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Abstract 

Organic soils are a continuing challenge to civil engineers, as they are subject to 

settlements, negatively impacting on civil engineering infrastructure. To improve the in situ 

properties of these, chemical soil stabilisers (e.g. cement or lime) can be commonly used. 

Although successful in minimising severe damage, these stabilisers may have environmental 

side-effects (e.g. cement and lime production is linked to 7%–8% of overall CO2 emissions). 

Therefore, the development of innovative, superior, cost-effective and overall more 

sustainable soil improvement techniques is a field of ongoing research effort. In this context, 

this paper studies the electrokinetic (EK) biocementation of a problematic soft organic soil of 

the UK railway network using indigenous ureolytic bacteria. The paper focuses on aspects 

relevant for the effective implementation of treatments, namely the effect of degree of 

saturation of the soil and different ways of treatment implementation. The results in terms of 

unconfined compressive strength and CaCO3 content, proved the feasibility of EK 

biocementation using an indigenous microorganism, either premixed with the soil or injected 

electrokinetically. Higher strength gains were recorded for degrees of saturation in the region 

of 85%–95%. Strength gains and increased CaCO3 contents compared to the control 

samples were also noted when treatment duration was halved to one week although 

strengths increased further by 13–17% after a two-week treatment. Overall, the study gives 

promise for the applicability of the EK-biocementation technique under existing 

infrastructure. Further optimisation of the treatment variables and refinement of the 

implementation details could enhance the efficiency of the process.  
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1 INTRODUCTION 

Growing urbanisation worldwide leads increasingly to construction on inferior ground in 

urbanised areas; at the same time the growing population in urban centres will require new 

infrastructure based on complex engineering with little tolerance for error (e.g. high rise 

buildings, deep basements in urban areas, high-speed trains). Existing infrastructure 

facilities will also need to be upgraded to meet future needs and changing environmental 

loads due to climate change. These include ageing transport earthworks in many European 

countries (some built as early as in the mid-19th century) which were poorly constructed if 

viewed by modern engineering standards. They are thus suffering from serviceability 

problems or failures and need continuing and costly maintenance/remediation works. This is 

becoming a major constraint for railway owners and operators, especially in view of the 

increased risk of hazards posed by climate change.  

Current government strategies in Europe and worldwide, require infrastructure to be 

provided in an economical and environmentally responsible manner, reducing material use, 

embedded carbon and other impacts on the natural environment and ecosystems. In this 

context improving rather than replacing and landfilling inferior for construction soils is 

becoming critically important in engineering practice towards low-carbon, sustainable 

solutions. Still, common ground improvement techniques (e.g. stone columns, vibro-

compaction as well as chemical stabilisation with Portland cement or lime) use carbon-heavy 

approaches to give control over cost, timeline and uncertainty. Thus, although successful in 

minimising severe damage, they suffer from high costs, disturbance of services, site 

accessibility issues due to heavy machinery, limited lifetime and environmental side-effects 

(e.g. cement and lime stabiliser production is linked to 7%–8% of overall CO2 emissions). In 

addition, their applicability to existing earthworks and the underlying foundation soils can be 

limited. Therefore, the development of innovative, superior, cost-effective, and overall more 

sustainable soil improvement techniques to mitigate natural and man-made hazards while 
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minimising waste and other environmental impact, is a field of ongoing intensive research 

effort. Among these techniques, non- pathogenic bacteria can be used to induce precipitation 

of minerals to induce precipitation of minerals to bind soil particles together in the form of 

biologically produced cement (biocement). The technique, called biocementation, has 

attracted the interest of researchers worldwide, as a potentially more sustainable ground 

improvement technique, because it is based on a natural process, and the treatments are 

potentially renewable and more cost-effective if the long-term costs are considered (Venda 

Oliveira and Rosa, 2020)..  

While various metabolic routes and/or precipitates are possible (Ivanov and Stabnikov, 

2017), the vast majority of works on biocementation has studied calcium carbonate 

precipitation using urea hydrolysing bacteria. This process is based on a multi-step 

chemical reaction, which can be described as follows (Krajewska, 2018): first, the initial 

urea [CO(NH2)2] hydrolysis generates ammonia (NH3) and carbon dioxide (CO2) (Eq (1)).  

CO(NH2)2 + H2O                   2NH3 + CO2 (1) 

The local increase in pH occurs due to the hydroxyl ions (OH− ) generated by the 

conversion of ammonia to ammonium (Eq. (2)), which leads to the breakdown of 

bicarbonate to carbonate ions.  

2NH3 + 2H2O                    2NH4
+ + 2OH-  (2) 

The carbon dioxide quickly reacts with the water and produces bicarbonate (HCO3
− ) (Eq 

(3)), which further reacts with hydroxyl ions (OH− ) to generate carbonate ions (Eq (4)).  

CO2 + H2O                    HCO3
- + H+ (3) 

HCO3
- + H+ + 2OH-                       CO3

2- + 2H2O (4) 

Hence, the precipitation of CaCO3 occurs in the presence of calcium ions (Ca2+). 

Urease 
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Ca2+ + CO3
2-                     CaCO3    (5) 

The overall process of urea hydrolysis and CaCO3 precipitation is thus given as: 

CO(NH2)2 + 2H2O + Ca2+                   2NH4
+ + CaCO3    (6) 

 

The urea hydrolysis process for the precipitation of the calcium carbonate mediated by 

ureolytic bacteria and predominantly Sporosarcina pasteurii was used successfully mostly for 

sands (e.g. Whiffin, 2004 and Whiffin et al., 2007; Al-Thawadi, 2008; Al Qabany et al., 2012; 

Montoya and De Jong, 2015; Gao et al., 2018; Terzis and Laloui, 2019; Nafisi et al., 2020 

amongst many others). 

On the other hand, biocementation was not deemed applicable to fine-grained soils, as 

the size of an individual bacterium is similar to or larger than the largest size of clay particles. 

Small pore and pore throat size (recommended to be not less than 0.4 μm in Mitchell and 

Santamarina, 2005) would restrict the transport and growth of bacteria as well as air, water 

and substrate fluxes, thus influencing microbial activity (Or et al., 2007; Rebata-Landa, 2007; 

Negassa et al., 2015). However recent works showed that biocementation is feasible for a 

wider range of soils than previously thought possible e.g. peats (Sato et al., 2016; Safdar et 

al., 2020a,b,c) and clays (Islam et al., 2020). For fine-grained soils and in particular under 

existing infrastructure a major challenge is to supply effectively the treatments, while ensuring 

treatment uniformity. In this respect, electrokinetics (EK) can be a viable solution. In EK an 

electric current is applied within the porous media to induce specific transport phenomena and 

accelerate considerably the transport of treatments. Namely, the application of a DC current 

can induce (a): “electroosmosis” i.e. water migration from the anode to cathode through the 

soil pores (b) “electrophoresis” i.e. the migration of charged colloidal particles (e.g., clay 

mineral particles or bacteria cells) in a soil–water suspension; (c) “electromigration,” i.e. 

migration of ions (cations and anions) towards the electrodes under the influence of an electric 
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potential gradient. Referring to the CaCO3 precipitation process with urea hydrolysing bacteria 

described above (see Eq1-6), the expected mechanisms of soil stabilisation would therefore 

involve: (a) transport of urea solution (non-ionic) by electro-osmotic flow from the anode to the 

cathode; (b) transport of calcium ions from the anode to the cathode by electro-osmosis and 

electromigration; (c) electrophoresis movement of the negatively charged bacteria from the 

cathode to the anode; then, (d) release of the urease enzyme when the bacteria are exposed 

to the urea solution, leading to CaCO3 precipitation in the presence of calcium ions. Keykha et 

al. (2012) noted that the urease enzyme is negatively charged at a pH value over its isoelectric 

point (pH = 5.5) and due to its electrolytic features, it can be diffused in the soil during the EK 

process. Moreover, they state that it can be immobilized in the presence of salts (NaCl is 

mentioned) and thus be more stable than the free urease enzyme, as it is bound to the carrier 

gel through electrostatic interactions. 

From the above considerations, EK shows good potential for delivering chemicals or 

nutrients to indigenous bacteria in the soil effectively or introducing bacteria into the soil while 

enhancing the bioavailability of treatments. It can also give a more uniform flow distribution 

and control over the flow direction, while promoting a much faster transport of treatments in 

comparison to hydraulic potential flow. Despite these anticipated advantages EK has mainly 

only been combined with biological treatments as a contaminant remediation technology (e.g. 

Lageman and Godschalk, 2007; Barba et al., 2019). Conversely using EK to convey 

treatments for geotechnical biocementation applications is rare (e.g. Keykha et al., 2014; 

2018; Terzis et al., 2020) and only limited to laboratory studies so far. Therefore, further 

research is required to take the technique to technical readiness level for industry adoption. 

Recent work by the Authors (Mavroulidou et al., 2019 and Safdar et al., 2020a,b,c) has 

proven the feasibility of biocementing Nordelph Peat soil from a site of the East Anglia 

railway network route in the UK. Nordelph Peat is a soft, unstable foundation soil of existing 

embankments, subject to severe settlements, which cause approximately £900, 000 delay 

minute costs per mile for some of the worst sections. Peats and organic soils are suitable 
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candidates for EK treatment, as the diffuse double layer on the humus particles in organic 

soils induces and enhances EK phenomena. Thus, preliminary EK tests (Safdar et al., 

2020a, b,c) realised for the first time the EK biocementation of this organic soil in the 

laboratory, using native ureolytic bacteria to precipitate CaCO3 as the binding agent 

(biocement). The anticipated advantage of using native bacteria as opposed to strains from 

commercial banks is that they are adapted to the specific physico-chemical properties of the 

native site, thus have the prospect to flourish in the site (Marίn et al., 2021; Maity et al., 

2019) and can be more cost-effective; in addition to any site adaptability issues, 

commercially available strains also need to compete with the established native microbiome 

and have an impact on local ecology (Safdar et al., 2020a). The Authors found that the 

electrokinetic implementation of the treatments resulted in higher strengths and CaCO3 

contents than pressure injection (using a pressure flow column) (Safdar et al., 2020a). For 

the particular engineering problem in question (railway embankments founded on Nordelph 

Peat), an additional reason of proposing the use of EK is that it can convey treatments under 

existing earthworks without pore pressure development in the foundation soil (unlike 

pressure driven flow) and that it has the potential of not affecting groundwater table levels 

(which could trigger further peat oxidation and wastage during treatment in case of falling 

groundwater levels). Finally, for biocementation via the urea hydrolysis route in particular, 

the use of EK also offers an excellent opportunity for the removal of ammonia by-products. 

  This paper thus focuses on the further study of the EK process as a promising 

method of conveying the biocementation treatments under the existing railway embankments 

to treat the problematic organic soil. The authors aspire to the future upscaling and pilot field 

application of the EK-biocementation technique. The investigations in this paper focus on the 

effect of the degree of saturation on the success of the bioelectrokinetic treatment, different 

ways of EK treatment implementation, and the overall efficiency of the system. The 

assessment of the biocementation treatments is based on unconfined compressive strength 

(UCS) testing and CaCO3 content (measured by acid digestion). 
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The research is novel in that it attempts the biocementation treatment of a problematic 

organic soil, whose behaviour is still not familiar and well understood by engineers compared 

to mineral soils. As mentioned earlier in the background literature review, biocementation of 

peats and organic soils was rarely proven (even without EK). The success of EK itself is 

strongly dependent on the characteristics of the porous medium, such as buffering capacity, 

mineralogy, organic matter content, saturation, salinity, hence its effectiveness for the 

concerned soil type must be proven. In addition to this, a major complication and unknown 

(hence an aspect open to research) is the interaction of the EK with the biocementation 

process (e.g. in terms of effects on the bacteria population or the effect on the CaCO3 

precipitation due to pH changes during the EK process), especially for this problematic soil 

under different degrees of saturation. This is a most novel aspect of this research (to the 

Authors’ knowledge, it is the first publication internationally on this topic). In addition, to 

achieve EK biocementation, use is made of bioaugmentation with indigenous bacteria, 

adapted to their native environment, whereas the vast majority of research works on 

biocementation were using exogenous bacteria and mostly Sporosarcina pasteurii.  

2. Materials, methods and processes 

The characterisation of the soil used in this study (originating from two boreholes at an 

East Anglian railway site) is described in Safdar et al. (2020a). A summary of the properties 

of the sample retained for testing are shown in Table 1. The soil had a low natural moisture 

content, which is consistent with a humified/decomposed organic soil. The soil was classified 

as sandy (sand>50%) amorphous peat (i.e. “of no visible plant structure and mushy 

consistency”, BS EN ISO 14688–1:2018, BSI, 2018), based on its organic content (>20%). It 

is equally classified as peat (basic sapric peat) according to ASTM D4427-92 (1997), based 

on its ash content by dry weight (<25%). 

Following a microbiological study described in Safdar et al. (2020a and b), which 

involved the isolation and screening of native ureolytic strains, four candidate strains for 

biocementation were selected based on their urease activity and ability to grow and survive at 
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low to medium temperatures and pH values of 4.5–10. One of these was selected for further 

testing in this study, namely, Bacillus licheniformis (Biosafety Level 1, according to the American 

Type Culture Collection, i.e. not known to consistently cause disease in healthy adults and 

presenting minimal potential hazard to laboratorians and the environment (U.S. Department 

of Health and Human Services et al., 2007). In addition to the observed strengths and calcite 

contents upon biocementation using this monoculture (Mavroulidou et al., 2019; Safdar et al., 

2020a), other reasons for this selection were: (a) the abundance of this bacterium in natural 

soils; (b) its relatively small size (of about 1 μm diameter, against about 2 μm for B. cereus, 

Bisset and Street, 1973) which facilitates its motility (using its flagellum) through smaller pore 

throats; (c) its elongated, rod-shaped cell which makes it difficult to flush out during EK 

injection; (d) its facultative anaerobic nature (Clements et al., 2002) allowing it to survive in 

environmental conditions of reduced oxygen supply, rendering it potentially suitable for 

treating foundation soil at depth; (e) its ability to form endospores, which could be exploited 

for potential self-healing of the treatments, further increasing their sustainability (Botusharova 

et al., 2020). 

Table 1. Properties of the organic soil sample. 
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 The bacteria were cultivated at pH 7 under aerobic batch conditions in a sterile culture 

medium of Nutrient Broth (Oxoid, UK) consisting of 5- g/L peptone, 5-g/L sodium chloride, 2-

g/L yeast extract, and 1-g/L beef extract. Incubation was performed in a shaking incubator at 

200 rpm and 37 ◦C. The strains were grown to an early stationary phase i.e., Optical Density 

(OD): OD600 ranging from 0.5 to 0.7; they were then harvested by centrifuging at 8000 g for 

10 min to achieve the final concentration of approximately 1 × 108 cfu/mL. 

  A tank of 10 mm-thick nonconductive acrylic PMMA sheet with internal dimensions 

210 mm length x 160 mm width x 140 mm depth was used for the EK method. It included a 

purpose-built sample extractor internal layer of PMMA, used to prevent sample disturbance 

during extraction at the end of the test. The tank had perforated partition walls between the 

soil-containing chamber and the electrolyte chambers, whose internal dimensions were 100 

mm length x 160 mm width x 140 mm depth (see Fig. 1(a)). The dimensions of the cell 

allowed the extraction of duplicate UCS specimens (cylinders of 50 mm diameter and 100 

mm height) from three different locations in the soil sample (next to the two electrolyte 

chambers and from the middle of the sample). Filter paper was used on the perforated walls 

to prevent the movement of soil particles into the electrolyte chambers. Inert graphite sheet 

electrodes of 99% purity were used to eliminate electrode corrosion that would reduce the 

effectiveness of the system due to substantial voltage loss at the electrodes. Note that to 

overcome the effect of generated gases at the electrodes on the degree of saturation and 

electrical resistance of the soil, hence the effectiveness of the treatment, electrodes were not 

inserted into the soil but into the electrolyte compartments (see Fig. 1(b)). This arrangement 

allows the generated gases at the electrodes to escape from the system and was 

recommended and implemented by many researchers (e.g. Tajudin, 2012, Mosavat, 2014, 

Ahmad et al., 2011; Ozkan et al., 1999; Alshawabkeh and Sheahan, 2003; M´endez et al., 

2012; Xiao et al., 2020 amongst many others).   
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Following a microbiological study described in Safdar et al (2020a and b), which 

involved the isolation and screening of native ureolytic strains, four candidate strains for 

biocementation were selected based on their urease activity and ability to grow and survive at 

low to medium temperatures and pH values of 4.5-10. One of these was selected for further 

testing in this study, namely, Bacillus licheniformis (Biosafety Level 1, according to the 

American Type Culture Collection, i.e. not known to consistently cause disease in healthy 

adults and presenting minimal potential hazard to laboratorians and the environment). In 

addition to the observed strengths and calcite contents upon biocementation using this 

monoculture (Mavroulidou et al, 2019 and Safdar et al 2020a), other reasons for this selection 

were: (a) the abundance of this bacterium in natural soils; (b) its relatively small size (of about 

1 μm diameter,  against about 2 μm for B. cereus, Bisset and Street, 1973) which facilitates 

its motility  (using its flagellum) through smaller pore throats; (c) its elongated, rod-shaped cell 

which makes it difficult to flush out during EK injection; (d) its facultative anaerobic nature 

(Clements et al, 2002) allowing it to survive in environmental conditions of reduced oxygen 

supply, rendering it potentially suitable for treating foundation soil at depth; (e) its ability to 

form endospores, which could  be exploited for potential self-healing of the treatments, further 

increasing their sustainability (Botusharova et al, 2020). 

The bacteria were cultivated at pH 7 under aerobic batch conditions in a sterile culture 

medium of Nutrient Broth (Oxoid, UK) consisting of 5-g/L peptone, 5-g/L sodium chloride, 2-

g/L yeast extract, and 1-g/L beef extract. Incubation was performed in a shaking incubator at 

200 rpm and 37°C. The strains were grown to an early stationary phase i.e., Optical Density 

(OD): OD600 ranging from 0.5-0.7; they were then harvested by centrifuging at 8000 g for 10 

minutes to achieve the final concentration of approximately 1x108 cfu/mL.  

A tank of 10 mm-thick nonconductive acrylic PMMA sheet with internal dimensions 210 

mm length x 160 mm width x 140 mm depth was used for the EK method. It included a 

purpose-built sample extractor internal layer of PMMA, used to prevent sample disturbance 

during extraction at the end of the test. The tank had perforated partition walls between the 
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soil-containing chamber and the electrolyte chambers, whose internal dimensions were 100 

mm length x 160 mm width x 140 mm depth (see Fig. 1(a)). The dimensions of the cell allowed 

the extraction of duplicate UCS specimens (cylinders of 50 mm diameter and 100 mm height) 

from three different locations in the soil sample (next to the two electrolyte chambers and from 

the middle of the sample). Filter paper was used on the perforated walls to prevent the 

movement of soil particles into the electrolyte chambers. Inert graphite sheet electrodes of 

99% purity were used to eliminate electrode corrosion that would reduce the effectiveness of 

the system due to substantial voltage loss at the electrodes. Note that to overcome the effect 

of generated gases at the electrodes on the degree of saturation and electrical resistance of 

the soil, hence the effectiveness of the treatment, electrodes were not inserted into the soil 

but into the electrolyte compartments (see Fig 1(b)). This arrangement allows the generated 

gases at the electrodes to escape from the system and was recommended and implemented 

by many researchers (e.g. Tajudin, 2012, Mosavat, 2014, Ahmad, et al., 2011; Ozkan et al., 

1999; Alshawabkeh & Sheahan, 2003; Méndez et al., 2012; Xiao et al., 2020 amongst many 

others). 

Using a hydraulic compression frame, the soil sample was compacted in the EK tank in 

five equal layers to the required dry density of 0.919 g/cm3 (i.e. that of the undisturbed soil). A 

DC power supply was used (Rapid, HY5003 DC power supply) capable of providing a 

maximum voltage output of 50V and a maximum current of 3 A. This apparatus is also capable 

of reversing the voltage/polarity by simply switching the terminals on its panel. A constant 

voltage gradient of 0.4 V/cm was applied during the tests; the value of the voltage gradient 

was selected based on the literature in order to prevent potential harm to the bacteria (Mizuno 

and Hori, 1988; Hassan et al, 2016). Each electrode had opposite polarity, starting with the right 

electrode as anode. Periodic polarity reversal was then applied by changing the terminals on 

the DC power supply apparatus every 24 h. This was done to improve the uniformity of the 

treatment and prevent high pH gradients (due to electrolysis reactions at the electrodes) that 

could be harmful to the bacteria (Mena et al, 2016). 
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(a) 

 

(b) 

 

(c) 

Figure 1 EK system and sampling locations: (a) Details of EK cell (all dimensions in mm); (b) full system 

setup; (c) sampling locations. 

The boxes were covered with cling film to avoid evaporation and compartment) were 

added gradually in three equal parts (starting at day 1, then at day 3 and day 7). 
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The pH of the solutions was monitored inside both electrolyte chambers during the 

treatment. Indicative results are shown in section 3 (Fig. 3). The pH of the effluents from both 

electrolyte compartments was determined directly using a portable HI-9831-5 pH/EC/TDS/oC 

metre manufactured by Hanna Instruments. At the end of the testing the pH of soil samples 

was determined according to BS 1377–3:2018 (BSI, 2018) using a soil suspension in water. 

These pH measurements were performed at 0 mm, 50 mm and 100 mm away from the 

electrodes at 27 different locations of the soil sample (see Fig. 1(c)) to ensure that the pH did 

not change considerably due to the EK. End-of testing moisture content, CaCO3 and ammonia 

measurements were also performed at the same locations. In addition, temperature was 

recorded during the testing, as this can affect bacteria growth. Indicative measurements are 

shown in section 3 (Fig. 4). 

Before starting the EK biocementation testing, preliminary investigatory tests were 

performed to establish the amount of water that needs to be added to maintain a constant soil 

volume during the EK treatment; this is of practical importance to avoid soil settlement under 

existing earthworks. The results showed that approximately 15% water (or aqueous solutions, 

of about 14.59% water content considering the molecular weights of the nutrient broth, urea 

and calcium chloride) was required to maintain a relatively constant sample volume during the 

EK treatment.  

Table 2 shows the list of the tests conducted during this study. These included a 

number of control samples, namely EK samples with 15% added water only, and also soil 

samples treated with 15% nutrient broth solution (of a 3 g/L concentration) per dry soil mass. 

The latter were prepared as a control to exclude any effects on the strength (e.g. due to 

flocculation/binding of soil particles) because of the salts contained in the nutrient solution. As 

shown in Table 2, for the majority of the biocementation treatments the nutrient broth solution 

and the cementing reagents were supplied all in one single solution (divided equally in the two 

electrolyte compartments i.e. 7.5% per dry soil mass per compartment). In one of the tests 

however (Bac2b_mix_85 (2 sol)) the bacteria and the nutrient solution were implemented first 
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and the cementation reagent solution was implemented 7 days later. All EK treatments but 

one (Bac1b_mix_85 (7d)) lasted for two weeks, (i.e. 7 days per electrode polarity), which is a 

typical field treatment length (see Mena et al., 2016), followed by one additional day of curing. 

Bac1b_mix_85 (7d) lasted for 7 days without an additional day of curing to assess the effect 

of treatment length. Note that the first set of biocementation tests (Batch 1, Table 2) used 

bacteria pre-mixed with the soil before the application of the EK treatment, which was used to 

supply the nutrients and cementing reagents. This was to assess the feasibility of 

biocementation at different degrees of saturation considering only the potential effect of the 

EK on bacteria and hence the biocementation success; also, in order to eliminate any other 

effects on the success of the treatment linked to the bacteria transport and distribution in the 

sample. However, in subsequent tests (Batch 2, Table 2) the bacteria were also supplied 

electrokinetically, consistently with the realistic field implementation of the treatment.  

Table 2: List of UCS testing specimens used for this study. 

 

At the end of the tests, specimens for unconfined compressive strength (UCS) were cut 

from the EK cell samples. The open rectangular surface and dimensions of the cell allowed 

the extraction of duplicate UCS specimens (50 mm diameter and 100 mm height cylinders) 
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from three different locations in the soil sample, namely from the areas next to the two 

electrolyte chambers (right and left) and from the middle of the sample (i.e. a total of six UCS 

specimens for each treatment). The CaCO3 content of the specimens was measured by acid 

digestion testing using 20 g of oven-dried (at 105 ◦C) soil samples soaked with 2 M hydrochloric 

acid (HCl) (Ng et al., 2014). The residue was collected on filter paper and oven dried at 105 

◦C and the mass loss was measured to estimate the calcium carbonate content in the soil, 

expressed as a percentage of the dry sample mass. Note that consistently with the humified 

state of the soil, there was no change in soil colour during the EK treatment. 

3. Results and Discussion 

3.1 UCS testing sample results 

Fig. 2(a)-(d) shows the UCS testing results of specimens shown in Table 2 and other 

related measurements i.e. CaCO3 and ammonia content, moisture content and pH of the 

specimens at the end of the tests. All strengths (including those of the control samples) were 

considerably higher than that of the natural soil (174 kPa) at its in situ dry density and water 

content. The increase in the strength of the pure systems (from 174 kPa in the natural soil to 

a maximum of 374 kPa (next to the electrode) for the EK treated pure system) with virtually 

no increase in precipitated calcite indicates that this was most likely due to electroosmotic 

effects, leading to changes in the soil structure. The organic matter/humus component of peat 

has a high net negative charge causing movement of hydrated ions (whose quantity depends 

on the soil cation exchange capacity (CEC)) from anode to cathode when an electric field is 

imposed. The high cation exchange capacity (CEC) of peat linked to the presence of organic 

matter/humus, justifies its good response to EK treatment (Asadi et al., 2011). As the studied 

soil is of a high degree of humification, it would have accordingly high electro-osmotic 

conductivity and a high electroosmotic water transport efficiency (Asadi et al., 2011).  As the 

studied soil is of a high degree of humification, it would have accordingly high electro-osmotic 

conductivity and a high electroosmotic water transport efficiency (Asadi et al, 2011).  
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The increase in strength between the untreated soil and the pure system (distilled 

water) treated by EK is however high; therefore, literature was consulted to ascertain the 

results. For mineral soils, literature reports high increases in strength after EK treatment 

(without chemical injection). These strength increases were attributed to the effect of 

electrochemical reactions during the electro-osmotic treatment changing the soil structure in 

terms of both fabric as well as bonding due to some possible mineral precipitation. For 

instance, Micic et al. (2003) summarised their previous EK results on skirted foundation 

models embedded in simulated marine sediment and continued their study along these lines. 

Based on previous findings they reported shear strength increases in the vicinity of the anode 

up to 185%, attributed partly to electroosmosis; in the vicinity of the cathode the shear strength 

increased up to 80% despite the negligible decrease in the water content. This was attributed 

to electro-cementation of soil particles because of the precipitation of amorphous cementing 

agents such as iron oxides and carbonates generated by EK in the highly saline marine clay. 

The shear strength further increased with time after the electric field was withdrawn, which 

was attributed to soil particle cementation because of ionic diffusion following the EK 

treatment. Treatments with polarity reversal on a natural marine sediment and a river sediment 

mixed with artificially prepared seawater, resulted in an increase an increase in the undrained 

shear strength of up to three times that was mostly attributed to electro-cementation of soil 

particles; the same strength increases were observed in the new series of tests presented in 

the paper (Micic et al., 2003). For peats Yee (2016) reported shear strength increases of 4.5–

27 times the untreated peat strength (i.e. up to a 5706% increase), depending on the voltage 

gradient applied. For an organic soil the same author recorded eight to twenty-three times 

higher strengths after EK treatment. Whilst in the case of Yee, the soils had very high initial 

water contents and therefore the dramatic undrained shear strength increase can be due to 

the dramatic reduction in moisture content and subsequent consolidation (which was not 

allowed to happen in the presented study here), the increase can also be partly due to the 

changes in the soil structure induced by the EK, due to changes in the properties of the 

diffused double layer enhancing particle bonding. Referring to Asadi et al. (2010), Yee explains 
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that the release of H+ and the pH reduction next to the electrodes (when acting as anodes) 

neutralize the negative charges in zeta potential, leading to a reduction in the thickness of the 

diffused double layer; this leads to a reduction in repulsive forces between particles, causing 

a flocculation of the organic particles, thus an increase in undrained shear strength. Ion 

exchange processes causing reduction of diffuse double layer and enhancing soil particle 

bonding could thus explain the findings of the presented study, regarding the high increase in 

strength of the pure system treated by EK. The further improvement in the soil strength of the 

control samples with nutrients compared to that of the pure system (water) can be attributed 

to the action of salts, inducing changes in the physicochemical properties and flocculation and 

binding of the particles due to electromigration of ionic species.  

Using the control samples with nutrients to compare the effect of bio- augmentation, it 

can be seen that all bacteria-treated specimens had higher strengths than the respective 

nutrient only control specimens; differences were however very small for degrees of saturation 

of 75% compared to the higher degrees of saturation. The beneficial influence using higher 

degrees of saturation (i.e. 85-95%) for the EK treatment can be observed in all the EK 

treatments (control samples and batches with bacteria). In fine grained and organic soils the 

water phase surrounds the particles and is continuous at the saturation ratios employed in 

these experiments (>75%), which is of importance for the success of the EK technique. From 

the results of the presented experiments, it would appear that there is sufficient water and 

space for the bacteria to circulate, although for some time it was believed that biocementation 

was not feasible in fine grained soils because of restrictions of pore size. As explained earlier 

the placement of the electrodes outside the soil (see Fig. 1(b)) circumvented the effects of the 

generated gases at the electrodes on the degree of saturation and hence the effectiveness of 

the EK treatment.  

Comparing specimens with degree of saturation Sr = 95% against those with Sr = 85% 

it is notable that greater strength gains were recorded next to the electrodes. Strengths in the 

specimens from the middle of the cell were however lower for the majority of the Sr = 95% 
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specimens compared to the respective Sr = 85% specimens. This can be attributed to the 

accumulation of moisture in the middle of the samples due to polarity reversal. This increases 

the degree of saturation of the soil locally hence electric conductivity and electrokinetic 

transport phenomena. This can be beneficial for the partially saturated specimens (Sr = 85%) 

but not for the nearly saturated specimens (Sr = 95%) due to increased softening of the latter; 

softening and the reduction in the soil suction can explain the consistently lower strengths that 

were recorded in the middle points of the EK samples (compared to the electrode areas) for 

all tests, due to their higher moisture contents. Recommendations in the literature regarding 

the effectiveness of the EK treatment concur with this finding, i.e. that degrees of saturation 

should be high but that full saturation is not an optimal condition (Mosavat et al., 2012). Note 

the possible effect of the full saturation on the activity of the bacteria (although facultative 

anaerobes -such as B. licheniformis- can survive in low oxygen level, they grow better in an 

environment with more oxygen). In future work it will therefore be necessary to provide an 

effective drainage arrangement at this point. 

 The best performing specimens were those where bacteria were premixed in 

the soil (Batch 1) and with the treatments (nutrients and cementing agents) supplied for 14 

days followed by one day of curing. However even for 7 days of treatment (i.e. Bac1b_mix_85 

(7d)), the bacteria-treated specimens overperformed the control specimens with nutrients 

only, although the latter were subjected to 14 days of treatment. The increased CaCO3 

contents of the bacteria-treated specimens concur with the interpretation that the added 

strength of the latter specimens is due to biocementation effects. The same conclusion (i.e. 

that biocementation did occur) can be made based on the strengths and CaCO3 contents 

measured for specimens where all treatments (including bacteria) were injected 

electrokinetically together with the nutrients, as their strengths were also higher than the 

respective nutrient only specimens, although lower than the strengths of specimens where 

bacteria were premixed in the soil. The strength and CaCO3 contents increase that transport 

of microorganisms did occur across the soil in Batch 2 samples. However, the fact that 



19 

 

strengths were lower compared to pre-mixing the bacteria requires further research, as it is 

vital for the in-situ implementation of the treatments under existing infrastructure. The lower 

strengths compared to specimens with pre-mixed bacteria may not be only the result of non-

uniform bacteria transport in the soil; they could also be due to inefficient stirring of nutrient-

bacteria solution in the electrolyte chambers during the EK treatment or possible pH effects 

on the bacteria metabolic activity close to the electrodes, where pH can reduce during periodic 

polarity inversions (see Fig. 2(d)). 

Regarding the sequence of treatment supply, comparing Bac2a_inj_85 to 

Bac2b_inj_85(2 sol) it was found that providing all treatments in one solution (nutrients plus 

bacteria solution and cementing reagent solution) proved superior (in terms of strengths and 

calcite contents) compared to supplying the bacteria plus nutrients solution and the cementing 

reagent solution separately and sequentially (with a gap of one week). However other possible 

timings of the supply of the treatment solutions separately could potentially give better results 

and this merits further study. 

The CaCO3 contents broadly followed the UCS strength results, as expected, with 

two exceptions for the control specimens, whose calcite content is too low anyway and thus 

small variations may be due to the accuracy of the testing. It is interesting that the control 

specimens with nutrients only appear to have developed some slightly higher CaCO3 content 

compared to the pure water system. This is difficult to explain. Note that despite the polarity 

reversal, there are some differences in the strength and CaCO3 contents between the right 

and left electrode; the differences are however small and the pattern is not always consistent 

(i.e. in many cases the right electrode strengths and CaCO3 contents are higher but not 

always). In the middle of the sample however the strengths are consistently the lowest 

although the pH was the highest (between 8 and 10) hence favourable for CaCO3 

precipitation. The lack of drainage leading to water accumulation in the middle of the sample 

can have partly affected the strength (and would require further attention and improvement 

of the process) but the findings merit further investigations, and so does the possible effect 
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of the increase in soil acidity next to the electrodes on the calcite content (and hence 

strength). 

 

Figure 2 Measurements based on UCS specimens (end of test): (a) Unconfined compressive 

strength results; (b) End of test CaCO3 content and ammonia content (solid orange line); (c) End of 

test moisture content measurements; (d) end of test pH measurements. 
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To assess whether EK enhanced biocementation, reference can be made to results 

presented in Safdar et al. (2020a) to compare the EK implementation of the treatments to 

implementation using pressure flow for a 85% degree of saturation (the baseline degree of 

saturation used in all biocementation tests in Safdar et al., 2020a). The results were for a soil 

with premixed bacteria and can thus be directly compared to the EK sample Bac1a_mix_85 

presented here. Safdar et al. (2020a) found a 355 kPa average UCS value and a 0.85% 

average CaCO3 content for the pressure flow column samples. Therefore, the use of EK 

increased the UCS by 30.1%, 16.7% and 27.4% for the right electrode, middle and left 

electrode respectively, while the average measured CaCO3 content increased by 101.1%, 

36.5% and 45.9% respectively at the right electrode, middle of sample and left electrode. It is 

recalled that as the electrodes are placed outside the soil, generated gases at the electrodes 

are not expected to have an effect on the degree of saturation of the soil. 

An effect that has not been considered in the presented results is that of the indigenous 

bacteria (pre-existing in the soil) which would be interfering with chemical effects and could 

potentially contribute to biocementation by biostimulation, upon the addition of cementing 

agents. To assess such effects, a biostimulation experiment would have been useful. 

Biostimulation experiments were performed in Safdar (2020) using the pressure flow 

implementation, with the same treatments as those used for the bioaugmentation process. 

Biostimulation tests did not show evidence of biocementation, as opposed to the 

corresponding bioaugmentation treatments. For this reason, biostimulation was not included 

in the EK experiments and other EK tests were prioritised in view of the lack of sufficient soil 

sample from the same site. Biostimulation is however an interesting mechanism that needs to 

be further studied for possible use, for instance by changing the treatment protocol, although 

it is a lengthier process than bio-augmentation (Gomez et al., 2017) and this would increase 

the duration of the EK implementation. 
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Looking at the ammonia contents (Fig. 2(b)), generally the trends of CaCO3 

concentrations and NH4
+ concentrations are consistent as expected, as higher urease activity 

would logically lead to higher CaCO3 precipitation. It should be noted that the NH4
+ 

concentration exceeded the allowable limits of total ammonia (NH3 and NH4
+) for drinking water 

according to UK legislation, set to 0⋅5 mg/L (HMG, 2018). NH4
+ ions can cause acidification of 

ground and water bodies, which can harm plant and animal life, and can be very toxic to 

aquatic organisms (Keykha et al., 2018). Ammonia is one of the criteria air pollutants according 

to European Union regulations. For real-scale engineering works, facilities for removal of 

ammonia from the air and ammonium ions from effluent are required, resulting in increased 

costs, complications (e.g. regulatory body permits) and other issues regarding the 

sustainability of the process (e.g. the use of large amounts of water for flushing the effluent to 

reduce ammonia concentration is adopted in practice). However as argued earlier, EK offers 

an opportunity of ammonia removal on site, although the technical details of the design of a 

system to remove ammonia will need thorough consideration and are beyond the scope of 

this paper. 

From Fig. 2(d) it can be seen that the end-of-test pH values demonstrate the 

similarity/consistency of the results across tests. Namely, although next to the electrodes the 

pH was slightly acidic due to electrolysis reactions, the pH level was overall successfully 

controlled, thus very steep changes in pH level moving progressively through the soil were 

prevented (these could harm the bacteria); this successful control was due to the daily polarity 

reversal combined with the high buffering capacity of the peat soil (Asadi, 2011). Higher pH 

values (>9) in the middle of the sample were however consistently measured for all the EK 

experiments; this could possibly be a result of the accumulation of OH− ions in the middle of 

the sample due to polarity reversal. Although high pH favours calcite precipitation, a pH of 

8.0–8.5 pH could have possibly been overall more favourable, as a pH < 9 would constitute 

optimal conditions for B. licheniformis enzymatic activity according to Helmi et al. (2016).   
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3.2 Electrolyte pH measurements during EK treatment 

Fig. 3 shows indicative pH measurements in the electrolyte compartments during EK testing 

(based on the Bac1_mix_95 sample test). From the figure it is clear that reversing polarity 

every 24-hours and supplying the nutrients sequentially in three portions were effective in 

preventing sharp changes in the pH of both compartments. 

 

Figure 3.  pH measurements in the electrolyte compartments. 

3.3 Temperature Variation 

Fig. 4 plots average temperature variations in the right and left chambers for the EK-

Bioaugmentation experiments (Bio-augmentation Batch 1 and 2). The figure shows a rapid 

increase in temperature, especially in the first 7 days of the treatment. The maximum 

temperature observed during the 14-days of the EK treatment was 37.25 ◦C; although this 

temperature increase could enhance evaporation from the sample and induce some soil 

shrinkage and cracking, it is much lower than temperature increases reported elsewhere. For 

instance, in Keykha et al. (2014) the temperature recorded at the end of 7 days of treatment 

(175 h) was close to 55 ◦C, which corresponded to an increase of 120% from the starting 

temperature of 25 ◦C.   
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Figure 4. Temperature variation in time (right and left chambers).  

3.4 Further considerations 

The reported proof-of-concept research focused on the viability of the proposed technique for 

ground improvement at different degrees of saturation. Further optimisation of the treatments 

(e.g. different cell concentrations, media and reagents, treatment implementation sequence 

and duration, anode-cathode spacing, electric field strength and electrode configurations) can 

be studied for improved results. Most importantly, for the upscaling of the technique towards 

field application (which is expected to be implemented in collaboration with specialised 

contractors) a number of challenges need to be considered to make the EK technology 

implementation feasible, cost-effective and sustainable; for instance, electrolyte management 

and control (e.g. pH), the treatment of the by-products of the process, the cost of materials, 

the effectiveness of electric field and electrode configurations, voltage drops on the electrodes 

and other parts of the domain of high resistance leading to energy losses, energy expenditures 

and reagent consumption. The sustainability of the technique will need to be thoroughly 

assessed (e.g. through life-cycle analysis) as it requires considerable electrical energy 

consumption and this can have high costs and carbon footprint; this assessment is beyond 

the scope of this paper. Application of the proposed EK treatment on an actual site could take 

several months. EK can be very useful for the removal of ammonia by-product through the 

process of electromigration. Although the electromigration is considerably faster than flow 

under hydraulic gradient (and also faster than electroosmotic flow), the length of this process 
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should also be considered in the estimates of the overall duration of the treatment. On the 

other hand, viewed in the context of other ground improvement techniques, the recent use of 

EK to treat highway and railway embankments in the UK was reported to have cost savings 

of 26–30% and a 46–48% reduction in embodied CO2 compared to conventional soil nailing or 

gabion baskets and slope slackening (Jones et al., 2014). The assessment was made 

accounting for the carbon dioxide associated with direct activities such as plant movement 

and electricity generation, along with carbon dioxide embedded in materials and services. The 

use of renewable energy sources (e.g. solar energy) to produce electricity towards which 

countries are now moving, shows promise to further reduce the carbon footprint of the 

technique (Hassan et al., 2016). Further investigatory work including modelling is planned 

before a full-scale trial, to predict the rate of EK transport phenomena and the evolution of 

geochemical reactions and pH over time, in order to estimate the performance of the system 

and optimise field treatments. The effect of several treatment parameters such as electric field 

strength and electrode configurations can also be assessed through numerical simulations. 

Numerical simulation-based optimisation of field-scale EK-biocementation processes are 

expected to assess many of the above-mentioned effects efficiently and expedite the study 

towards a science-informed field trial design. 

4. Conclusions  

The aim of this work was to study the electrokinetic biocementation of an organic soil 

(Nordelph Peat of East Anglia, UK), and assess the effect of the degree of saturation of the 

soil, as well as to conduct some investigations on treatment implementation sequence and 

duration. Selected treatments were used based on previous studies by the authors (in terms 

of bacterial strains used, their population and the molarity of cementing agents). Undrained 

shear strength tests and accompanying CaCO3 measurements proved that biocementation 

occurred during the EK implementation. This was the case whether bacteria were premixed 

with the soil prior to the EK implementation of treatment solutions or whether bacteria were 

injected electrokinetically together with the solutions into the soil. This gives promise for the 
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applicability of the technique under existing earthworks. Parametric studies showed 

consistently higher strength gains for degrees of saturation in the region of 85%–95%, implying 

that in situ treatments would be more efficient if planned for certain periods in the year ensuring 

these soil conditions. Strength gains and increased CaCO3 contents compared to the control 

samples were also noted when treatment duration was halved to one week, although strengths 

increased further by 13–17% after a two-week treatment. Further optimisation of the treatment 

variables (e.g. different concentration of microorganisms and cementation reagents) could 

further enhance the efficiency of the treatment. In addition, different sequences in the 

implementation of the treatments could be investigated.  

Some observations regarding the non-uniformity of the conditions across the sample 

(due to water accumulation in the middle section of the EK cell) will need to be further 

investigated and addressed by providing suitable drainage and design such provisions for 

large scale applications. However, although a number of challenges lie ahead towards 

successful field implementation at real scale, the observed increase in strength and CaCO3 

content show promise that EK biocementation could be a viable technique for treating the 

organic soil under existing embankments.  

The implications of these findings are of particular interest for the UK railway 

infrastructure owners, who are seeking new, cost effective and potentially more sustainable 

ground improvement techniques, of paramount importance for this type of works. Successful 

EK-biocementation treatment could potentially result in great financial savings on a yearly 

basis and greatly reduce the ongoing maintenance required and the associated Emergency 

& Temporary speed restrictions, causing significant delays and placing high demand on local 

track maintenance resources. 
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