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Abstract 

This paper presents a new technique that can electrically inject stabilizing ions, which can be used to stabilize soil. Other processes also occur 

simultaneously during treatment such as electrolysis, dissociation, sorption, and exchange mechanisms, etc. The aim of the research is to evaluate 

the effectiveness of the injection of stabilizing ions (Ca2+, CO3
2-, and HPO4

2-) in enhancing the shear strength of fine-grained soils. The shear 

strength of the soil increased up to 127% after treatment when measured near the anode and up to 495% when measured near the cathode. The 

results show that the proposed method can significantly increase soil strength; hence, it overcomes bearing capacity problems in soft fine-grained 

soils with low hydraulic conductivity. 
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1. Introduction  

Low bearing capacity usually becomes a problem for 

constructions over ground with poor geotechnical properties 

such as soft-saturated or fine-grained soils. Geotechnical 

engineers have increasingly designed more complex 

geotechnical structures over sites with such poor ground. In 

such cases, ground improvement has become a preferred option 

and is used widely to stabilize the soil. An innovative soil 

improvement technique was carried out by electrically injecting 

stabilizing substances. A bench scale experiment was 

conducted to assess changes in soil strength after treatment 

processing. This technique was developed using the principles 

of electrokinetic phenomena in soil (i.e. electroosmosis, 

electromigration, electrophoresis, and streaming potential). 

The phenomenon of main electromigration enables stabilizing 

agents to be electrically introduced into the fine-grained soil. 

Since stabilizing agents (or ions) are placed into both the anode 

and cathode compartments, cross-transport of ions will occur 

under the electric field induced by DC current passing through 

the electrode-soil system [8][20]. This paper presents the 

bench-scale experiments of fine-grained soil electrically 

injected with the combinations of Ca2+ + CO3
2- and Ca2+ + 

(HPO4)
2− ions. The formation of cemented compounds such as 

CaCO3 and Ca(HPO4) is expected to be formed within the soil, 

binding the particles strongly in order to increase the soil 

strength. Experiments were performed to assess the strength of 

the improved soil and the distribution of strengthening along 

the soil specimen. 

Chemical stabilization is commonly used for ground 

improvement. Lime and cement stabilization have been used 

widely for surface and deep treatment. In the case of deep 

treatment, cement mixtures can be employed for deep 

stabilization under hydraulic injection. However, for certain 

conditions of fine-grained soil, the utility of the hydraulic 

injection technique might be inappropriate. In the case where 

the ground water table is near the ground surface, a cement 

mixture cannot be used effectively. Moreover, most of soft soils 

are mainly composed of clay and fine-grained silt. The 

permeability coefficient k (m/s) of soft fine-grained soils is 

generally low. In such conditions, the grouting technique 

cannot be used properly since the grout material of hydraulic 

injection is difficult to introduce into the soil with a low 

permeability coefficient. However, the electrical injection of 

species is employable for in-situ treatment and does not require 

excavation or other disturbances. In the five decades since 

Casagrande (1933-1934) demonstrated the first applications of 

the electrokinetic technique for short and long term 
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stabilization of submarine pens excavated in Trondheim 

harbor, the utility of electrokinetics has been used widely for 

several applications in geotechnical and environmental 

engineering [11]. However, a good understanding of the 

relation between mechanical and chemical mechanisms in 

multi-species transport under an electric field has only been 

unveiled in recent years [11,18]. 

The electric field induced by a DC current passing through 

the adjacent electrode-soil system results in the crossing 

movement of ions (Fig. 1). Cations will move from the anode 

to the cathode, and anions will move from the cathode to the 

anode. These ion movements are mainly due to the 

electromigration mechanism. The inducement of an electric 

field in a soil medium also results in electroosmotic water 

transport, which certainly causes soil pore water flow to the 

cathode. When the rate of electroosmotic transport is less than 

the rate of electromigration transport, the transport of anions 

is hindered, and anions mostly remain in the anolyte. Anions 

can be efficiently transported from the cathode to the anode 

because the rate of electroosmotic transport is lower than the 

rate of electromigration transport [11]. When cations and 

anions meet each other, this results in chemical precipitation 

reactions and the formation of new chemical compounds 

within the soil [17].  

 

Fig. 1. The scheme of electrokinetic transports [18]. 

In 1994, Azzam demonstrated the utility of an injection 

technique using environmentally safe chemicals such as 

calcium and soda water for improving the bearing capacity of 

soft and uniform sandy silt underneath the foundation of the 

historic St. Nicolaus church tower in Waldbeck-Geldern, 

Germany. After the injection treatment, the results of the 

standard penetration test increased by almost 100%, as 

measured at a depth of 1.7 to 2.7 m below the ground surface 

[18,23,19].  Ozkan et al. performed the electrokinetic 

stabilization of kaolinite by injecting Al3+ and PO4
3- ions [22]. 

An electrical gradient of 2 V/cm or less constituted the 

predominant driving force for ion transport under a 433 

µA/cm² constant direct current density. They found that the 

undrained shear strength of the treated soil increased by 500 

to 600% (on average). Alshawabkeh and Sheahan (2003) 

conducted electro-grouting on BBC (Boston Blue Clay) under 

a constant voltage gradient of 1 V/cm DC for two weeks [5]. 

The greatest strength gain of about 160% over the initial 

strength was measured in the specimen section near the 

cathode after treatment. Phosphoric acid solutions were used 

in their experiments. An increase in shear strength also 

occured using the depolarization of the anolyte to decelerate 

the acidification process at the anodic zone [17]. 

The main aim of this research is to evaluate the 

effectiveness of injection of Ca2+, CO32-, and HPO4
2- ions as 

soil stabilizers under the influence of an electric field in 

increasing the shear strength of fine-grained soil. 

2. Materials and Methods 

The test program was performed using natural silty loam 

soil, which is classified as CL according to the USCS 

classification. Two electro-chemical injection experiments 

were performed to assess the change in the soil strength after 

treatment. In experiment 1, Ca2+ ions in 0.5M CaCl2 and CO3
2− 

ions in 0.5M Na2CO3 solutions were used as the anolyte and 

catholyte respectively. The formation of calcite (CaCO3) within 

the soil may lead to soil particle bonding as a result of 

precipitation reactions. In experiment 2, Ca2+ ions in 0.5M 

CaCl2 solutions and (HPO4)
 2- ions in K2HPO4 solutions were 

used as the anolyte and catholyte respectively. The formations 

of CaHPO4 or Ca3(PO4) were expected to bind soil particles 

resulting in an increase in soil strength. In addition, 

precipitation resulted in cemented particles, and crystalline or 

microscopic particles were be obtained, which might fill soil 

pores. The details of the experiments are summarized in Table 

1. 

Silty soil was taken from Flog-Hauset in Belgium at a depth 

of 30 to 50 cm below ground surface. The physical properties 

are summarized in Table 2. Based on soil consistency 

parameters and grain size distribution analysis, soil samples 

were classified into the soil group with low plasticity (CL - ML) 

according to USCS (Unified Soil Classification System), or 

identical to silty soil (A-4 - A-5) according to AASHTO 

(American Association of State Highway and Transportation 

Officials) classification. 

A bench-scale apparatus of the electro-chemical injection 

system was constructed. The dimensions were accommodated 

in accordance with the bench-scale experiment, which had a 

width of 12 cm, a length of 50 cm, and a depth of 12 cm. Soil 

specimens were placed into a container between electrodes (i.e. 

anode and cathode). Both ends of the soil specimen were placed 

iron-metal electrodes. Passive electrodes made of tungsten 

wires were immersed into the soil along the distance between 

the anode and the cathode. Electrical potential could be 

measured at any time during the treatment test using these 

passive electrodes. Meanwhile, the DC current was generated 

by a DC power supply (Mc. Voice DF-1731SB5A) and was 

supplied constantly during the treatment test. 

Both the soil and the electrode were separated by a filter to 

prevent a direct contact between the electrolyte (i.e. chemical 

species solution or stabilizing agent) and the soil specimen. The 

thickness of the filter was 10 mm, and its pore sizes were 200 

µm. However, the electrode had a contact with the soil 

specimen directly. The electrode compartments were filled 

with solutions (i.e. anolyte and catholyte) and their level was 

kept constant during the test to avoid the transport of various 

species due to hydraulic head. 
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Table 1. Description of experiment 

Test No. 1 2 

Soil Specimen Silty soil Silty soil 

Initial al moisture content 

(%) 
22.93 22.64 

Initial al strength, Su 

(kPa) 
8.63 9.40 

Treatment time / duration 

(hour) 
336 336 

Anolyte solution 0.5M CaCl2 0.5M CaCl2 

Catholyte solution 0.5M Na2CO3 0.5M K2HPO4 

Cation Ca2+ Ca2+ 

Anion CO3
2- (HPO4)

2- 

Anolytes pH:   

Initial 6.85 6.88 

Final 3.28 3.00 

Catholytes pH:   

Initial 11.46 9.25 

Final 12.59 12.09 

I (A) 0.04 0.04 

j (A/m2) 3.08 3.08 

U (Volt):   

Initial 47.25 19.51 

Final 11.50 4.67 

Ie (Volt/m)   

Initial 256.42 103.67 

Final 11.90 30.50 

Electric Power 

Consumption (kWh/m3) 
57.59 30.33 

 

Table 2. Geotechnical properties 

Natural water content 21% 

Soils pH 4.93 

Classification  

Atterberg limits:  

Liquid limit 23.63% 

Plastic limit 16.95% 

Plasticity Index 6.68% 

Specific gravity 2.7 

Grain size analysis:  

Clay 9.51% 

Silt 61.02% 

Sand  29.30% 

Los on ignition 2.64% 

  

The schematic diagram of the electrochemical injection 

experiment is shown in Fig. 2. The soil specimens were 

prepared by mixing air-dried and pulverized soil with distilled 

de-ionized water. The water content of the soil mixture was to 

be close to the liquid limit value. Before being placed into the 

polymer container for the electro-chemical injection test, the 

soil mixture was cured for 24 hours in a covered container to 

achieve equilibrate condition (i.e. relatively homogeneous 

moisture). After 24 hours, the moist soil was placed into the 

polymer container in four layers. There was no special 

compaction effort applied to the surface of each layer, only by 

kneading and mixing to remove air bubbles.  

Experiments were performed by applying a constant DC 

current of 0.04A for 336 hours. The voltage of the system and 

the pH of the anolyte and catholyte were measured at the 

beginning, during, and after the test. After the completion of 

the test, the shear strength was measured by placing miniature 

vane blades into the soil at a depth of 5 cm from the soil 

specimen surface, and then applying torque. Final water 

content, Atterberg limits, and soil pH were also measured after 

treatment. 

 

Fig. 2. Schematic diagram of the experimental set-up on a bench scale model 

3. Results and Discussion 

3.1. Electrical potential profile 

The distributions of electrical potential across the soil 

specimen are shown in Fig. 3 and Fig. 4. Electrical potential 

was non-linearly distributed in time. Nevertheless, it was not so 

at the beginning of the test as electrical potential gradient was 

linear from the anode to the cathode. The electric potential at 0 

o'clock at a distance of 0 cm from the anode was the initial 

electrical gradient between the anode and cathode. The gradient 

of electrical altered some parametrs such as pH, chemical 

composition, ionic strength, mineral phases and microfabric of 

the soil [1]. The water electrolysis reaction produced a large 

number of ions, increasing the conductivity of pore water at the 

beginning of the test; therefore, the current of all the tests firstly 

reached a peak and then dropped sharply due to the 

development of soil-contact resistance and electrode corrosion 

[24]. As time elapsed by, the electrical gradient changed 

gradually and became non-linear [18]. A change in electrical 

potential is related to the chemical changes or ionic 

concentrations and their compositions within pore fluid. A drop 

in electrical potential corresponds to a precipitation reaction at 

which the resistivity in this region is also high, as demonstrated 
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by a drop in electrical potential [14,21]. The propagation of 

acid and alkaline fronts, sorption and precipitation processes 

could cause a decrease in electrical conductivity of the soil [21]. 

The electrical potential of both test-1 and test-2 dropped 

significantly in less than 24 hours. Moreover, it was almost 

homogenous across the soil after 24 hours in test 2. At the 

beginning, the electrical potential in test 2 was lower than that 

of test-1. This might be caused by the solubility of the anolyte 

and catholyte solutions, which had an influence on the 

conductivity of the system [21] where the more conductive a 

system, the smaller the electrical gradient required to produce 

a certain constant electric current. In addition, this depended on 

the process of dissociation and dissolution of soil minerals 

followed by precipitation reactions. 

  

Fig. 3. Test-1 (anolyte: CaCl2 and catholyte: Na2CO3) 

 

Fig. 4. Test-2 (anolyte: CaCl2 and catholyte: K2(HPO)4) 

A lower electrical potential means a lower electric power 

consumption during the treatment process (see Fig. 5). Test-2 

consumed 30.33 kWh/m3 of electric power during 336 hours, 

which was lower than that of test-1 (57.59 kWh/m3). The 

amount of electrical energy consumption was a critical 

parameter in this method. It can be seen that the increase in 

electrical energy occured very significantly in the first 20 to 30 

hours. The amount of electrical energy consumption is closely 

related to the electrokinetic transport mechanism, as well as 

electrochemical processes (for example electrolysis) caused by 

electric fields, which require large electrical energy 

consumption [13,24]. 

 
Fig. 5. Electrical power consumption 

3.2. Anolyte and catholyte’s pH, soil’s pH, and electrical 

conductivity of the soil 

When electrolysis took place at the surface of a negative 

electrode, the negative charge created by the DC power supply 

created an electrical pressure to push electrons into the 

catholyte at this end. Electrolysis reactions at the cathode 

resulted in a reduction of the catholyte. Water was reduced to 

hydrogen gas H2
+ and hydroxyl ions OH− were produced. At 

the anode, there was a positive charge so electrons would be 

absorbed by this electrode. Water was oxidized and oxygen gas 

O2 and hydrogen H+ ions were generated. Due to the reduction 

and oxidation processes, electrolysis resulted in an acid front 

(i.e. decreased pH) at the anode and an alkaline front (i.e. 

increased pH) at the cathode [18]. 

Fig. 6 presents the time-dependent anolyte and catholyte pH 

during the treatment process. A decrease in pH was associated 

with a decrease in the absolute value of zeta potential, related 

to the conductivity of the electrokinetic system [1,12,21].  

The anolyte and catholyte became acidic and alkaline after 

treatment respectively [6,10]. The formation of hydrogen H+ 

ions in the anolyte and hydroxyl OH− ions in the catholyte led 

to changes in the anolyte and catholyte pH. Later on, H+ and 

OH− ions would be transported to the cathode and anode 

respectively, passing through the soil. The presence of these 

ions within the soil specimen led to a change in soil pH (Fig. 

7).  

Soil specimens in the anodic regions became more acidic 

than those in cathodic regions, and the electrical conductivity 
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of the soil was greater in the anodic than in cathodic regions. 

Changes in anolyte and catholyte pH had an influence on the 

ionic strength of pore water, soil pH, solubility, and charge 

condition of soil particles, as well as on soil surface properties 

such as cation exchange capacity (CEC), magnitude of the 

electrokinetic zeta potential [21], and level of absorption of the 

species [14,18,20]. The pH of the soil media influences the 

success of the settling reaction, while this reaction will be 

effective in alkaline conditions. Soil pH less than the required 

alkaline condition will inhibit the settling reaction in the soil, 

resulting in the pozzolan reaction being ineffective. 

Meanwhile, the pozzolan reaction produces a cementation 

event that can bind soil particles to each other more compactly, 

and later their shear strength can increase [4]. 

 

(a) Test-1 

 

(b) Test-2 

Fig. 6. Time dependent of anolyte and catholyte pH changes 

3.3. Water content, liquid and plastic limits, and undrained 

shear strength 

The distributions of water content, liquid and plastic limits 

across the soil specimen are shown in Fig. 8. Liquid and plastic 

limits of the soil increased slightly after the treatment process. 

The alteration of the liquid limit was related to total moisture 

potentially held in the diffuse double layer and any water held 

by absorption [22]. The plastic limit was related to the 

innermost moisture plus absorption, thus the plastic index was 

related to potential water content changes of the diffuse double 

layer. A reduction in water content reduced the thickness of the 

diffuse double layer and moves particles closer together, and 

this then increased the plasticity of the soil [22]. 

The curve of undrained strength and water content changes 

is presented in Fig. 9. After the test completion, water content 

was measured to assess the changes and its effect on the 

increasing strength of treated soil. The strength increased after 

treatment (Fig. 10); however, it was not homogenous 

throughout the specimen [2,25]. The highest strength of treated 

specimen was measured in the regions close to the cathode.  

The non-homogeneous strength distribution might be due to 

chemical precipitation processes which were enabled under 

neutral pH and due to the availability of cementing agents 

depending on the soil pH [5,17,22,21,23]. The pH value plays 

an important role in the occurrence of precipitation reactions, 

and acidic conditions inhibit precipitation reactions. However, 

electrolysis causes an acidic milieu in the anodic zone and vice 

versa, and an alkaline milieu has formed in the cathodic zone. 

Controlling pH is the key to the success of strengthening soil 

specimens, which is expected to provide a uniform increase in 

undrained shear strength. 

 
(a) Test-1 

 
(b) Test-2 

Fig. 7. Soil pH, electrical conductivity (measured at the end of test) 
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(a) Test-1 

 
(b) Test-2 

Fig. 8. Liquid limit, plastic limit and water content of treated soils 

 

Fig. 9. Undrained shear strength vs water content 

 

Strengthening was achieved since treated soil strengths were 

greater than the undrained strength of untreated soil as shown 

in Fig. 11. In test 1, treated strengths were distributed above the 

straight line, meaning that treated strength was greater than 

untreated strength for certain water content. The straight line 

represented the untreated strength and was calculated using the 

equation in Fig. 9. Therefore, strengthening achieved in test 1 

was due to both electroosmosis and electro-chemical soil 

processing (i.e. chemical precipitation). In test 2, strengthening 

was also greater toward the cathode than in the center and 

anodic zones. This was because the distribution of treated 

strength in anodic and center regions fit the straight line. In such 

cases, strengths changed proportionally to the change in water 

(i.e. osmotic strengthening).  

 

(a) Test-1 

 

(b) Test-2 

Fig. 10. Undrained shear strength (kPa)  and water content (%) (measured at 

the end of test) 

 

Since OH− ions were generated by reduction at the cathode 

and transported to the anode, the movement of Ca2+ ions from 

the anode to the cathode enabled the formation of hydrated lime 

(Ca(OH)2) within the soil. Hydrated lime has been added to 

clay soil to improve its physical properties for centuries. Lime 

stabilization is well known as a stabilization method that has 

been beneficial in improving the strength and stiffness 

characteristics of road foundations [7]. Hydrated lime in soil 

can lead to a significant alteration in the physicochemical 

properties of the soil. The reactions that occur provide both 

immediate and long-term changes to the soil. The hydration 

reaction can result in some significant improvements in soil 
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workability purely as a result of dewatering. When the 

concentrations of Ca2+ and OH−  ions are present significantly 

in the pore water of the soil, several reactions occur, affecting 

soil composition, mineralogy, and pore water chemistry. The 

short-term result of hydration is the cation exchange process. 

Modification reactions take place initially by the cation 

exchange of Ca2+ ions with the existing cations at the negatively 

charged sites on the clay mineral lattice. The intensity of these 

charged sites in soil or clay minerals is determined by soil pH, 

where the number of charged sites is enhanced by the presence 

of OH− ions, as indicated by the increase in pH value. The 

flocculation of mineral particles and changes in the plasticity 

properties of the soil are the results of the cation exchange [7]. 

The long-term result is caused by a pozzolanic reaction that 

occurs through a process termed solidification [17]. Pozzolanic 

reactions occur under highly alkaline soil pore conditions, 

involving the dissolution of silicon and aluminum from the clay 

minerals. The pozzolan reaction is influenced by the pH value. 

This reaction can take place well in alkaline conditions and 

results in an increase in soil strength and changes in the 

Atterberg limit [15]. 

 

(a) Test-1 

 

(b) Test-2 

Fig. 11. Undrained shear strength and relative water content (measured at the 

end of test) 

Since Ca2+ ions were electrically injected into the soil, they 

would dissolve in the soil pore water. Furthermore, the 

dissolved Ca2+ ions reacted with the dissolved components of 

clay minerals, known as pozzolanic reactions. These 

pozzolanic reactions then generated the formations of CSH 

(Calcium Silicate Hydrates) and CAH (Calcium Aluminate 

Hydrates). CSH is the result of the reaction between the silicate 

phase of Portland cement and water and is the main product of 

hydration of Portland cement, which mainly plays an important 

role in cement-based strength, and is the main binding phase in 

most concrete. Therefore, CSH plays a very important role with 

respect to seeding additives for cement-containing materials 

[9]. CAH is formed any compound of Calcium Aluminate (CA) 

that reacts with water. The anhydrous contained in CA reacts 

with water to form calcium ions and aluminate ions. Both CSH 

and CAH compounds crystallize with time and bring about 

changes in soil properties, e.g. changes in soil plasticity [7], 

increase in shear strength, and reduction in permeability [16]. 

The formation reactions of CSH and CAH are given as follows 

[25]: 

Ca2+ +  2(OH)−   +   SiO2     →  CSH ……… (1) 

    (Silica)        (Gel) 

Ca2+ +  2(OH)−   +   Al2O3   →  CAH ……… (2) 

                 (Alumina)     (Gel) 

The end result of these reactions is the obtained improved 

soil, containing hardened cement particles and soil particles 

hardened by their pozzolanic reactions with the products of the 

hydration processes [3,17]. 

Pozzolanic reactions also improved the soil by forming CSH 

and CAH (Eq. 1 & 2). The overall chemical composition of 

pozzolan was considered as one of the parameters governing 

long-term performance. The pozzolan reaction is a long-term 

reaction that forms a strong cementation matrix, and this 

process is often irreversible. These formations composed 

hardened cement particles or cemented crystalline structures 

under the hydration process [17].  

Even though there was a hardening of the soil specimen, 

especially in the cathodic area, there was a tendency for the 

water content to increase in the same area, especially in test 2 

which was anomalous, but the increasing water content did not 

reduce the undrained shear strength. This was related to the 

propagation event between the acid front and the alkaline front. 

In this case, the acid face moved faster than the alkaline face 

because the mobility of H+ was found higher compared to the 

mobility of OH− [12,25]. The formation of water is also an 

indication of acid and alkaline propagation [18].  

3.4. Environmental considerations 

The electrokinetic phenomena is not only used for soil 

stabilization but also used for the purpose of remediation of 

contaminated soil. Electrokinetic Remediation (ER) is an 

innovative technique used in environmental technology to 

efficiently remove contaminants from the soil. This method 

utilizes electric current and the principles of electromigration, 

electroosmosis, and electrophoresis to transport charged 

particles in the soil matrix to specified electrodes. ER has 

received great attention due to its potential in remediating 
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various pollutants, including heavy metals, organic 

compounds, and radionuclides [20].  

In the case of electrokinetic soil stabilization, the soil 

stabilizer used is the alkaline earth group, which is the main 

constituent of soil and is also found in soil, such as calcium, or 

aluminum; thus, the use of electrokinetics poses relatively no 

risk to the environment. 

4. Conclusion 

Based on experimental tests undertaken to determine the 

changes in the strength of treated soil, overall strength 

increased by ECI treatment. The strength, however, was 

inhomogeneous, with the greatest increases observed closest to 

the cathode (or cathodic regions). After being treated with 

calcium chloride (anolyte) and sodium carbonate (catholyte) 

under a constant DC-current of 0.04A and a treatment period of 

336 hours, the least amount of increase in test 1 was 127% (at 

3 cm from the anode), and the largest was 454% (at 15 cm from 

the anode). In test 2, after being treated with calcium chloride 

(anolyte) and potassium hydrogen phosphate (catholyte), the 

smallest amount of increase was 100.32% (at 3 cm from the 

anode), and the largest was 494.66% (at 12 cm from the anode). 

Liquid and plastic limits of the soil increased slightly after ECI 

treatment. H+ and OH− ions generated by electrolysis reactions 

result in decreasing and increasing the pH of the anolyte and 

catholyte respectively. The gradient of electric power 

consumption increases exponentially over time; it sharply 

increased in the first 24 hours. The transport mechanism, as 

well as the electro-chemical processing (e.g., electrolysis) that 

was induced by the electric field in ECI, were largely consumed 

of electric power. Finally, the significant increase in soil 

strength using the proposed method was achieved; thus, the 

process can cope with bearing capacity problems in soft fine-

grained soils with low hydraulic conductivity. 
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