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ABSTRACT  

  Electrokinetic (EK) treatment is an innovative, cost-effective in situ ground modification technology. The EK 
treatment uses a combination of low-voltage direct-current, electrodes, and ionic solutions across problematic soil to 
improve the ground conditions. This study aims to model the effect of changing electrode length (le) on the 
performance of the EK treatment on the engineering properties of fine-grained problematic soils. The consideration 
of the changing electrode lengths (le), varying soil depths (ds), and lengthwise anode to cathode distances (dA↔E), in 
the soil block samples, is in the form of the laboratory model test tank. The significant performance of the 
experimental tests was with changing electrode lengths of 0.25le (7.5 cm), 0.50le (15.0 cm), 0.75le (22.5 cm), and 1.0le 

(30.0 cm). The study analyzed the test data obtained from the Atterberg limit and one-dimensional swelling tests at 
different extraction points of the EK treated soils in the test tanks. Furthermore, the study carefully analyzed the effect 
of changing electrode length (le) on the performance of the EK treatment. The results of the Design of Experiment 
(DOE) model analysis revealed that the effect of changing electrode length (le) on the plasticity index (PI), and 
swelling potential (SP) of the EK treated soils, was significant. For a specific soil depth (ds), the electrode lengths (le) 
of 0.50le and 0.75le were significantly effective in reducing the PI, and the SP of the EK treated soils. Unlike other 
studies in the literature, the use of DOE analysis in the present study enabled the detection of the significant input 
factors and their interactive effects on the PI and the SP, thus, enabling the practicing engineers to navigate accurate 
design models for large in situ applications.  

   
Keywords: Design of experiment; Electrode length; Electrokinetic treatment; Plasticity index; Problematic 

soils; Soil depth; Swelling potential. 
 

INTRODUCTION  

 Problematic soils are challenging to geotechnical engineers due to their undesirable properties such as low 
strength, high plasticity, and high-volume instability (Jeyakanthan et al. 2011; Abiola and Nalbantoglu 2016; Azhar 
et al. 2017). The EK treatment is uniquely an innovative chemical soil stabilization technique to mitigate the 
unsatisfactory properties of fine-grained soils using different ionic solutions. It is a simple and cost-time effective 
method (Mosavat et al. 2012; Malekzadeh et al. 2016). It is a non-disturbance method with no detrimental effects to 
foundation structures adjacent to or founded in insitu or exsitu treated soils (Mosavat et al. 2014; Abiola and 
Nalbantoglu 2018; Liu et al. 2018). Many key factors control the optimal performance of the EK treatment of soils. 
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These typically include the appropriate selection of the materials used and the interactive effects of the types and 
concentrations of ionic solutions. Also, they are precisely the electrode types and the arrays, the treatment procedures 
and the specific duration, the potential direction of flow, and the required magnitude of electrical charges (Abdullah 
et al. 2010; Jayasekera, 2015; Liu et al. 2017).  

 
Since interactions of EK materials will produce different effects on the properties of EK treated soils. It is 

essential to examine the most suitable selection of the material types and configurations of a laboratory-scale model 
before large scale in situ applications. Previous studies in the literature examined the performance of EK treatment 
employing the conventional experimental methods to evaluate the outcome of the preliminary results (Liaki et al. 
2010; Jeyakanthan et al. 2011; Gingine and Shah 2013; Mosavat et al. 2013; Moayedi et al. 2014a; Moayedi et al. 
2014b; Askin et al. 2016; Feijoo et al. 2017a; Mohanty et al. 2017; Mu’azu et al. 2017; Alrubaye et al. 2018; Azhar 
et al. 2018). Such traditional EK treatment methods can only evaluate the effect of each input factor with no keen 
interactions with other input factors.  

 
The conventional method could not establish a significant effect among the selected independent factors to 

navigate accurate design models for large scale in situ applications (Bezerra et al. 2008; Myers et al. 2009; 
Mohammed et al. 2013; Feijoo et al. 2017b). There is a need for the selection of suitable input factors to monitor, 
analyze, and examine robust design models for effective application for soil improvement (Anderson and Whitcomb 
2005).  

 
Although vast EK treatment of soils has proven to be effective to stabilize the plasticity and swelling potential 

of problematic soils (Wu et al. 2016; Panjaitan and Andi, 2017; Malekzadeh and Sivakugan, 2017), a few studies 
(Rittirong et al. 2008; Cho et al. 2012; Askin and Turer, 2016) have considered the effect of ionic solutions with 
changing electrode length (le), soil depth (ds), and anode to cathode distance (dA↔E). The present study aims to 
establish the significant electrode length (le) dimension required to achieve better plasticity index (PI) and swelling 
potential (SP) in the EK treated soils. In the present study, the tests were performed with the input factors: changing 
electrode lengths (le), soil depths (ds), and anode to cathode distances (dA↔E) and were analyzed for their interaction 
effect.  

 
The interaction effects between the specified input factors were examined using a statistical software program, 

Design-Expert version 11.0, Stat-Ease, Inc. using a response surface methodology, RSM. The RSM in the design of 
experiment (DOE) critically evaluated if the selected input factors were significant and established a relationship 
suitable to achieve better soil improvement for EK treated soils. Also, the use of ANOVA analyses, interactive RSM 
plots, and predictive models helped evaluate the significant factors influencing the response by varying the input 
factors simultaneously. In this study, key factors such as ionic solution concentration, temperature, and voltage 
gradient were kept constant during the EK treatment of soil. The selected input factors were coded in the software 
program at a low, medium, and high level, to observe their effects on the responses after the EK treatment of soil. 
The analyses of the input factors influencing the performance of the EK treatment aim to formulate the relationship 
between the input factors and the targeted soil properties, so that suitable electrode dimensions for EK treatment of 
the given soil could be established. These analyses are vital to reduce the cost and time and effectively improve the 
quality of the performance of EK treatment of soil along the depths and the lengthwise distances in problematic soils.  

 

EXPERIMENTAL MATERIALS  

Soil  

The soil used in the present study has a plastic limit (PI) of 33%, and a liquid limit (LL) of 60%. The plasticity 
index (PI) of the soil is 27%. According to the unified soil classification system (USCS), the soil was classified as a 
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highly plastic silty clay. Based on Peck et al. (1974), the soil with a plasticity index between 20% to 55% was 
considered to have a high swelling potential. Table 1 gives the index properties of the soil used in the study. The soil 
block dimension was 40 cm x 15 cm x 30 cm for the length, width, and height, respectively.  

 
 

Table 1. Physical and index properties of the soil blocks.  
  

Soil index properties  Values  

Clay size fraction, < 0.002 mm (%)a  61  

Silt size fraction, 0.002 – 0.074 mm (%)a  36  

Sand size fraction, > 0.074 mm (%)a  3  

Specific gravity, Gsb  2.75  

Liquid limit, LL (%)c  60  

Plastic limit, PL (%)c  33  

Plasticity index, PI (%)c  27  

Swelling potential, SP (%)d  1.62  

Bulk density of the soil, ρb (g/cm3)  1.94  

Water content of the soil, w (%)  48  

Unified soil classification systeme  CH  

aAccording to ASTM (1998) D422, bAccording to ASTM (2006) D854. cAccording to ASTM 
(2000a) D4318, dAccording to ASTM D 4546. eAccording to ASTM (2000b) D2487-00 

(Unified Soil Classification System).  

  

 Ionic Solutions  

The selected ionic solutions were calcium chloride dihydrate (CaCl2.2H2O) and sodium carbonate anhydrous 
(Na2CO3). They are nontoxic, noncorrosive, and highly soluble in water. They are inexpensive and environmentally 
safe. Table 2 presents the chemical and physical properties of the ionic solutions used in the present study.  
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experiment (DOE) critically evaluated if the selected input factors were significant and established a relationship 
suitable to achieve better soil improvement for EK treated soils. Also, the use of ANOVA analyses, interactive RSM 
plots, and predictive models helped evaluate the significant factors influencing the response by varying the input 
factors simultaneously. In this study, key factors such as ionic solution concentration, temperature, and voltage 
gradient were kept constant during the EK treatment of soil. The selected input factors were coded in the software 
program at a low, medium, and high level, to observe their effects on the responses after the EK treatment of soil. 
The analyses of the input factors influencing the performance of the EK treatment aim to formulate the relationship 
between the input factors and the targeted soil properties, so that suitable electrode dimensions for EK treatment of 
the given soil could be established. These analyses are vital to reduce the cost and time and effectively improve the 
quality of the performance of EK treatment of soil along the depths and the lengthwise distances in problematic soils.  

 

EXPERIMENTAL MATERIALS  

Soil  

The soil used in the present study has a plastic limit (PI) of 33%, and a liquid limit (LL) of 60%. The plasticity 
index (PI) of the soil is 27%. According to the unified soil classification system (USCS), the soil was classified as a 
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Table 2. Chemical and physical properties of the electrolytes.  
  

  

Test Tank  

Figure 1 shows the schematic diagram of the properly sealed, transparent test tank used in the study. It is made 
up of glass sheets having a thickness of 5 mm with given dimensions.   

 

 
 

Figure 1. Schematic diagram of the electrokinetic test tank setup.  

Properties  Calcium Chloride at 
1.0 M  

Sodium Carbonate at 
1.0 M  Deionized water  

Molecular formula  CaCl2.2H2O  Na2CO3  H2O  

Molar mass, g/mol  110.98  105.99  18.02  

Density, g/cm3 at 20 °C  1.85  2.15  1.00  

Toxicity  Non-corrosive  Non-corrosive  Non-toxic  

pH  8.65  11.75  7.00  

Electrical conductivity, Ec (S/m)  10.87  18.58  0.055  

Solubility in water, s (g/L) at 20oC  147.10  105.99  ---  
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The glass tank is nonconductive to avoid electrocution (short-circuiting). Its transparency makes it easy to 
monitor the level of water or ionic solutions in their chambers, fluid leakage, electroosmotic flow, and changes in the 
physicochemical properties of the EK treated soils.  

 
Electrodes  

The aluminum and mild-steel served as the anode and cathode plates, respectively. The electrodes used have 
dimensions of 0.15 cm, 15 cm, and 30 cm in thickness, width, and height, respectively. The electrode plates were 
perforated to ease the flow of ionic solutions from their chambers into the soil blocks during the EK treatment of soil. 
Figure 2 shows four different dimensions of electrode lengths (le) of 7.5 cm (0.25le), 15 cm (0.50le), 22.5 cm (0.75le), 
and 30 cm (1.0le) used in the test tanks along the soil depths (ds), and anode to cathode distances (dA↔E).  

  

 
	
     40  

  
Figure 2. Cross-sectional view of the rectangular test tank setup.  

  

Power Supply Device  

An adjustable, power supply device of 30 V direct current DC was connected to the electrode plates in parallel 
arrays.  

   

EXPERIMENTAL SETUP  

Figure 1 presents the schematic diagram of the EK treatment setup. It is made up of a rectangular glass tank, 30 
V power supply device, ionic solution chambers, and conductive perforated, rectangular electrode plates. Four test 
setups having different electrode lengths (le) were designed and used in this study. The full dimension of the electrode 
length, le was shown in Figure 2. All the EK treatments were performed on soil samples at the in situ density and 
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water content values given in Table 1. The walls of the test tanks were lubricated before placing the soil blocks in the 
test tanks. The soil blocks were tight-fitted inside the center chamber of the test tanks to prevent leakage of ionic 
solutions. The ionic solutions of CaCl2 and Na2CO3 were applied at the anode and cathode chambers of the test tanks, 
respectively. The filtering system was used to prevent the movement of soil fines from the soil block chamber into 
the ionic solution chambers. After the test setup, 1 V/m was applied across the soil block for 28 days of EK treatment. 
At the end of the EK treatment, the soil specimens were extracted from the EK treated soils in the test tank locations 
indicated in Figure 2. The Atterberg limit tests and one-dimensional swelling were performed on the treated soils. 
The PI and the SP data obtained were analyzed and evaluated using the design of experiment (DOE) of the software 
program.  

 

METHODOLOGY  

 The effects of ionic solutions on the EK treated soils under changing electrode lengths (le), varying soil depths 
(ds), and lengthwise anode to cathode distances (dA↔E) were considered. Though the soil depth (ds) and the anode to 
cathode distances (dA↔E) were predetermined and fixed as shown in Figure 2, the length of the electrode was 
changing, and the effect of the electrode length (le) at the predetermined points was investigated. The variation in the 
PI and SP values of the EK treated soils at these points was studied. The locations of extraction for PI determination 
were considered at points A, B, C, D, and E. Also, points A, C and E were selected in the SP determination of the 
EK treated soils. After that, the extracted EK treated soils were subjected to the Atterberg limit tests and one-
dimensional swelling tests according to ASTM D D4318 and ASTM D 4546, respectively. The data obtained from 
the PI and SP values were then subjected to advance statistical modeling for evaluating the most appropriate electrode 
length configurations to achieve the most effective performance for EK treatment. Modeling and analysis of the 
experimental results were conducted by response surface methodology (RSM), which was the combination of 
statistical and mathematical techniques useful for displaying and analyzing different variables (Montgomery et al. 
2009). Table 3 presents the factors and their corresponding low, intermediate, and high-level ranges. Tables 4 and 5 
show the number of the experimental test runs obtained from the test setup at different electrode lengths, le during 
the 28 days EK treatment duration. An average of three specimens was used to produce each outcome. The estimation 
of the adequacy of models was realizable by using analysis of variance (ANOVA), which showed the quality of 
selected models. The effect of the 28 days EK treatment performance on the PI and SP values of the EK treated soils 
were examined and analyzed for the electrode lengths (le), soil depths (ds), and anode to cathode distances (dA↔E).  

   
Table 3. Factors and their levels using the response surface methodology.  

  
 

Name  Symbols  Levels of Factors (cm)  
 

Electrode length (le) X1  5  15  25  

Soil depth (ds) X2  7.5  15  30  

Lateral anode to 
cathode distances 

(dA↔E) 
X3  5  15  25  
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Design of Experiments (DOE)  

In this study, small-scale laboratory pilot tests have been designed to investigate the effect of EK treatment on 
the PI and SP values of the given soil. The obtained data were used in the mathematical method of design of 
experiment (DOE) to analyze the interaction effect of the changing electrode lengths (le), soil depths (ds), and anode 
to cathode distances (dA↔E).  

 
DOE is an advanced statistical, mathematical method to develop the interactive relationship between a few 

defined variables. DOE produces a large amount of informative and interpretative parameters from a few numbers of 
experimental data. The variables were individually useful in the output of the process with the minimum number of 
experiments. DOE method includes but is not limited to 2-Factorial design, 2FD, Multilevel Categoric design,  

MCD and response surface methodology, RSM (Montgomery, 2017).  
 

Response Surface Methodology, RSM  

The modeling of results was performed by using response surface methodology (RSM). RSM examines the 
simultaneous interactive effect of input factors to achieve an optimum response, which is not achievable using 
conventional experimental methods (Kamani et al. 2018). The RSM design models include the linear, mean, 2-factor 
interaction, 2FI, quadratic, cubic, quartic, fifth, and sixth equations (Croarkin et al. 2006; Kaur et al. 2012). RSM was 
used to evaluate the effect of the input factors: the changing electrode length (le), soil depth (ds), and anode to cathode 
distance (dA↔E) on the responses: the PI and SP values of the EK treated soils. The obtained experimental PI and SP 
data were analyzed using the quadratic and 2FI models to examine the significance and interactive effects of the input 
factors on the output of responses.  

 

RESULTS AND DISCUSSION  

The performance of the EK treatment at different electrode lengths (le), soil depths (ds), and anode to cathode 
distances (dA↔E) was examined. Based on the findings, the changing electrode lengths (le) had some remarkable 
effects on the EK treated soils at different soil depths (ds), and lateral anode to cathode distances (dA↔E) directions. 
Thus, depending on the target soil depth (ds), the suitable electrode length (le) can be accurately modeled, designed, 
and configured to efficiently improve or stabilize the problematic soils using an RSM of the DOE.  

 
Analytical Interpretation of PI and SP Data  

Table 4 presents the plasticity index, PI values of the EK treated soils at different electrode lengths (le), soil 
depths (ds), and anode to cathode distances (dA↔E). In the present study, the obtained PI and SP values of the EK 
treated soils with changing electrode length (le) and at different soil depths (ds) measured at different points A, B, C, 
D, and E, shown in Figure 2 along lengthwise anode to cathode distances (dA↔E) were examined and analyzed.  

 
At points A and E, the effects of 1.0le (full length of the electrode = 30cm) and 0.75le on the EK treated soils 

were similar, and the effects of 0.25le and 0.50le were also roughly identical to each other. The efficiency of the EK 
treatment was in the order of 1.0le > 0.75le > 0.50le > 0.25le along with the soil depth, ds. The EK treatment is effective 
on the EK treated soils at points A and E due to proximity to the chambers housing the ionic solutions and the 
electrode plates.  
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Table 4. Plasticity index (PI) values of EK treated soils at different le, ds, and dA↔E.  
  

At points B and D, the effects of the changing electrode lengths (le) on the PI values of the EK treated soils at 
different soil depths (ds) were less effective when compared to those at points A and E. The efficiency of varying 
electrode lengths (le) was reduced due to an increasing distance from the anode/ionic solution chamber. Thus, at 
points B and D, the efficacy of the EK treatment of soils was in the order of 1.0le ≈ 0.75le > 0.50le ≈ 0.25le along with 
the soil depth (ds). At point C, the effects of the changing electrode lengths (le) on PI values of the EK treated soils at 
different soil depths (ds) showed that the efficiency of changing electrode lengths (le) was significantly reduced due 
to a distance from the ionic solution chambers. Hence, at point C, the efficacy of the EK treatment was in the order 
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of 1.0le ≈ 0.75le ≈ 0.50le ≈ 0.25le along with the soil depth (ds) direction. The least performance of EK treatment was 
recorded at point C due to the distance to both the anode and cathode ends, and the ionic solutions’ chambers.  

 
Table 5. Swelling potential (SP) values of EK treated soils at different le, ds, and dA↔E.  

  

 
Table 5 presents the swelling potential (SP) values at different electrode lengths (le), soil depths (ds), and lateral 

anode to cathode distances (dA↔E). At point E, the effects of electrode lengths 1.0le and 0.75le were similar but more 
significant than the effects of 0.25le and 0.50le, and high-performance efficiency was observed, due to proximity to 
the ionic solution cells.  

 
For the SP of the EK treated soils, at points A and E, the effects of changing electrode length (le) at different soil 

depths (ds) can be observed to decrease along the soil depths (ds). In general terms, for the PI and the SP of the EK 
treated soils, the efficiency of electrode length (le) was in the order of 1.0le > 0.75le > 0.50le > 0.25le. Thus, it was 
observed that the experimental results depend on the surface area contact of the electrode plates with the EK treated 
soils. Also, with the proximity and the electroosmotic driving flow of ionic solutions along with both the soil depth 
(ds) and lateral anode to cathode distance (dA↔E) directions.  

 
 

Critical Points, CP for PI and SP Data  

Tables 4 and 5 present the experimental data of the PI, and the SP of the EK treated soils. The critical points 
(Cp) were defined at the predetermined locations of soil extraction in the test tanks for given input factors. The Cp is 

Lateral anode to cathode distances (dA↔E)  
 (cm) 

Soil depth (ds)  
(cm) 

Electrode length (le) 
(cm) 

7.5 15.0 22.5 30.0 
Swell potential (SP)  

(%) 
Natural soil - 1.20 1.62 1.62 1.62 

Point A (5 cm distance from the anode) 

5 cm 1.33 0.95 0.85 0.73 
10 cm 1.48 0.97 0.89 0.68 
15 cm 1.48 1.14 0.99 0.62 
20 cm 1.46 1.16 1.13 0.62 
25 cm 1.49 1.37 1.16 0.55 

Point C (15 cm distance from the anode) 

5 cm 1.51 1.45 1.38 1.37 
10 cm 1.58 1.45 1.36 1.35 
15 cm 1.57 1.44 1.36 1.32 
20 cm 1.59 1.43 1.35 1.29 
25 cm 1.51 1.43 1.34 1.25 

Point E (25 cm distance from the anode) 

5 cm 1.31 1.05 0.98 0.87 
10 cm 1.58 1.07 1.02 0.95 
15 cm 1.57 1.24 1.05 1.02 
20 cm 1.59 1.33 1.08 1.05 
25 cm 1.61 1.57 1.24 1.05 

*circle represents the critical point (Cp) 

	
  

Table 4. Plasticity index (PI) values of EK treated soils at different le, ds, and dA↔E.  
  

At points B and D, the effects of the changing electrode lengths (le) on the PI values of the EK treated soils at 
different soil depths (ds) were less effective when compared to those at points A and E. The efficiency of varying 
electrode lengths (le) was reduced due to an increasing distance from the anode/ionic solution chamber. Thus, at 
points B and D, the efficacy of the EK treatment of soils was in the order of 1.0le ≈ 0.75le > 0.50le ≈ 0.25le along with 
the soil depth (ds). At point C, the effects of the changing electrode lengths (le) on PI values of the EK treated soils at 
different soil depths (ds) showed that the efficiency of changing electrode lengths (le) was significantly reduced due 
to a distance from the ionic solution chambers. Hence, at point C, the efficacy of the EK treatment was in the order 
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the least active region where the obtained data of the PI values in the EK treated soils were close to the PI values of 
the natural in situ soil, as shown in Tables 4 and 5 by the circle symbol. The Cp was used to analyze the effect of 
experimental factors on the PI, and the SP of the EK treated soils. Furthermore, the Cp was used as a reference point 
in the response surface methodology (RSM) to examine the most significant input factors, and their interactive effects 
at the critical engineering condition on the PI and the SP values of the EK treated soils. The significant input factors 
at the Cp may be deemed suitable and enable geotechnical engineers to navigate a design space for the large scale in 
situ application of ground improvement. The Cp for the PI and the SP values of the EK treated soils at different 
electrode lengths (le), soil depths (ds), and lateral anode to cathode distances (dA↔E) was given in the relationships 
below as  

 
ds versus dA↔E at critical electrode length (le) of 15 cm;  
le versus dA↔E at critical soil depth (ds) of 15 cm; ds 
versus le at critical lateral distances (dA↔E) of 15 cm.  

 

STATISTICAL INTERPRETATIONS OF INPUT FACTORS  

In this study, the RSM generated the analysis of variance (ANOVA) and the predictive model parameters, which 
were used to determine the interactive effects of the input factors and responses. The ANOVA determined the 
adequacy of the selected model terms. The 2FI and quadratic models were considered to determine the precise 
predictive model; and the significant factors for the responses. The probability p-values ≤ 0.05 < P < 0.10 indicates 
the model term is significant. The values p > 0.10 indicate the model term is not significant. The fit statistic shows a 
reasonable agreement when the R2 is high, and the adjusted R2 minus predicted R2 is ≤ 0.2 (Wang et al. 2008). The 
R2 determines the quality of the predictive model by the deviation of the variables. The adequate precision measures 
the signal to noise ratio. According to Myers and Montgomery (1995), an adequate precision ratio > 4 is more 
desirable in the ANOVA analysis. Montgomery (2017) stated that the F-value is high, and an insignificant percent 
chance that the large F-value could occur due to noise indicates that the model is statistically significant.  

 
Table 6. ANOVA for PI of EK treated soils at changing le at different ds and dA↔E.  

  
Sum of 

Source Squares df Mean Square F-value p-value  

Model  335.92  9 37.32  44.79  < 0.0001  significant 

X1: Electrode length (le)  137.64  1 137.64  165.18  < 0.0001  significant 

X2: Soil depth (ds)  0.2160  1 0.2160  0.2592  0.6119   

X3: Anode to cathode distance (dA↔E)       6.02  1 6.02  7.22  0.0086  significant 
X1X2              6.56  1 6.56  7.87  0.0061  significant 
X1X3              0.4000  1 0.4000  0.4801  0.4902   
X2X3              1.56  1 1.56  1.88  0.1743   
X1²              13.69  1 13.69  16.43  0.0001  significant 
X2²              0.0893  1 0.0893  0.1072  0.7442   
X3²              126.23  1 126.23  151.49  < 0.0001  significant 

Residual              74.99  90 0.8332        

Cor Total              410.91  99         
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 Statistical Interpretations of PI Data  

Table 6 presents the ANOVA analysis for the PI values obtained from the EK treated soils. The probability, p-
value less than 0.05, indicated that the factors, X1, electrode length (le), X3, lateral anode to cathode distances (dA↔E), 
and X1, electrode length (le) and X2, soil depth (ds) combination were significant model terms. The PI values changed 
significantly along the fixed factor X2: soil depth (ds), which on its own was not a considerable model term.  

In this case, X1, X3, X1X2, X1
², X3

² were substantial model terms and had a considerable effect on the PI values 
of the EK treated soils. The input and interactive effect of factors X2, X1X3, and X2X3 model terms were negligible 
on the PI of the EK treated soils. The model F-value = 44.79 of the ANOVA analysis implied that the model term 
was significant. Figure 3a presents the predicted PI versus actual PI values. The actual R² value, predicted R² value, 
and adjusted R² were 0.8175, 0.7992, and 0.7783, respectively. The high actual R², the predicted R², and the adjusted 
R² values indicated strong agreement between the experimental and the model values obtained. The adequate 
precision ratio of 26.81 was > 4 showed an appropriate signal.  
 

Statistical Interpretations of SP Data  

Table 7 presents the ANOVA analysis for the SP values of the EK treated soils. The obtained probability, a p-
value < 0.05, showed that the factors, X1: electrode length (le), X2: soil depth (ds), and X3: lateral anode to cathode 
distances (dA↔E) were significant model terms.  

 
Table 7. ANOVA for SP of EK treated soils at changing le at different ds and dA↔E.  

  

Sum of 
Source Squares 

df Mean Square F-value p-value   

Model  3.01  6      0.5019  58.26  < 0.0001  significant 

X1: Electrode length (le)  2.06  1      2.06  239.60  < 0.0001  significant 

X2: Soil depth (ds)  0.4947  1      0.4947  57.41  < 0.0001  significant 

X3: Anode to cathode distance (dA↔E)  0.1814  1      0.1814  21.05  < 0.0001  significant 

X1X2                   0.0041  1      0.0041  0.4758  0.4951    

X1X3                   0.0464  1      0.0464  5.38  0.0267  significant 

X2X3                   0.0009  1      0.0009  0.1058  0.7471    

Residual                   0.2843  33      0.0086        

Cor Total                   3.30  39         

 
Also, it showed that the interactive effect between the X1, electrode length (le), and X3, lateral anode to cathode 

distances (dA↔E) combination was a significant model term.   
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the model term is significant. The values p > 0.10 indicate the model term is not significant. The fit statistic shows a 
reasonable agreement when the R2 is high, and the adjusted R2 minus predicted R2 is ≤ 0.2 (Wang et al. 2008). The 
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the signal to noise ratio. According to Myers and Montgomery (1995), an adequate precision ratio > 4 is more 
desirable in the ANOVA analysis. Montgomery (2017) stated that the F-value is high, and an insignificant percent 
chance that the large F-value could occur due to noise indicates that the model is statistically significant.  
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                             (b)  

 
Figure 3. Predictive model for (a) plasticity index, PI (b) swelling potential, SP of the EK treated soils.  
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In this case, X1, X2, X3, X1X3 were significant model terms, having a considerable effect on the SP response. 
Values greater than 0.10 indicated that the model terms were not significant. The interactive effect of factors X1X2 
and X2X3 model terms were negligible on the EK treated soils. The model F-value is 58.26, and it shows that the 
model term was significant, given in the predictive model for the SP values (Figure 3b). The actual R² value was 
0.9137. The predicted R² value and the adjusted R² were 0.8980 and 0.8782, respectively; and their difference was < 
0.2. The high actual R², the predicted R², and the adjusted R² values indicated a strong agreement between the 
experimental and model values. The adequate precision ratio of 29.01 > 4 showed a fit signal.  

 
Effects of Electrode Length, le Versus Soil Depth, ds on PI  

Figure 4 presents the response surface plots for electrode length (le), and soil depth (ds), to examine their 
significant effects on PI values of the EK treated soils.   

 

 
  

Figure 4. Effects of electrode length, le versus soil depth, ds on plasticity index, PI of EK treated soils.  
  

It was observed that EK treated soils exhibited their lowest PI values at the higher electrode length (le), and the 
highest PI values at the shortest electrode length along with the changing deeper soil layers. At the Cp of the soil, the 
effects of the different electrode lengths, 1.0le, 0.75le, and 0.50le, were significant for the total soil depth (ds) of 30 
cm, whereas the effect of 0.25le was not significant for the entire soil depth (ds). An indication that the performance 
of the EK treatment of soils depends on the surface area contact of the electrodes, their interaction with the ionic 
solutions, and their potential to discharge electrical energy along the soil depth (ds).   

 
The observation was that the changing electrode length (le) significantly affected the performance of the EK 

treated soils. The changing electrode length (le) aided changes in the clay-ionic solutions reactions, thus altering the 
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Figure 3. Predictive model for (a) plasticity index, PI (b) swelling potential, SP of the EK treated soils.  

  



48 Performance of electrokinetic treatment of fine-grained problematic soils 

PI values of the EK treated soils. In terms of electrode length (le) to soil depth (ds) ratio; the 0.50le and 0.75le were 
suitable enough to achieve significant performance on the EK treatment for the targeted soil depth (ds).  

 
Effects of Electrode Length, le Versus Lateral Anode to Cathode Distances, DA↔E on PI  

Figure 5 presents the response surface model and interactive effect plots between the electrode length (le), and 
anode to cathode distances (dA↔E) to examine their effects on PI values of the EK treated soils. The EK treated soils 
were observed to display their lowest PI values at the higher electrode length (le), especially at the points of extraction 
with the closest proximity to the anode and cathode plates in the ionic solution chambers.   

 
The changing electrode length (le) had a significant effect on PI values of the EK treated soil along the lengthwise 

anode to cathode distances (dA↔E) at the selected critical point (Cp) for soil depth (ds), 15 cm. It was observed that at 
higher electrode length (le) the EK treated soils exhibited their lowest PI values at the anode to cathode distances 
(dA↔E) at the points A and E in both the lateral and the depth directions. An indication that the performance and 
effectiveness of the EK treatment depend on the surface area and proximity of the electrodes. The longer the electrode 
length (le) the higher the surface area it covers within a soil system, thus the higher the clay-ionic solution reactions, 
alteration of the soil chemistry, and effective improvement of the EK treated soils. The response surface plots 
indicated that the PI values were lowest at higher electrode length (le) and the points A and E, the anodic and cathodic 
ends, respectively.  

 

 

  
Figure 5. Effects electrode length, le versus anode to cathode distances, dA↔E on plasticity index, PI of EK 

treated soils.  
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Effects of Soil Depth, ds Versus Anode to Cathode Distances, dA↔E on PI  

Figure 6 presents the response surface plots to ascertain how significant the ionic solutions were effectively 
changing the PI values of the EK treated soils along soil depth (ds), and lateral anode to cathode distances (dA↔E).   

The performance of EK treatment is more active along the anode to cathode distances  
 
(dA↔E) when compared with the corresponding soil depths (ds) at the same points of extraction. It was observed 

that the EK-treated soils exhibited a significant reduction of PI values at points A and E in both the lateral and depth 
directions. The nearer the proximity, the higher the clay-ionic solutions reactions, altered the soil chemistry, and 
improved the treated soils effectively. The response surface plots indicated that the PI values in the EK treated soils 
were at the lowest, near to the anodic and cathodic ends, but the PI values were high at the critical point (Cp).  

 

 

	
   
Figure 6. Effects soil depth, ds versus anode to cathode distances, dA↔E on plasticity index, PI of EK treated 

soils.  
	
   

Effects of Electrode Length, le Versus Soil Depth, ds on SP  

It was observed in the response surface plots that the changes in electrode length (le) caused ionic solutions to 
have different changing effects on the SP values of the EK treated soils along different soil depths (ds) (Figure 7).   

The critical point (Cp) for the lateral anode to cathode distances (dA↔E) at points A and E was taken to be 15 cm 
mid-point. It was observed that high electrode length (le) had caused a significant reduction in the SP at the deeper 
soil layer, while short electrode length (le)  had little reduction effect on SP at the deeper soil layer. The changing 
electrode length (le) has a significant performance on the SP of the EK treated soils along different soil depths (ds).  

PI values of the EK treated soils. In terms of electrode length (le) to soil depth (ds) ratio; the 0.50le and 0.75le were 
suitable enough to achieve significant performance on the EK treatment for the targeted soil depth (ds).  

 
Effects of Electrode Length, le Versus Lateral Anode to Cathode Distances, DA↔E on PI  

Figure 5 presents the response surface model and interactive effect plots between the electrode length (le), and 
anode to cathode distances (dA↔E) to examine their effects on PI values of the EK treated soils. The EK treated soils 
were observed to display their lowest PI values at the higher electrode length (le), especially at the points of extraction 
with the closest proximity to the anode and cathode plates in the ionic solution chambers.   

 
The changing electrode length (le) had a significant effect on PI values of the EK treated soil along the lengthwise 

anode to cathode distances (dA↔E) at the selected critical point (Cp) for soil depth (ds), 15 cm. It was observed that at 
higher electrode length (le) the EK treated soils exhibited their lowest PI values at the anode to cathode distances 
(dA↔E) at the points A and E in both the lateral and the depth directions. An indication that the performance and 
effectiveness of the EK treatment depend on the surface area and proximity of the electrodes. The longer the electrode 
length (le) the higher the surface area it covers within a soil system, thus the higher the clay-ionic solution reactions, 
alteration of the soil chemistry, and effective improvement of the EK treated soils. The response surface plots 
indicated that the PI values were lowest at higher electrode length (le) and the points A and E, the anodic and cathodic 
ends, respectively.  

 

 

  
Figure 5. Effects electrode length, le versus anode to cathode distances, dA↔E on plasticity index, PI of EK 

treated soils.  
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Figure 7. Effects of electrode length, le versus soil depth, ds on swelling potential, SP of EK treated soils.	
  	
  
 
The considerable reduction in the SP values along the soil depth (ds) conforms to the PI analysis of the EK 

treated soils at similar points of extraction. The observation was that the ionic solutions became effective, interacting 
with a longer electrode length (le), discharging high potential electrical energy gradient along with their flow of 
direction.  
 

Effects of Electrode Length, le Versus Lateral Anode to Cathode Distances, dA↔E on SP  

Figure 8 presents the response surface plots of electrode length (le) versus anode to cathode distances (dA↔E). 
The changes in electrode length (le) had a significant reduction in SP values of the EK treated soils. The high electrode 
length (le) had a significant reduction effect on SP, while the low electrode length (le) had little effect on the SP values 
of the EK treated soils at the critical point (Cp) of soil depth (ds), 15 cm. The lateral flow of the ionic solutions along 
anode to cathode distances (dA↔E), specifically at points A and E, at the anode to cathode ends, respectively, 
significantly altered the SP values at those points.  
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Figure 8. Effects of electrode length, le versus anode to cathode distances, dA↔E on swelling potential, SP of EK 

treated soils.  
 

Effects of Soil Depth, ds Versus Anode to Cathode Distances, dA↔E on SP  

Figure 9 presents the soil depth (ds) correlation with the anode to cathode distances (dA↔E), specifically at points 
A and E, at the anode to cathode ends, respectively. To define the effect of the changing in the electrode length (le), 
which showed that the SP values of the EK treated soils had a significant reduction at points of extraction of A and 
E, but less reduction at C.  

 

BUILDING SP AND PI FORMULAS  

The following equations for the PI and SP values of the EK treated soils were obtained through statistical 
analysis using the Stat-Ease software program. The equations were developed to build a relationship between the PI 
and SP values with the selected input factors, the electrode length (le), soil depth (ds), and anode to cathode distances 
(dA↔E).  

 
PI = 23.29 + 0.043ds - 0.38le + 0.6765dA↔E - 0.0057ds*le + 0.0025ds*dA↔E - 0.0011le*dA↔E + 0.00089ds² + 

0.008le² - 0.022dA↔E² (1)  
SP = 1.99 - 0.024le - 0.021ds - 0.0023dA↔E + 0.00017le*ds - 0.00041le*dA↔E + 000068ds*dA↔E   (2)  

 

	
   
Figure 7. Effects of electrode length, le versus soil depth, ds on swelling potential, SP of EK treated soils.	
  	
  
 
The considerable reduction in the SP values along the soil depth (ds) conforms to the PI analysis of the EK 

treated soils at similar points of extraction. The observation was that the ionic solutions became effective, interacting 
with a longer electrode length (le), discharging high potential electrical energy gradient along with their flow of 
direction.  
 

Effects of Electrode Length, le Versus Lateral Anode to Cathode Distances, dA↔E on SP  

Figure 8 presents the response surface plots of electrode length (le) versus anode to cathode distances (dA↔E). 
The changes in electrode length (le) had a significant reduction in SP values of the EK treated soils. The high electrode 
length (le) had a significant reduction effect on SP, while the low electrode length (le) had little effect on the SP values 
of the EK treated soils at the critical point (Cp) of soil depth (ds), 15 cm. The lateral flow of the ionic solutions along 
anode to cathode distances (dA↔E), specifically at points A and E, at the anode to cathode ends, respectively, 
significantly altered the SP values at those points.  
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Figure 9. Effects soil depth, ds versus anode to cathode distances, dA↔E on swelling potential,  

SP of EK treated soils.	
   
  
Thus, obtaining such equations can be used to estimate the required electrode length (le) for a given soil depth 

(ds), and anode to cathode distances (dA↔E) to achieve specific PI and SP values in the EK treatment for a wide range 
of problematic soils in large field applications.  

 

CONCLUSION 

The design of an experiment to examine the significant effects of changing electrode length (le) on the 
determined PI and SP values of the EK treated soils along with the soil depth (ds) and lateral anode to cathode 
distances (dA↔E) has been proposed in this study.  

 
It was observed that the changing electrode length (le) had a significant effect on the performance of the EK 

treatment of the soils. The changing electrode lengths (le) altered the plasticity index (PI) and swelling potential (SP) 
values of the EK treated soils along the soil depths (ds) and the lateral anode to cathode distances (dA↔E).  

The longer electrode length (le) with large surface area contact within the ionic solutions chambers provided a 
better reduction in the PI and SP values of the EK treated soils.  

 
The efficiency of the changing electrode lengths (le) during the EK treatment was in the order of 1.0le > 0.75le > 

0.5le > 0.25le along with the soil depth (ds) and lateral anode to cathode distances (dA↔E) for the PI and the SP values 
of the EK treated soils.   
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The efficiency of EK treatment at different points of soil extraction was in the order of A ≈ E > B ≈ D > C for 
the PI values, and A ≈ E > C for the SP values of the EK treated soils.   

 
In this study, the changing electrode lengths of 0.5le and 0.75le	
  were suitable to improve specific soil depths 

during the EK treatment of soil.  
 
Statistical equations were developed to estimate the sufficient electrode length (le) suitable for specific soil 

depths (ds), and lateral anode to cathode distances for the problematic fine-grained soil used in this study.   
 
The equations showed that the changing electrode length (le) was a significant factor that can be used to navigate 

design models for large-scale geotechnical in situ applications of EK treatment to improve a wide range of 
problematic soils.  
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