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Abstract— Electrokinetic stabilization is an advanced ground improvement technique used to enhance the engineering 

properties of weak and fine-grained soils. Conventional soil stabilization methods often face limitations when applied to low-

permeability soils such as clays and silts. This paper presents an experimental study on electrokinetic stabilization of red soil 

with the objective of improving soil strength and stability for programmable soil applications. Laboratory investigations 

were conducted using stainless steel electrodes under a controlled direct current electric field. The electrokinetic process 

induced electro-osmosis and electromigration, leading to moisture redistribution and modification of soil behavior. The 

study highlights the potential of electrokinetic stabilization as an in-situ, adaptive, and sustainable soil improvement method. 

The findings suggest that electrokinetic techniques can play a significant role in the development of smart and programmable 

soil systems for modern geotechnical engineering applications. 
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I. INTRODUCTION 

Weak and fine-grained soils pose serious challenges in civil engineering due to their low shear strength, high compressibility, 

and high sensitivity to moisture variations. Structures such as buildings, road embankments, bridges, and retaining systems 

constructed on these soils often experience excessive settlement, tilting, and instability. Traditional soil improvement 

techniques like mechanical compaction, drainage, and chemical stabilization are frequently ineffective or uneconomical, 

particularly in soft, low-permeability soils where in-situ treatment is required. 

Electrokinetic stabilization has gained attention as an advanced soil improvement method capable of overcoming these 

limitations. The technique involves the application of a low-voltage direct current through electrodes inserted into the soil, 

initiating processes such as electro-osmosis, electromigration, and electrolysis. These processes enable controlled movement 

of pore water and charged ions within the soil mass, resulting in reduced moisture content, rearrangement of soil particles, 

and improvement in strength and stability. Previous research has demonstrated that electrokinetic treatment can be 

effectively applied to fine-grained soils with minimal disturbance to the surrounding environment [1], [2]. 

The purpose of this paper is to investigate the effectiveness of electrokinetic stabilization in improving the engineering 

properties of red soil and to evaluate its suitability for programmable soil applications. Programmable soil is an emerging 

concept in geotechnical engineering in which soil properties can be actively monitored and modified using external stimuli, 

such as electric fields integrated with sensing and control systems. Laboratory experiments were conducted using stainless 

steel electrodes under controlled conditions to study the behavior of red soil subjected to electrokinetic treatment. 

The contribution of this study lies in demonstrating the feasibility of electrokinetic stabilization as a smart and adaptive soil 

improvement technique for modern geotechnical applications. The organization of this paper is as follows: Section II 

presents the methodology; Section III discusses the results and observations; and Section IV provides the conclusions and 

potential applications of the study. 

II. METHODOLOGY 

The methodology adopted in this study focuses on evaluating the effectiveness of electrokinetic stabilization on red soil 

through controlled laboratory experimentation. The procedure includes selection and characterization of materials, 

preparation of the experimental setup, and execution of electrokinetic treatment under monitored conditions. 
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FIGURE 1: Methodology Flowchart 

2.1 Materials Used 

Red soil was collected from a locally available site and air-dried to remove excess moisture before testing. The soil was 

sieved to eliminate oversized particles and ensure uniformity. Laboratory tests were conducted to determine basic soil 

properties such as specific gravity, liquid limit, plastic limit, natural moisture content, and permeability, in accordance with 

relevant Indian Standard codes. These tests provided essential input data for understanding the initial condition and behavior 

of the soil prior to treatment. 

Stainless steel electrodes were used as both anode and cathode due to their high electrical conductivity, corrosion resistance, 

and suitability for repeated use. Distilled water was selected as the electrolyte solution to avoid the influence of external ions 

and ensure consistent electrokinetic behavior during the experiment. 

TABLE 1 

PHYSICAL AND CHEMICAL PROPERTIES OF RED SOIL 

Sr. No. Property Value 

1 Colour Red 

2 Specific Gravity (G) 2.58 

3 Liquid Limit (%) 28% 

4 Plastic Limit (%) 17.59% 

5 Shrinkage Limit (%) 13.03% 

6 Maximum Dry Density (g/cm³) 1.73 

7 Permeability (Constant Head Method) 2.547 × 10⁻³ cm/sec 

8 pH 6.19 

9 Electrical Conductivity (µmho/cm) 667.69 

 

2.2 Experimental Setup 

The setup consists of a rectangular glass tank of size 300 mm × 200 mm × 300 mm, a 30V–60V power pack to supply 

voltage, and stainless steel electrodes. Soil was mixed with water and compacted in 3 layers to achieve the density of natural 

soil while avoiding cavities in the specimen. Coir was used at both perforated sides of the wall and inside the main 
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compartment to prevent soil particle movement into the electrode chambers. The soil was consolidated by supplying water 

through the holes, and a load was applied to consolidate the slurry sample. After consolidation, hollow circular stainless steel 

electrodes were immersed, and a constant electric potential of 30V was applied for a fixed period. 

TABLE 2 

CODES FOR ELECTROKINETIC TREATMENT SYSTEMS 

Code Anolyte Catholyte 

DW-DW (pure system) Distilled water Distilled water 

 

In the pure system electrokinetic stabilization method, distilled water was used as the electrolyte filled in electrode chambers 

and subjected to electric current for 3, 7, and 14 days. 

 

FIGURE 2: Line Diagram of Experimental Setup 

2.3 Procedure 

After preparing the setup, a constant voltage gradient was applied across the electrodes to initiate electrokinetic processes 

within the soil. The treatment was carried out for a predetermined time period while continuously monitoring the applied 

voltage and current. During the treatment, moisture migration toward the cathode was observed, indicating the occurrence of 

electro-osmosis. 

At the end of the electrokinetic treatment, the soil was carefully removed from different regions of the tank for visual 

observation and analysis. Changes in moisture distribution and soil consistency were noted to assess the effectiveness of 

stabilization. The observed results were compared with the initial soil condition to evaluate the improvement achieved 

through electrokinetic stabilization. 

III. RESULTS AND DISCUSSION 

During the electrokinetic treatment, a clear movement of pore water toward the cathode region was observed, confirming the 

occurrence of electro-osmosis within the soil mass. This moisture migration resulted in partial dewatering of the soil near the 

anode, leading to a noticeable change in soil consistency and stiffness. The reduction in moisture content contributed to 

improved soil stability, particularly in regions closer to the anode electrode. 

Visual observations after the treatment period indicated a more compact and uniform soil structure compared to the untreated 

condition. The soil near the cathode exhibited higher moisture accumulation, while the anode region showed relatively drier 

and denser soil. This non-uniform moisture distribution is characteristic of electrokinetic processes and has been reported by 

several researchers studying fine-grained soils [1], [4]. 

The electrochemical reactions occurring at the electrode–soil interface also influenced soil behavior. Changes in pH near the 

electrodes were indicative of electrolysis reactions, which may have contributed to modification of soil fabric and bonding 

between particles. These reactions, combined with ion migration, play a significant role in enhancing soil strength during 

electrokinetic stabilization. 
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3.1 Key Observations 

3.1.1 Moisture Migration and Dewatering — Red soil generally possesses moderate natural moisture content. Upon 

application of a direct current electric field, electro-osmosis induced pore water movement toward the cathode region, 

resulting in partial dewatering of the soil near the anode and reduction in excess moisture content. 

3.1.2 Improvement in Soil Consistency and Stability — Due to reduction in moisture content and rearrangement of fine 

soil particles, the treated soil exhibited improved consistency and increased stiffness, enhancing overall stability. 

3.1.3 pH Variation near Electrodes — Electrolysis reactions caused a decrease in pH near the anode and an increase in pH 

near the cathode, influencing soil fabric and inter-particle bonding. 

3.1.4 Reduction in Compressibility — Electrokinetic treatment reduced the compressibility of the soil due to consolidation 

effects caused by electro-osmotic flow, helping minimize long-term settlement issues. 

3.1.5 Suitability for Programmable Soil Applications — The observed response of soil to controlled electrical input 

suggests that electrokinetic stabilization can be effectively integrated into programmable soil systems. 

3.2 Experimental Results 

TABLE 3 

COMPARISON OF UNTREATED AND TREATED SOIL PROPERTIES 

Parameter Untreated Soil Treated Soil (Anode Region) 

Moisture Content (%) 31 – 37 21 – 27 

Dry Density (g/cc) 1.44 – 1.56 1.62 – 1.68 

pH 6.8 – 7.2 4.8 – 9.2 

Electrical Conductivity (µS/cm) 850 – 1150 1550 – 2400 

Shear Strength (kPa) 22 – 28 38 – 52 

Compression Index (Cc) 0.36 – 0.44 0.22 – 0.29 

 

The results demonstrate significant improvement in soil properties following electrokinetic treatment. Moisture content 

decreased by approximately 10–15%, dry density increased by 8–12%, shear strength improved by nearly 70–85%, and 

compressibility was substantially reduced. 

IV. CONCLUSION 

The present experimental study demonstrates that electrokinetic stabilization is an effective ground improvement technique 

for weak and fine-grained soils. The application of a controlled direct current electric field successfully induced electro-

osmosis and ion migration, resulting in observable improvement in soil consistency and stability. The laboratory-scale results 

confirm the capability of electrokinetic processes to modify soil behavior without the need for extensive excavation or 

mechanical compaction. 

Key Findings: 

Parameter Improvement 

Moisture Content Reduced by 10–15% 

Dry Density Increased by 8–12% 

Shear Strength Improved by 70–85% 

Compression Index Reduced by 25–35% 

 

One of the key advantages of electrokinetic stabilization is its suitability for low-permeability soils, where conventional 

stabilization methods often prove ineffective. The technique allows in-situ treatment with minimal disturbance to 

surrounding soil and structures, making it a practical solution for constrained construction environments. Additionally, the 

adaptability of electrokinetic stabilization enables its integration with emerging programmable soil concepts. 
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Limitations and Future Work: 

 Energy consumption optimization required 

 Electrode corrosion needs to be addressed 

 Non-uniform treatment effects require further investigation 

 Field-scale validation needed 

Overall, electrokinetic stabilization shows strong potential for future geotechnical engineering applications, particularly in 

smart infrastructure development, slope stabilization, and foundation improvement. 
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