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Abstract 
 

Microbially Induced Calcium Carbonate Precipitation (MICP) is an environmentally friendly ground 

improvement technique that enhances soil strength through the biologically mediated formation of calcium 

carbonate (CaCO₃). The precipitated CaCO₃ binds soil particles together and reduces pore spaces, thereby 

improving overall stability. In this study, Bacillus subtilis and Bacillus megaterium were employed to reinforce 

sand using a solution of urea and calcium chloride (CaCl₂). Treated specimens were cured at a controlled 

temperature of 30°C for periods of 7 and 28 days. Unconfined Compressive Strength (UCS) tests showed a 

significant increase in UCS for both bacterial treatments compared with untreated control samples. For Bacillus 

subtilis-treated sand, UCS increased from 59.70 kPa at 7 days to 285.25 kPa at 28 days. Similarly, Bacillus 

megaterium-treated sand exhibited a UCS of 85.58 kPa after 7 days, which rose to 351.45 kPa after 28 days. 

These results show that both bacterial strains are effective in enhancing the mechanical strength of sand through 

MICP. However, Bacillus megaterium yielded comparatively higher strength gains, likely due to its superior 

ability to precipitate calcium carbonate under the experimental conditions. This study highlights the potential of 

bio-cementation as a sustainable, non-polluting alternative for soil stabilization in geotechnical engineering. 
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1 Introduction 
 

Soil plays a crucial role in modern construction, as it provides the foundation for civil infrastructure systems, 

including buildings, bridges, roads, and dams. However, in many cases, the natural mechanical properties of soil 

are insufficient for engineering applications (DeJong et al., 2009). Traditionally, soil has been reinforced using 

chemical and synthetic additives—such as cement, lime, fly ash, industrial by-products, organic compounds, and 

geosynthetics—or through mechanical techniques like compaction, pre-loading, vibration, pre-wetting, and 

drainage (Wang et al., 2017). While effective, these conventional methods are increasingly criticized for their 

high costs, intensive energy requirements, and adverse environmental impacts, including the release of harmful 

substances and carbon dioxide emissions (Ivanov & Chu, 2008). In response, researchers are focusing on 

innovative ground improvement techniques that are both efficient and environmentally sustainable. Among 

these, soil stabilization through Microbially Induced Calcium Carbonate Precipitation (MICP) has emerged as a 

promising eco-friendly alternative.  

 

Microbially Induced Carbonate Precipitation (MICP) has attracted increasing attention from geotechnical and 

environmental engineering researchers in recent years (Cuthbert et al., 2013). Geotechnical engineers, in 

particular, are interested in its application to soil systems, as the mineral precipitates formed through this process 

can significantly alter the mechanical, chemical, and physical properties of soils (Jiang et al., 2021). The 

improvement of building materials, cementing porous media, boosting the strength and stiffness of engineering 

soils, hydraulic control in engineering projects (like waste containment), and reducing liquefaction and erosion 

are just a few of the engineering domains where this research approach has been considered as beneficial. 

(Osinubi et al., 2020). The bio-cementation process begins with the introduction of urease-producing bacteria 

into oven-dried soil, followed by treatment with a cementation solution. Urease catalyzes the hydrolysis of urea 

[CO(NH₂)₂], producing carbonate ions (CO₃²⁻) and ammonium (NH₄⁺). The carbonate ions subsequently react 

with calcium ions (Ca²⁺) from the cementation medium to form calcium carbonate (CaCO₃) in the form of 

calcite, which binds soil particles together and enhances soil strength (Wani & Mir, 2020). 

 

Several factors influence the degree of cementation in MICP, including the type of bacterial strain, bacterial cell 

density, composition of the cementation solution (both the chemical compounds used and their concentrations), 

environmental conditions, and soil characteristics (Tang et al., 2020). The type and concentration of chemicals in 
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the cementation medium are critical, as they govern the availability of calcium and carbonate sources and 

determine both the quantity and form of calcium carbonate precipitates (Qabany et al., 2011). In addition to 

chemical composition, the density of bacterial cells plays a direct role in controlling the rate and quality of 

calcium carbonate precipitation; higher bacterial concentrations typically result in greater carbonate precipitation 

(Murugan et al., 2021). Among the ureolytic bacteria studied, Sporosarcina pasteurii (S. pasteurii) is the most 

widely used due to its ability to produce calcium carbonate at a high rate and with consistent quality (Wormser & 

Stratton, 2007). However, other bacterial species have also been explored, such as Bacillus subtilis (Sazzad & 

Datta Ray, 2024) and Bacillus megaterium (Ng et al., 2012), which have demonstrated effectiveness in 

modifying soil properties through bio-cementation. 

 

This study investigates the potential of Bacillus subtilis and Bacillus megaterium in enhancing the strength of 

sand through bio-cementation. These bacterial strains were selected due to their ease of cultivation and ready 

availability, making them practical for laboratory-scale experimentation. The outcomes of this research are 

anticipated to contribute to the development of more sustainable and environmentally friendly soil improvement 

techniques. Such advancements carry significant implications for civil engineering practices as well as for 

meeting environmental sustainability goals and regulatory requirements. 

 

 

2 Materials and Methods 

 

2.1 Bacterial Inoculation and Growth 

Two ureolytic bacterial strains, Bacillus subtilis and Bacillus megaterium, were selected for this study due to 

their ability to induce Microbially Induced Calcium Carbonate Precipitation (MICP). These strains were obtained 

from the Microbiology Department of Rajshahi University. Each strain was cultured individually in Lysogeny 

Broth (LB) medium prepared following standard protocols (Table-1). To promote optimal bacterial growth, the 

pH of the medium was adjusted to 8.0 using 4 M NaOH. The LB medium was sterilized by autoclaving at 121°C 

for 20 minutes and subsequently cooled to room temperature. Two 500 mL Erlenmeyer flasks, each containing 

250 mL of sterilized LB medium, were inoculated separately with B. subtilis and B. megaterium. The inoculated 

cultures were incubated in a shaking incubator at 30°C and 150 rpm for 24 hours to ensure proper aeration and 

uniform bacterial growth. Bacterial growth was monitored by measuring the optical density (OD) at 600 nm 

(OD₆₀₀) using a spectrophotometer, a standard method for estimating cell concentration in liquid culture. For 

consistency across experimental conditions, the OD₆₀₀ of both bacterial cultures was adjusted to approximately 

2.4, corresponding to a high but controlled cell density. 

 

Table 1.  Lysogeny Broth used for Bacteria Culture. 

 

Lysogeny Broth Amount (gm/L) 

Tryptone 10 

Yeast Extract 5 

NaCl 10 

 

2.2 Sand Column Preparation 

The sand used in this study was collected from the banks of the Padma River. To determine its particle size 

distribution, a sieve analysis was performed using a set of standard sieves with mesh openings of 4.75 mm, 2.36 

mm, 1.18 mm, 600 μm, 300 μm, 150 μm, and 75 μm. The percentage of material retained on each sieve was 

recorded, and the corresponding grain size distribution curve was plotted by representing the percentage passing 

against the particle size (Figure 1). This characterization helped to classify the sand and evaluate its suitability 

for bio-cementation experiments (Table 2). 

 

For the preparation of test specimens, cylindrical sand columns were formed using polyvinyl chloride (PVC) 

pipes with an internal diameter of 1.5 inches and a height of 3 inches. To prevent sand loss during the 

experiments, two layers of filter paper were placed at the bottom of each column. Prior to use, the sand was 

sterilized by heating at a high temperature to eliminate any microbial contamination. Approximately 140 g of 

sterilized sand was carefully placed into each PVC mold to maintain uniform specimen size and density across 

all tests. 
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Table 2.  Physical properties of sand sample. 

 

Properties Value 

D60 0.23 

D30 

D10 

0.17 

0.11 

Cu 

Cc 

Unified Classification 

2 

1.16 

SP 

                                                                             

 
                                                                                   

Figure 1.  Sieve analysis for collected sand sample. 

 

2.3 Treatment of Sand Specimens for MICP 

The bio-cementation process began with the saturation of sand specimens using the bacterial suspension. 

Approximately 40 mL of the prepared bacterial culture was introduced into each sand column and allowed to rest 

for at least 2 hours to facilitate bacterial attachment to the sand particles (Sun et al., 2019b). Subsequently, a 

cementation solution was prepared by mixing 1 M urea with 0.5 M calcium chloride (CaCl₂). Both the bacterial 

suspension and cementation solution were introduced into the sand specimens using a surface percolation method 

at a controlled flow rate of 4 mL/min to ensure uniform infiltration and distribution throughout the samples.  

Approximately 150 mL of cementitious solution was added twice, with a 12-hour interval between each addition. 

 

Following treatment, the sand specimens were cured in an incubator maintained at 30°C for durations of 7 and 28 

days. At the end of the curing period, Unconfined Compressive Strength (UCS) tests were performed to evaluate 

the mechanical performance of the bio-cemented sand. The experimental setup for bacterial and cementation 

solution injection is presented in Figure 2, and the treated samples after 7 and 28 days of curing are depicted in 

Figure 3. 

 

 
  

Figure 2.  Experimental setup for bacterial and cementitious solution injection. 
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Figure 3.  Treated samples after 7 and 28 days of curing. 

 

 

3 Results and Discussions 

 

The Unconfined Compressive Strength (UCS) of sand specimens treated with Bacillus subtilis and Bacillus 

megaterium was evaluated after curing periods of 7 and 28 days. Figure 4 shows the UCS test results of soil 

samples treated with Bacillus subtilis after 7 and 28 days of curing, while Figure 5 depicts the UCS test results of 

soil samples treated with Bacillus megaterium after 7 and 28 days of curing. 
 

 
 

Figure 4. UCS test results of soil samples treated with Bacillus subtilis after 7 and 28 days of curing. 

 

 
 

Figure 5. UCS test results of soil samples treated with Bacillus megaterium after 7 and 28 days of curing. 

 

For B. subtilis-treated sand, UCS increased from 59.70 kPa at 7 days to 285.25 kPa at 28 days, indicating a 

substantial improvement in strength with extended curing. Similarly, B. megaterium-treated sand achieved UCS 

values of 85.58 kPa and 351.45 kPa after 7 and 28 days, respectively. These results demonstrate the strong 

influence of curing time on strength development in bio-cemented samples. 
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Across both curing intervals, B. megaterium consistently outperformed B. subtilis. After 7 days, the UCS of B. 

megaterium-treated sand was approximately 43% higher than that of B. subtilis, while after 28 days it remained 

about 23% higher (Figure 5). This indicates that B. megaterium is more effective in enhancing the mechanical 

properties of sand through Microbially Induced Calcium Carbonate Precipitation (MICP). 

 

  

 

 
 

Figure 5. Comparison of Bacillus subtilis and Bacillus megaterium treated samples after 7 and 28 days of curing. 

 

4 Conclusion 
 

This study evaluated the effects of Bacillus subtilis and Bacillus megaterium on the Unconfined Compressive 

Strength (UCS) of sand specimens at curing periods of 7 and 28 days. Results showed that B. megaterium-treated 

sand exhibited 43% and 23% higher UCS values than B. subtilis-treated sand at 7 and 28 days, respectively. The 

strength enhancement is attributed to the Microbially Induced Calcium Carbonate Precipitation (MICP) process, 

in which bacterial activity promotes calcium carbonate formation and subsequent cementation of sand grains. A 

significant increase in UCS was observed between 7 and 28 days for both bacterial treatments, highlighting the 

importance of curing time in the bio-cementation process. While both species effectively improved the 

mechanical properties of sand, B. megaterium demonstrated greater efficiency, likely due to higher urease 

production and stronger ureolytic activity, which facilitated greater calcium carbonate precipitation. In 

conclusion, B. megaterium appears to be a more promising candidate for enhancing sand strength through MICP 

and holds potential for future applications in soil stabilization and sustainable construction materials. Further 

studies focusing on the metabolic pathways and urease production of these bacterial species would provide 

deeper insight into their mechanisms and help optimize their use in geotechnical engineering. 
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