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Abstract. Electroosmotic (EO) dewatering is a technology that may be employed for the treatment of fine-

grained soils with undesirable geotechnical characteristics, such as high compressibility and low undrained 

shear strengths. Historically, the soil types that have been subjected to EO treatment encompass a broad 

variety of soils ranging from soft clays with initial water contents close to the liquid limit to low solids 

content slurries (e.g., dredged sludge and slurry deposited tailings), which typically have a water content far 

higher than the liquid limit. Despite being a fundamental factor that governs the consolidation behaviour of 

each soil type, the effect of variation of the pre-treatment water content, to the overall performance of the 

EO treatment process, has not been quantified. In this study, EO dewatering laboratory-scale experiments 

were performed considering three consistency levels, corresponding to the water content values of 1, 1.5 

and 2 times the liquid limit. The results indicated that the effectiveness of the EO treatment increased with 

the increase in pre-treatment water content, in terms of proportion of water removed and relative strength 

gain changes. A major finding of the present study is that the EO dewatering effectiveness significantly 

increases after the water content of the material increases beyond 1.5 times the liquid limit. Additionally, a 

new approach to evaluate the energy consumption is presented. The influence of adopted voltage gradient 

and initial water content on the energy consumption is then evaluated using the results of this study.  

1 Introduction 

Rapid urbanisation has compelled engineers to carry out 

infrastructure development projects over soil deposits 

that have undesirable geotechnical characteristics, such 

as high compressibility and low undrained shear 

strengths [1]. These soil deposits typically include 

natural soft soils such as soft marine clays, peat and 

alluvial clay deposits, and hydraulically placed soils 

such as slurried tailings and dredged materials. Natural 

soft soils often differ from hydraulically placed material 

in terms of engineering behaviour. When characterised 

by the as-measured water content relative to the liquid 

limit, natural soft clays typically have a water content 

close to the liquid limit, whereas the hydraulically 

placed low solids content slurries typically have a water 

content far higher than the liquid limit. Owing to 

resulting low bearing capacities and excessive 

settlement characteristics, these problematic soils often 

undergo some form of ground improvement to render 

them suitable for development. 

Electrically-assisted dewatering, using the concept 

of electroosmosis [2], has demonstrated promising 

results for the treatment of fine-grained soils [3–6]. This 

ground improvement strategy involves the application 

of an electrical field using a series of electrodes to 

induce the movement of water molecules from the 

positively charged electrodes towards the negatively 

charged electrodes. If the accumulated water at the 
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cathode electrodes is subsequently drained away, this 

process facilitates consolidation of the material bounded 

by the electrodes. This process is known as 

electroosmotic dewatering. The electroosmotic (EO) 

flow through soils can be represented by: 

 

 𝑞𝑒 = 𝑘𝑒

∆𝑉

𝐿
𝐴 (1) 

 

where, 𝑞𝑒 is the flow rate, 𝑘𝑒 is the EO permeability, 

𝑉 is the applied voltage difference between electrodes, 

𝐿 is the distance between electrodes and 𝐴 is the cross-

sectional area perpendicular to the flow. 

Review of literature suggests that, to date, EO 

treatment has been adopted for the treatment of a variety 

of fine-grained soils with varying water contents. 

Bjerrum [4] performed EO dewatering to strengthen 

Norwegian quick clay prior to performing an 

excavation. Bergardo et al. [7] carried out EO 

consolidation experiments on Bangkok soft clay, while 

Kaniraj and Yee [8] used an organic soil in their 

experiments. A number of studies investigated the 

potential use of EO dewatering for the treatment of 

slurried tailings with extremely high water contents 

[3,9–11]. Despite being a fundamental factor that 

governs the consolidation behaviour of each soil type, 

the effect of variation of the pre-treatment water content 

on the overall performance of the EO treatment process 
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is not well quantified. To this end, the present study 

focused on investigating the effect of varying water 

content and applied voltage on the performance of EO 

dewatering in greater detail, based on the investigation 

by Jayasiri et al. [12]. This study further expands upon 

the investigations conducted by Jayasiri et al. [12,13] to 

evaluate the influence of adopted voltage gradient and 

initial water content on energy consumption. 

Additionally, several different scanning electron 

microscopy (SEM) imaging techniques were used to 

investigate the changes in the microfabric induced by 

the EO treatment. The strengths and limitations of each 

approach are also discussed. 

2 Materials and methods 

2.1 Materials 

Powder kaolin processed by SUVO minerals – Pittong 

operations in Australia was used in the experiments. 

Characterisation of kaolin, including main index and 

XRD tests have been previously performed by Jayasiri 

et al. [12,14]. In summary, kaolin clay has a specific 

gravity of 2.6, a liquid limit of 74% and a plastic limit 

of 44%. The material is predominantly composed of 

clay-sized particles, accounting for approximately 70% 

of the total composition. 

2.2 Test setup 

A plastic tub with approximately 20 L capacity was used 

to perform the EO dewatering experiments. 

Electrokinetic geosynthetics (EKGs) were used for both 

anode and cathode electrodes, which were positioned 

approximately 380 mm apart (𝐿), adjacent to the walls 

of the tub (Fig. 1). Previous studies have shown that the 

use of EKGs results in improving the EO dewatering 

process, which could otherwise be affected by the 

corrosion of conventional metal electrodes [3,15]. 

Drainage of the accumulated water in the vicinity of the 

cathode was facilitated by using a perforated tube 

located next to the cathode. The drained water was 

collected in a measuring cylinder, and the water volume 

was recorded at periodic intervals. The electrical field 

was applied using a constant voltage configuration [16], 

with a direct current benchtop power supply. The 

current was monitored throughout the test duration. 

2.3 Test procedure 

EO dewatering experiments were performed 

considering three consistency levels, corresponding to 

water content values of 1, 1.5 and 2 times the liquid 

limit. Additionally, three voltage values were adopted 

corresponding to 50, 100 and 150 V/m voltage gradient 

values. The summary of the experimental program is 

outlined in Table 1, while the test procedure is briefly 

described below: 

 

1. Slurry specimens required for the experiments were 

prepared by mixing powder kaolin with deionized 

water. Required volume of water was determined 

based on the weight-volume relationships, 

corresponding to the water content values of 1, 1.5 

and 2 times the liquid limit (Table 1). 

2. The tub was filled with the kaolin mix in layers 

while preventing the formation of macro voids. 

Prior to filling, the electrodes were placed inside the 

tub to minimise disturbance. After filling, the initial 

wet mass of each slurry specimen was 

approximately 22 kg. 

3. Experiments were commenced by connecting the 

pertinent electrodes to the power supply. A plastic 

film was used to cover the tub to prevent moisture 

loss through evaporation. 

4. Tests were continued until the flowrate became 

essentially zero.  

5. Upon termination of the tests, undrained shear 

strength values were measured using a hand vane 

apparatus. 

6. Samples were recovered to determine the water 

content and for SEM imaging.  

 

Table 1. Summary of experiments (modified after Jayasiri et 

al. [12]). 

Test ID Water 

content 

ratioa 

Water 

content 

(%) 

Voltage 

gradient 

(V/m) 

Voltage 

(V) 

LL1-

EK50 

1 78 50 19 

LL1-

EK100 

1 79 100 38 

LL1-

EK150 

1 78 150 57 

LL1.5-

EK50 

1.5 114 50 19 

LL1.5-

EK100 

1.5 115 100 38 

LL1.5-

EK150 

1.5 115 150 57 

LL2-

EK50 

2 150 50 19 

LL2-

EK100 

2 151 100 38 

LL2-

EK150 

2 150 150 57 

aWater content relative to the liquid limit. 

 

Fig. 1. Schematic of the laboratory experimental setup. 
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3 Results 

3.1 Drainage volume 

Fig. 2 (a) illustrates the temporal change in proportion 

of drained water volume (𝑉𝑑,𝐿𝐿𝑥−𝐸𝐾𝑦/𝑉𝑖,𝐿𝐿𝑥−𝐸𝐾𝑦), which 

is defined as the ratio of water removed (𝑉𝑑,𝐿𝐿𝑥−𝐸𝐾𝑦) 

relative to the initial amount of water present 

(𝑉𝑖,𝐿𝐿𝑥−𝐸𝐾𝑦) in each of the nine tests, with 𝑥 = [1,1.5,2] 

initial water content ratio and 𝑦 = [50,100,150] V/m 

voltage gradient. Overall, at the end of EO treatment, the 

proportion of drained water volume for the experiments 

conducted in this study ranged between approximately 

25% to 55%. The experiments conducted with an initial 

water content of two times the liquid limit exhibited the 

highest proportion of drained water volume, while the 

lowest proportion of water volume was observed in the 

experiments commenced at the water content equal to 

the liquid limit. The Helmholtz - Smoluchowski model 

describes that EO flow occurs due to the movement of 

hydrated cations [17,18]. Given that water is a polar 

molecule (partial negative and a partial positive charge), 

they typically combine with cations in the electrical 

double layer to form hydrated cations. Therefore, the 

movement of cations due to the application of an 

electrical current also causes the surrounding water 

molecules to move towards the cathode.  Given that 

more water molecules were available in the LL2 

experiments to form hydrated cations, the observed 

recovery of a higher proportion of drained water volume 

could be essentially due to the higher initial water 

content. As interpreted in Fig. 2 (b), the effectiveness of 

the EO treatment, in terms of the proportion of water 

removed, increased with the increase in pre-treatment 

water content, regardless of the applied voltage. 

Interestingly, the EO dewatering effectiveness 

significantly increases after the water content of the 

material increases beyond 1.5 times the liquid limit. The 

observed behaviour suggests that EO treatment may be 

particularly effective for the treatment of soil deposits 

with extremely high water contents such as 

hydraulically placed materials. 

In accordance with Eq. (1), the increasing voltage 

gradient generally resulted in a higher proportion of 

drained water volume, although the intermediate voltage 

gradient (100 V/m) led to the highest proportion of 

drained water volume in the LL2 experiment series. No 

significant difference was observed in the end of 

treatment drained water volumes in LL2 and LL1.5 

experiments conducted using 100 and 150 V/m potential 

gradients. Therefore, intermediate voltage gradients are 

adequate for treating high water content soils, while 

high voltage gradients could be adopted to enhance 

dewatering volumes of low water content soil deposits, 

if required. 

3.2 Water content 

At the end of the treatment process, water content values 

were determined at five different locations located 

between the electrodes (𝑥) for each of the experiments. 

The absolute change in water content (∆𝑤𝐿𝐿𝑥−𝐸𝐾𝑦), 

normalised by the initial water content (𝑤𝑖,𝐿𝐿𝑥−𝐸𝐾𝑦), for 

each experiment is shown in Fig. 3 as a percentage, 

where: 

 

 ∆𝑤𝐿𝐿𝑥−𝐸𝐾𝑦 = 𝑤𝑓,𝐿𝐿𝑥−𝐸𝐾𝑦 − 𝑤𝑖,𝐿𝐿𝑥−𝐸𝐾𝑦 (2) 

 

with 𝑤𝑓,𝐿𝐿𝑥−𝐸𝐾𝑦 is the final water content and 

𝑤𝑖,𝐿𝐿𝑥−𝐸𝐾𝑦  is the initial water content for each of the 

 

Fig. 2. (a) Proportion of drained water volume; (b) Surface plot 

showing the effect of varying water content and applied 

voltage on the drained water volume (modified after Jayasiri 

et al. [12]). 
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nine EO tub tests. Here, 𝑥 and 𝑦 denote the initial water 

content ratio and voltage gradient values adopted in each 

of the nine tests. 

The overall relative change in normalised water 

content for the experiments conducted in this study 

varied from 25% to 55%, in line with the proportion of 

drained water volumes noted earlier. On average, LL1 

and LL2 experiments demonstrated a 30% and 34% 

relative decrease in water content, respectively, while 

LL2 experiments exhibited a relatively higher reduction 

in water content (48%). The observed behaviour among 

the experiments conducted at three different consistency 

levels further suggests that the EO dewatering 

effectiveness significantly increases after the initial 

water content of the material exceeds 1.5 times the 

liquid limit. 

The EO dewatering process usually creates an 

inhomogeneous water content profile, with the 

measured water content typically higher at the cathode 

compared to the anode. According to Fig. 3, a 

substantial difference among the post-treatment water 

content measurements cannot be observed in the present 

study, although some minor variation is evident in the 

LL1 experiment series. As noted by Jayasiri et al. [12], 

formation of shrinkage cracks in the soil mass between 

the anode and cathode is one of the primary reasons for 

the uneven water content profile caused by EO 

treatment. 

3.3 Undrained shear strength 

Undrained shear strength values were measured at five 

different locations located between the electrodes using 

a pocket shear vane apparatus. The ratio between the 

final and initial undrained shear strength values for each 

of the nine EO tub tests is presented in Fig. 4, where 

𝑠𝑢,𝑓,𝐿𝐿𝑥−𝐸𝐾𝑦 is the final undrained shear strength and 

𝑠𝑢,𝑖,𝐿𝐿𝑥−𝐸𝐾𝑦 is the initial undrained shear strength, with 

𝑥 and 𝑦 denoting the initial water content ratio and 

voltage gradient values adopted in each of the nine tests. 

The 𝑠𝑢,𝑖,𝐿𝐿𝑥−𝐸𝐾𝑦 values for LL1, LL1.5 and LL2 were 

approximately 2.4, 0.7 and 0.3 kPa, respectively. The 

observed trend in relative change in undrained shear 

strength generally agrees well with the relative water 

content changes discussed earlier. This behaviour was 

expected as the undrained shear strength is strongly 

influenced by the water content of remoulded clays. 

Undrained shear strength is highly sensitive to the 

water content at low water contents (e.g., below the 

liquid limit) for remoulded clays [19]. Therefore, the 

absolute increase in undrained shear strength is greatest 

for the experiments conducted with the lowest initial 

water content (LL1). However, in terms of the relative 

increase, LL1 and LL1.5 experiments demonstrated 

seven- and nine-times in undrained shear strength, on 

average, respectively (Fig. 4). In contrast, EO treatment 

led to a twentyfold relative increase in undrained shear 

strength for LL2 experiment series. It is clear that the 

greatest relative improvement, in terms of strength gain 

was observed in the experiments performed with the 

poorest initial condition (LL2). This behaviour could be 

particularly beneficial when it comes to the ground 

improvement of soil deposits with extremely low 

strength characteristics such as slurried tailings and 

dredged sediments. Owing to the poor undrained shear 

characteristics of hydraulically deposited materials, it 

becomes challenging to implement conventional ground 

improvement approaches. For instance, wick drains 

coupled with surcharging may not be a feasible 

approach since placement of an earthen surcharge fill 

 

Fig. 3. Normalised reduction in water content between the 

electrodes (modified after Jayasiri et al. [12]). 

 

Fig. 4. Normalised undrained shear strength between the 

electrodes (modified after Jayasiri et al. [12]). 
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could be challenging due to the poor load bearing 

capacities of weak soil deposits. Therefore, a ground 

improvement approach that does not affect the total 

stress state of the material during the treatment process, 

such as an EO dewatering approach presents a very 

promising option to effectively treat soil deposits with 

high water contents. 

3.4 Electric current 

The electrical current measured during each experiment 

is depicted in Fig. 5. Regardless of the initial water 

content, an increasing voltage gradient led to a higher 

initial current in absolute values, almost suggesting a 

linear relationship. Although significant variability in 

current measurements was evident at early stages, the 

variability decreased as dewatering progressed, 

eventually approaching zero current measurement at 

culmination. In accordance with Ohm’s law, the 

observed trend could be attributed to the material 

desaturation and subsequent increase in electrical 

resistance. 

3.5 Energy consumption 

Energy consumption during each experiment was 

calculated using the electric current measurements. For 

this purpose, the method proposed by Jayasiri et al. [13] 

was followed. One of the key benefits of this approach 

is its ability to take the degree of relative improvement 

induced by the EO treatment into account when 

determining the energy consumption. The extent of 

dewatering achieved is incorporated by considering the 

relative change in liquidity index (∆𝐼𝐿/𝐼𝐿,𝑖) for each 

experiment, where 𝐼𝐿,𝑖 is the is the initial liquidity index 

and ∆𝐼𝐿 is the absolute change in liquidity index. In 

contrast, for instance, other parameters such as water 

volume removed does not provide significant insights 

into the material response (with respect to the initial 

state) induced by the EO treatment. The use of liquidity 

index also allows practitioners to evaluate the 

workability of the material, and furthermore, it can be 

used to correlate other important geotechnical 

parameters (e.g., undrained shear strength) using widely 

adopted empirical correlations. The general form of the 

normalised energy consumption, as proposed by Jayasiri 

et al. [13] is expressed as: 

 

 
𝐸𝑐

∗ =
𝑉 ∫ 𝐼(𝑡) 𝑑𝑡

𝑡

0

𝑊𝑠  (𝐼𝐿,𝑖 − 𝐼𝐿,𝑓)/𝐼𝐿,𝑖

 (3) 

 

where, 𝑉 is the voltage, 𝐼 is the current, 𝑊𝑠  is the soil 

mass based on dry basis, 𝑡 is time, 𝐼𝐿,𝑖 is the initial 

liquidity index and 𝐼𝐿,𝑖 is the final liquidity index for 

each experiment.  

The energy consumption calculations are outlined in 

Table 2 and the final rates for each of the nine 

experiments are graphically presented in Fig. 6. The 

initial liquidity index values of LL1, LL1.5 and LL2 

were approximately 1.17, 2.39 and 3.62, respectively. 

Increasing the voltage gradient generally resulted in 

higher normalised changes in liquidity index, regardless 

of the initial water content. However, as presented in 

Fig. 6, the increasing voltage gradient also led to a 

higher normalised energy consumption, making the EO 

dewatering process less energy efficient. As noted 

earlier, increasing the voltage gradient from 100 V/m to 

150 V/m did not increase the proportion of drained water 

volume for LL1.5 and LL2 experiments, and hence the 

normalised change in liquidity index (Table 2). 

However, to induce the same normalised change in 

liquidity index, higher voltage gradients consumed more 

energy. For instance, LL2-EK100 and LL2-EK150 

experiments resulted in almost identical liquidity 

indices, but the energy consumed for the LL2-EK150 is 

approximately 11 kWhr/dry tonne higher than that of the 

LL2-EK100 experiment. From an economic 

perspective, the use of intermediate voltage gradients is 

recommended when treating high water content soils to 

reduce the operational costs, while high voltage 

gradients could be adopted to improve dewatering for 

low water content soil deposits, if required. Fig. 6 also 

suggests that, at a given voltage gradient, increasing 

initial water content generally resulted in consuming 

higher energy to induce a unit change in liquidity index 

of a unit of dry material. 

3.6 Microstructure 

Microstructure of the kaolin specimens before and after 

the EO treatment was studied using SEM imaging. Since 

conventional SEMs operate under a high vacuum, it is a 

fundamental step to dehydrate the specimens prior to 

imaging to prevent damage to the specimens and the 

equipment, which could be caused by moisture 

evaporation. Conventional practices such as oven drying 

or air drying the SEM specimens during preparation 

could result in artefacts in the microstructure due to 

suction induced disturbances, particularly if the 

specimens consist of clay-sized particles. To alleviate 

 

Fig. 5. Electric current measurements (after Jayasiri et al. 

[12]). 
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this issue, several cryogenic techniques were explored, 

as briefly outlined below: 

 

1. Liquid nitrogen plunging: specimens were rapidly 

submerged in liquid nitrogen (-196oC) and freeze-

dried (24 hours at -50oC) using sublimation, prior to 

SEM imaging under room temperature. 

2. High pressure freezing (HPF): at first, specimen 

cryofixation was performed using a high-pressure 

freezer (pressure = 2100 bar, freezing rate = 

24500oC/s). Subsequently, the specimens were 

freeze-dried for 24 hours at -50oC, before carrying 

out SEM imaging under room temperature. 

3. CryoSEM: specimen cryofixation using high 

pressure freezing techniques was conducted 

following the same steps noted earlier. While 

submerged in liquid nitrogen, specimens were 

transferred to a cryo-preparation module to perform 

surface sublimation (10 minutes at -90 oC) and 

remove any frost contamination. Using a cryo-

transfer unit, specimens were then transferred to a 

CryoSEM microscope to carry out imaging [12].  

 

Of the three approaches considered, CryoSEM 

allows the investigation of frozen specimens that are in 

a hydrated state. Given that no drying is involved, this 

technique offers viewing the microstructure as close as 

possible to the native conditions with minimal artefacts. 

Although multiple steps are involved, specimen 

preparation and viewing can be done in a relatively short 

period compared to the other two methods. However, 

this technique requires specialised CryoSEM facilities, 

which are complex to operate and high in cost. 

Additionally, specimen handling can be technically 

demanding, requiring specialised training. The plunge-

freezing technique is simple and less costly to perform. 

However, there is a greater likelihood of ice crystal 

formation and pore volume expansion during this 

process, which leads to artefacts, particularly when the 

 

Fig. 6. Normalised energy consumption rates. 
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water content of the specimen is high [20]. The HPF 

technique offers a superior preservation of microfabric 

in comparison to the plunging technique. High pressure 

and rapid freezing minimise pore volume expansion and 

ice crystal formation, which leads to minimal artefacts. 

One of the key benefits of the lyophilisation techniques 

(i.e., plunging and HPF) is that they allow imaging of 

the specimens using conventional SEMs that operate at 

room temperature. However, the specimens prepared by 

lyophilisation techniques can be extremely fragile, and 

therefore care must be taken when handling. 

SEM images obtained for LL1-EK150 experiment 

using each approach are shown in Fig. 7. Images 

obtained using the HPF technique were comparable with 

those obtained from CryoSEM. In contrast, a visually 

apparent difference, in terms of the pore size, between 

the images produced using the plunging technique and 

CryoSEM can be seen, particularly in the untreated wet 

condition. As noted earlier, one of the main reasons for 

this behaviour could be due to pore volume expansion 

during freezing. The observations suggest that the HPF 

technique offers a reliable alternative to the CryoSEM, 

considering the complexity of carrying out CryoSEM 

imaging. 

Regardless of the adopted approach, EO treatment 

resulted in alteration of the soil microfabric. The initial 

openly arranged particle structure changed to a face-to-

face arrangement due to the EO treatment. The 

significant shrinkage in the void spaces and improved 

fabric could contribute to the enhanced engineering 

characteristics. 

4 Conclusions 

This study focused on investigating the effect of varying 

water content and applied voltage on the performance of 

electroosmotic (EO) dewatering. In total, nine EO 

dewatering experiments were performed considering 

three consistency levels, corresponding to water content 

values of 1, 1.5 and 2 times the liquid limit. The results 

indicated that the effectiveness of the EO treatment 

increased with an increase in pre-treatment water 

content, in terms of the proportion of water removed, 

relative reduction in water content and relative 

undrained shear strength gain. The results also showed 

that the EO dewatering effectiveness significantly 

increases after the water content of the material 

increases beyond 1.5 times the liquid limit, making the 

EO treatment highly suitable for soils with high water 

contents. However, this came at the cost of low energy 

efficiency as energy consumption calculations showed 

that, compared to a low water content soil, high water 

content soils consumed more energy to induce a unit 

change in liquidity index of a unit of dry material, at a 

given voltage gradient. 

The selection of commercially available kaolin as 

the testing material was based on its suitability for 

controlled sample preparation. Since kaolin is a clay 

with low activity, future work should consider extending 

this study to other clay types with higher activity. 
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