30 hours.  This is attributed to the fact that an unsaturated zone was generated quickly at 

the vicinity of the anode and the flow was hindered by pore air.  Furthermore because of 

gas generation from electrochemical reactions, the contact between the electrode and 

tailings was lost, which interrupted electrical conduction and EK induced water flow.  As 

a result, the quantity of water collected during Test CDW 15 was 571 mL, representing a 

volume reduction of 28%, much less than Test CDW 5 under a lower current density. In 

Test CDW 5 with the applied current density 5 A/m2, the flow continued for about 71.5 

hours with a much lower flow rate.  The total volume of water collected in test CDW 5 

was 885 mL, representing the volume reduction of 37%  and it  was about 1.5 times of 

that in Test CDW 10 (10A/m2 , 550 mL) and the test CDW15 (15A/m2, 571 mL). 
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Figure 4.2(b) shows the current density versus time in the EK dewatering tests.  

The current density was constant at the beginning. With tests running, an unsaturated 

zone in tailings developed near the anode, resulting in the decrease in the sample 

electrical conductivity and consequently the decrease in the current density under the 

constant applied voltage. This figure also shows the higher applied current density (Test 

CDW 15) resulted in a shorter operation time with sustained water flow.  

As seen in Fig. 4.2 (c), in the EK dewatering tests, the power consumption was 

calculated and plotted with time under the constant applied current until the voltage 

reached 14.4V, which was the maximum voltage applied in all the tests.  

According to Fig. 4.2(a), the volume of water discharge was about 571 mL and 

1888 mL from EK dewatering in tests CDW15 and DW15, respectively, compared with 

550mL and 1900mL in tests CDW10 and DW10. Through Fig. 4.2(c), it is noted that 

tests CDW15 and DW15 (15 A/m2) had the highest power consumption, but the volume 

of the water discharge in these test was about the same as those in Tests CDW10 and 

DW10 (10 A/m2). 

4.4.2. Water Content 

The water contents of the tailings samples after the EK dewatering model tests are 

presented in Table 4.2 and Fig. 4.3.  The mean water content after the EK dewatering 

tests was 63.9%. It was also observed that the final water contents of tailings samples 

were lower at the anode and center (about 30% and 51%), but higher at the cathode (96% 

in average).  

A significant decrease in the water content (67.1% reduction in average) was 

found at the vicinity of anode compared with the water content after consolidation under 
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a surcharge of 5 kPa (93.1%). There was approximately 45.5% decrease at the center of 

the treated sample. After tests CDW5A, CDW15A and DW10A the water contents at the 

cathode were 78.1%, 91.1%, and 87.8% respectively, which were about 16.1%, 2.1% and 

5.7% reduction respectively, compared with the water content after 5 kPa consolidation 

(93.1%). However, Tests CDW10A, DW5A and DW15A showed an increasing trend of 

the water contents at the vicinity of the cathode, about 6.6%, 2.0%, and 32.7% increase 

respectively, as shown in Table 4.2,. The highest increase of the water content near the 

cathode was found in test DW15A, about 32.7%. The most likely reason for the increases 

in the water content at the vicinity of cathode is the accumulation of water near the 

cathode because of the low hydraulic conductivity of the tailings and interruption of EK 

flow due to the development of unsaturated zone and the lost of contacts between the 

electrodes and tailings interface. At the beginning of EK treatment, the flow rate was high 

and water was driven to the cathode rapidly.  However, an unsaturated zone at the anode-

tailings interface was generated, along with possible lost of contacts between electrodes 

and tailings. As the result, the flow rate of EK dewatering reduced, and it led to reduced 

driving force to tailings pore water and therefore accumulation of water at the cathode. 

4.4.3. Undrained Shear Strength 

The undrained shear strength of untreated oil sands tailings was measured at 

different water contents under the saturated condition. The undrained shear strength of 

untreated oil sands tailings is related to the water content by an empirical relationship, 

which can be expressed by an exponential equation, with the coefficient of determination 

R2=0.9441, as shown in Fig. 4.4 , 

C୳ ൌ 104.83eି଴.଴ହ଻୵																																																							ሺ4.1ሻ		 
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Where Cu (kPa) is the undrained shear strength measured by vane tests; and w (%) is the 

water content. In Fig. 4.4, the solid line is the regression line based on the vane test data. 

The dash line is an extension of Eq. (4.1).  

The relationships between the water content and undrained shear strength after the 

electrokinetic treatment in all the tests were plotted in Fig. 4.5. The average undrained 

shear strength of the tailings sample was about 31 kPa after the EK treatment. The 

increases in the undrained shear strength due to the decreases in the water content were 

observed on tailings samples near the anode after the EK dewatering model tests. Figure 

4.6 shows that cracks were generated at top of the sample in contact with the anode after 

the EK dewatering test. On the other hand, the undrained shear strength near the cathode  

were lower than 1kPa as a result of the relatively constant water content after the EK 

treatment, as seen in Table 4.2. The tailings near the cathode were also found in a liquid 

state after the EK treatment. However it can be seen that the increase in the undrained 

shear strength of the tailings sample closed to the anode was more than what was 

generated by EO consolidation alone. The cementation generated by electrokinetics is the 

most likely reason for this. Bjerrum et al. (1967), reviewed in Chapter 2, reported the 

similar trend on the increase in the undrained shear strength and changes in the water 

content on quick clay. Micic et al. (2002) found the same result about the increase in 

undrained shear strength near the anode in marine clay. 

The undrained shear strength of the tailings sample at the vicinity of anode after 

the EK cell tests, described in Chapter 3, was also plotted in Fig. 4.5. As the time of test 

was only 8 hours, the undrained shear strength was consistent with the decrease in the 

water content as expressed in Eq. (4.5). Therefore it is concluded that the cementation 
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effects were generated after sustained applications of the electrical current in the tailings 

samples.  

4.4.4. Plasticity 

The effects of EK treatment on the Atterberg limits of clay soils had been reported 

(Mitchell and Soga 2005).  An increasing trend on the Atterberg limits of quick clay after 

EK treatment was reported by Bjerrum et al. (1967). The Atterberg limits can be used to 

estimate the tailings properties such as compressibility, permeability and strength based 

on the empirical correlations. In this study, the plastic limit and liquid limit of the tailings 

samples were measured at the vicinities of the anode, center, and cathode in the EK 

dewatering cell after the EK dewatering model tests, following ASTM D4318 (2010). 

The results are presented in Table 4.3 and Fig. 4.7. The liquid limit and plastic limit of 

the untreated tailings sample were 51.6% and 29.1%, respectively. There was no clear 

trend of changes in the plastic limit observed after the EK dewatering model tests. In Fig. 

4.7(a), it is seen that the significant increase occurred at the centre of the tailings sample, 

but a slightly decrease was found near the cathode. The plastic limits of samples near the 

anode did not changed significantly except in two tests, DW5 and CDW 15. However, 

significant increases were found in the liquid limit, as shown in Fig. 4.7(b). From this 

figure, the samples after the DW series tests had higher liquid limits than those after the 

CDW series tests. This is probably due to the longer EK treatment time, which is more 

than 100 hours in average in the DW series tests, compared to about 50 hours in the 

CDW series tests. Figure 4.7(c) presents the plasticity index of the EK treated tailings 

samples. The general increasing trend can be observed because of the significant increase 

in the liquid limit and relatively stable plastic limit. This is further illustrated from the 
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Casagrande plasticity chart shown in Fig. 4.8.  The original tailings (LL, PI) are close to 

the A-line, whereas after EK treatment, most points of treated samples move above the 

A-line. It is also noted that the samples after the DW series tests achieved higher 

increases than those after the CDW series tests in both liquid limit and plasticity index.  

The changes of the Atterberg limits reflect the effects of EK to the properties of 

oil sands tailings. The compressibility is greater due to the increase in liquid limits. The 

shear strength increase because of the increase of plasticity index.   

 

4.5. SUMMARY 

The EK dewatering cell and detailed testing procedures are described in this 

chapter. The results of EK dewatering tests are presented and discussed.  The EK 

dewatering model tests included two series, i.e., CDW series and DW series. In the CDW 

series tests, the consolidation under a surcharge of 5 kPa was carried on oil sands tailings 

(MFT) first, followed by electrokinetic dewatering. In the DW series, the surcharge 

pressure and DC current were applied simultaneously. After the EK dewatering model 

tests, the water content, the undrained shear strength, and the Atterberg limits of the 

tailings sample were measured and compared with the untreated tailings to assess the 

effects of the electrokinetics. The results and conclusions are summarized as follows: 

 

a) The simultaneous application of a DC current (EK treatment) and the surcharge 

pressure significantly reduced the dewatering time, as observed in the DW Series of tests. 

To achieve the same water content of the tailings, the time of dewatering by the surcharge 

of 5 kPa alone was approximately 2 weeks, but the combined application of EK and 5 
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kPa surcharges reduced the time to 4 to 5 days. 

b) The mean water content of the tailings samples after the EK dewatering tests was 

63.9%. The significant decreases in the water content of the tailings sample were found at 

the vicinity of the anode and center, 30% and 51% in average, respectively. There was no 

significant change in the water content at the cathode part, and it was 96% in average 

after the dewatering tests. 

c) The average undrained shear strengths of the tailings samples near the anode, 

centre and cathode were 35.7 kPa, 27.0 kPa, and ~0 kPa, respectively, compared to the 

average 0.6 kPa from the control sample, which was only consolidated under the 

surcharge loading of 5 kPa.   

d) The liquid limit of the tailings samples increased after electrokinetic treatment, 

while the plastic limit remained unchanged.  As a result the plasticity index of the tailings 

samples increased significantly after EK treatment.   

e) The longer time of EK treatment led to higher increase in the plasticity and 

undrained shear strength. 
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Table 4.1 Conditions of EK dewatering model tests 

Conditions  CDW Series Tests DW Series Tests 

Tests No. CDW5 

CDW10 

CDW15 

DW5 

DW10 

DW15 

Testing procedure 

 

Surcharge pressure applied 

first, followed by EK 

dewatering 

Surcharge pressure and EK 

dewatering applied 

simultaneously 

Surcharge pressure (kPa) 5 

Drainage path ~5 cm, Top and bottom (2 ways) 

Tailings sample size (cm) 11 (height) × 35 (length) × 10 (width) 

Applied current density (A/m2) 5 to 15 

Maximum voltage (V ) 14.4 

Electrodes SS316 mesh cathode , Ti/IrOx mesh anode 
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Table 4.2 Tailings Water Content after EK Dewatering Tests* 

Test No. Location Water Content, w (%) Decrease of Water 
Content due to EK, (%)

CDW5A 

Anode 31.6 66.1 
Center 52.3 43.8 

Cathode 78.1 16.1 

CDW10A 

Anode 37.5 59.7 
Center 42.7 54.1 

Cathode 99.2 -6.6 

CDW15A 

Anode 29.7 68.1 
Center 61.3 34.2 

Cathode 91.1 2.1 

DW5A 

Anode 21.0 77.4 
Center 52.8 43.3 

Cathode 95.0 -2.0 

DW10A 

Anode 30.5 67.2 
Center 48.6 47.8 

Cathode 87.8 5.7 

DW15A 

Anode 29.1 68.7 
Center 46.9 49.6 

Cathode 123.5 -32.7 

* Maximum applied voltage = 14.4V 
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Table 4. 3 Atterberg limits after EK Dewatering Tests* 

Test No. Location Plastic Limit, PL 
(%) 

Liquid Limit, LL 
(%) 

Plasticity Index, PI 
(%) 

CDW5A 

Anode 28.8 55.8 27.0 
Center 32.8 54.8 22.0 

Cathode 28.2 56.3 28.2 

CDW10A 

Anode 30.2 56.1 25.9 
Center 30.6 56.2 25.6 

Cathode 28.1 60.1 32.0 

CDW15A 

Anode 34.0 55.4 21.4 
Center 30.4 60.3 29.8 

Cathode 28.0 58.2 30.2 

DW5A 

Anode 34.4 72.2 37.8 
Center 32.8 67.3 34.5 

Cathode 27.1 68.1 41.0 

DW10A 

Anode 28.0 75.1 47.0 
Center 33.8 68.2 34.5 

Cathode 29.3 65.2 35.9 

DW15A 

Anode 28.5 71.1 42.6 
Center 29.1 68.1 39.1 

Cathode 25.2 76.6 51.3 

* Maximum applied voltage = 14.4V 
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Figure 4.1 Schematic of EK dewatering cell 
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Figure 4.2 (a) Water discharge volume (b) current density (c) rate of power consumption 
during dewatering model tests 
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Figure 4.3 Tailings water content after EK dewatering tests 

 

 

Figure 4.4 The relationship between undrained shear strength and water content of 
untreated oil sands tailings
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Figure 4.5 Undrained shear strength vs. water content after EK treatment 

 

 

 

Figure 4.6 Cracks generated at the top of tailings sample after EK treatment 
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Figure 4.7 Atterberg limits after EK dewatering tests (a) plastic limit (b)liquid limit (c) 
plasticity index 
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Figure 4.8 Plasticity chart 
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CHAPTER 5 CONCLUSIONS AND RECOMENDATIONS 

 

5.1. SUMMARY 

In this thesis, an experimental study on electrokinetic dewatering on oil sands 

tailings (MFT) is presented. The main objective of the study is to assess the feasibility of 

EK dewatering of oil sands mature fine tailings (MFT). The study was carried out in two 

parts, i.e., the EK cell tests and EK dewatering model tests. The geotechnical, 

mineralogical and chemical properties of the tailings were measured before the EK 

treatment on oil sands tailings (MFT). In the EK cell tests, the electroosmotic 

permeability, electrical conductivity of the tailings and EK water transport effectiveness, 

were measured to investigate the feasibility of EK dewatering of the tailings. In the 

second phase of study, two series of model tests, i.e., the CDW series and DW series 

were conducted to evaluate the effects of EK dewatering on oil sands tailings (MFT).   

 

5.2. RESULTS AND CONCLUSIONS 

The conclusions of the thesis are summarized as follows: 

a)  The oil sands mature fine tailings contained 80% silt and 20% clay sized solids 

and had a natural water content of 171.3 % and hydraulic conductivity of 1.81×10-9 m/s 

under the void ratio of 2.03. The major minerals in the tailings were illite, kaolinite and 

quartz.  

b) The coefficients of electroosmotic permeability, ke, as measured under different 

current densities, were in the range of 7.68×10-9 m2/sV to 1.44 ×10-8 m2/sV, 
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corresponding to the EO permeability ratios, ke/kh, in the range of 4.25 to 7.96. The 

coefficients of water transport, ki, were in the range of 3.2×10-8 m3/C to 6.0 ×10-8 m3/C. 

These parameters indicate that EK dewatering will be highly effective as compared to 

natural drainage. It is noted that the energy loss increased with the increase of applied 

current. This can be reflected from the significant temperature increase under a higher 

applied current density.  

c) As evidenced in the EK dewatering model tests, the simultaneous application of a 

DC current and the surcharge pressure significantly reduced the dewatering time from 

approximately 2 weeks by the surcharge of 5 kPa alone to 4 to 5 days under the combined 

application of EK and 5 kPa surcharge loading.  

d) The average water content of the tailings samples after the EK dewatering tests 

was 63.9%, compared to 93.1% resulted from 5 kPa surcharge consolidation. The 

significant decreases in the water content of the tailings sample were found at the vicinity 

of the anode and center, whereas no significant change in the water content near the 

cathode was observed in the EK dewatering tests.  

e) The average undrained shear strengths near the anode, center and cathode after 

treatment were 35.7 kPa, 27.0 kPa, and ~0 kPa, respectively, compared to 0.6 kPa after 5 

kPa surcharge consolidation. The cementations were generated after sustained EK 

treatment on oil sands tailings, which further increased the undrained shear strength of 

the tailings.  

f) The plasticity changes of the tailings after the EK dewatering treatment for more 

than 4 days have been observed. The liquid limit was increased while the plastic limit 

remained unchanged.  As a result the plasticity index increased significantly. 
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5.3. RECOMMENDATIONS FOR FUTURE WORK 

The experimental study carried out in the laboratory has shown that the EK 

dewatering is effective on oil sands tailings (MFT). The following recommendations can 

be made based on the results of this study:  

 Large scale tests and field scale tests on EK dewatering of oil sands tailings 

should be developed to further investigate the effects of the electrokinetic dewatering. 

 A study on EK dewatering using vertically installed electrodes should be carried 

out to evaluate the performance of EK dewatering in tailings ponds.  

 A study of the combined effects of vacuum and EK treatment for effective 

dewatering of oil sands tailings (MFT). 

 A study of the influence of the organic matter in oil sands tailings on EK 

treatment. 

 The DSA should be studied to apply on site effectively and economically. 

 The influence of cracks generated at anode and softening at cathode should be 

further studied for the field application of EK treatment.  

 A study of different approach of the combination of EK dewatering and surcharge 

loading, i.e. the tailings are treated by EK dewatering first and followed by surcharge 

loading. 
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APPENDIX A: GRAIN SIZE ANALYSIS (MASTERSIZER 

2000) 

 

Figure A-1 Mastersizer ananlysis of oil sands tailings (1) 
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Figure A-2 Mastersizer ananlysis of oil sands tailings (2) 
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APPENDIX B: DIRECT SHEAR TESTS OF OIL SANDS 

TAILINGS AFTER EK DEWATERING TESTS 
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Figure B-1 Direct shear tests of the tailings (center) after EK dewatering tests 
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Figure B-2 Direct shear tests of the tailings (anode) after EK dewatering tests (1) 
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Figure B-3 Direct shear tests of the tailings (anode) after EK dewatering tests (2) 
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