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Abstract

Bio-cementation is an emerging sustainable ground improvement method that strengthens soil through the
precipitation of calcium carbonate by Microbially Induced Calcite Precipitation (MICP). This study explores the
effectiveness of Bacillus subtilis, a ureolytic bacterium, in stabilizing sand through biogenic calcite deposition.
The bacterium exhibited optimal urease activity within the temperature range of 25 °C to 37 °C, while activity
declined sharply at sub-zero and elevated temperatures (>45 °C) due to reduced microbial viability and enzyme
denaturation, thereby limiting MICP efficiency. For cultivation, B. subtilis was grown in Lysogeny Broth (LB),
which provided favorable conditions for bacterial proliferation. A cementation solution containing urea and
calcium chloride served as the chemical precursor for enzymatic hydrolysis and subsequent calcium carbonate
precipitation. The bacterial suspension was introduced into sand specimens under controlled laboratory
conditions. Visual inspection confirmed calcite precipitation and the formation of stronger interparticle bonds.
Unconfined Compressive Strength (UCS) testing demonstrated significant improvements in strength and a marked
reduction in permeability in treated samples compared with untreated sand. These findings indicate that B. subtilis-
mediated MICP is a promising approach for enhancing the mechanical properties of sandy soils. However, further
investigations are required to refine treatment parameters and evaluate long-term durability.
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1. Introduction

Bio-cementation is a soil improvement technique in which the pore spaces between soil particles are bound with
calcium carbonate minerals through microbially induced carbonate precipitation (MICP) (Omoregie et al., 2024).
Bacteria play a central role in MICP applications and are typically cultivated in ammonium—yeast media (Gebru
et al., 2021). The bio-cementation process relies on MICP to generate CaCOs3, thereby enhancing the strength and
rigidity of granular soils. Through this mechanism, bio-cementation improves key geotechnical properties,
including reduced hydraulic conductivity and porosity, as well as increased shear strength, stiffness, and
unconfined compressive strength (Gomez et al., 2018). This eco-friendly technique has promising applications in
friction piles, earth-retaining structures, slope stabilization, and embankment reinforcement (Mortazavi et al.,
2021). The efficiency of CaCOs precipitation is influenced by biological, chemical (cementation agents and
concentrations), and physical (soil characteristics) factors (Omoregie et al., 2021). Despite its growing popularity,
bio-cementation technology still faces challenges related to the standardization of treatment parameters to
maximize bacterial activity and enable large-scale implementation (Hadi et al., 2022). Furthermore, while
extensive research has been conducted on the role of ureolytic bacteria in CaCOj3 precipitation, the optimal nutrient
compositions required to promote microbial activity and high biomass production (Lapierre et al., 2020), as well
as the specific MICP conditions that favor the formation of targeted calcium carbonate polymorphs, remain to be
fully established (Mokhtar et al., 2021). Conventional soil improvement techniques, such as chemical grouting
(with the exception of sodium silicate), are often toxic and hazardous (Igbal et al., 2021). Cement stabilization, a
commonly used soil improvement technique, generates substantial carbon dioxide emissions, contributing to
greenhouse gas accumulation. Chemical stabilizers can also leach into surrounding soils and groundwater, causing
contamination and altering soil pH, which may harm vegetation. In sulfate-rich soils, cement and lime can trigger
expansive reactions, leading to cracking and instability. These environmental and technical challenges highlight
the need for sustainable alternatives. Bio-cementation offers a green solution, operating at ambient temperatures
to reduce energy consumption and emissions (Myhr et al.,, 2019). Unlike conventional pyro-processing for
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cementitious materials, bio-cementation improves soil properties through the activity of microorganisms and their
metabolic by-products. Beyond bacterial density, the composition of the cementation solution is a key factor
influencing MICP efficiency. Recent studies have investigated how different solution compositions affect calcium
carbonate precipitation, emphasizing the role of solution chemistry in achieving effective bio-cementation (Zang
et al., 2024). The river sand's mechanical characteristics enhance by MICP and founds noticeable improvements
compressive strength after day 14 (Sazzad and Ray, 2024).Biogeotechnical soil improvement via MICP represents
a promising sustainable alternative to traditional cement stabilization. Bacillus subtilis, a non-pathogenic ureolytic
bacterium, catalyzes urea hydrolysis, leading to CaCOs3 precipitation that binds sand particles and enhances
mechanical properties. This study investigates the optimization of MICP treatment parameters for fine, medium,
and coarse sands using standardized mini-columns. Objectives of the study are: (i) to evaluate the effect of sand
particle size on calcium carbonate precipitation, unconfined compressive strength (UCS), (ii) to determine the
influence of curing duration on microbial activity (iii) to assess the impact of temperature on urease activity,
precipitation efficiency, and mechanical performance and (iv) to examine the role of dosing cycles in achieving
uniform calcite distribution and improved UCS.

2. Materials

The efficiency and effectiveness of sand bio-cementation through Microbially Induced Calcite Precipitation
(MICP) are strongly influenced by several factors, including sand properties, curing duration, temperature, and
the dosage of the cementation solution.

2.1 Sand Classification

The classification of sand used in the study is presented in table 1.

Table-1: Sand classified via sieve analysis to compute FM.

Sand Type Grain Size (mm) | Properties

Fine 0.075-0.425 High surface area, low permeability
Medium 0.425-2.0 Moderate grain and flow

Coarse 2.0-4.75 High drainage, low bacterial retention

2.2 Cementation Solution
The cementation solution at different condition is presented in Table 2.

Table-2: Cementation solution at different condition

Treatment Temp, (°C) Component | Low Dose | Amt, (gm) | High Dose | Amt (gm)
30 Urea 0.5 M 30 —-
CaCl: -— 0 —
Single 30 Urea 0.5M 30 -
CaClz 0.5M 55.5
5 Urea 0.5M 30 N —
CaClz 0.5M 55.5
30 Urea 0.5 M 30 —-
CaClz 0.5M 55.5
. Urea 0.5M 30 -
Multiple 45 CaCl. 0.5M 55.5
Urea - --- 1.0M 60
30 CaClz --- 1.0M 111

Urea and CaCl, were employed as the cementation solution, as this combination is widely recommended for
achieving efficient calcium carbonate precipitation and uniform crystal growth. In this system, urea serves as the
nitrogen source, while CaCl, supplies calcium ions. Maintaining a 1:1 molar ratio between the two components
is essential, as it minimizes by-product formation and enhances the rate of precipitation. A well-balanced ratio is
therefore critical to ensuring optimal calcite deposition.
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3. Methodology
3.1 Cultivation of Bacillus Subtilis

Bacillus subtilis strains were obtained from the Microbiology Laboratory of Rajshahi University and subsequently
cultured in the Environmental Laboratory of Rajshahi University of Engineering and Technology (RUET). To
support optimal bacterial growth, a specially prepared Lysogeny Broth (LB) medium was used (Table 3). The
medium was sterilized in an autoclave at 121 °C for 15 minutes, after which Bacillus subtilis was inoculated under
aseptic conditions. The inoculated cultures were incubated at 30 °C with continuous shaking at 150 rpm for 24
hours. Bacterial growth was assessed by measuring optical density at 600 nm (ODsoo) using a spectrophotometer,
with an ODeoo value of approximately 1.0-1.5 indicating optimal inoculation. After incubation, the bacterial
suspension was harvested for use in subsequent experiments (Figure 1).

Figure 1: Bacteria cultivation

Table-3: Composition of Lysogeny Broth

Component Amt.,gm/It
NaCl 10
Yeast Extract 5
Tryptone 10

3.2 Preparation of Sand Columns

Sand samples were collected from two locations: natural sand from the Padma River bank at Paksey, Pabna, and
red sand from Sylhet. The samples were thoroughly washed, oven-dried, and then sieved through standard sieves
of 4.75 mm, 2.36 mm, 1.18 mm, 600 um, 300 pm, and 150 um. The results of the sieve analysis (Figure 2) were
used to plot a particle size distribution curve, showing the percentage passing against sieve opening size (mm).
PVC columns with an internal diameter of 38 mm and a height of 76 mm were used to prepare the sand specimens
with high precision. Each column was packed with 142 g of sand to ensure consistency and reliability across all
samples. The sand was dry-packed in layers, with gentle tamping applied to minimize voids. The packed columns
were then saturated with deionized water to eliminate trapped air, after which excess water was drained prior to
bacterial injection. The bacterial suspension was injected into the sand columns, which were then placed
horizontally and allowed to rest for 12 hours to promote cell attachment and urease activation. Following this
resting period, one pore volume (1 PV) of cementation solution was injected into each column. This treatment
cycle was repeated daily for seven consecutive days. The columns were maintained in an incubator at 30 °C during
the treatment phase to facilitate bacterial activity. To ensure uniform distribution and minimize clogging,
injections were administered using a syringe pump at a controlled flow rate of 2 mL/min.
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Figure 2: Combined sieve analysis curve.
4. Results and Discussions

This section presents and analyzes the results of the MICP experiments conducted under different curing duration,
temperatures, calcium sources, dosing cycles, and sand grain sizes. The influence of each parameter on calcium
carbonate precipitation and unconfined compressive strength (UCS) is examined and discussed in detail.

4.1 Effect of Curing Duration on Bio-Cementation

Curing duration plays a critical role in the performance of MICP, as it directly influences microbial activity and
the extent of calcite crystal growth. Longer curing times provide sufficient opportunity for sustained enzymatic
reactions, leading to increased calcium carbonate precipitation and improved bonding between sand particles.
This, in turn, enhances the strength and durability of the treated sand. Short-term curing (0—7 days): Minimal
calcite precipitation is observed, resulting in low strength gain. Medium-term curing (14-21 days): A rapid
increase in unconfined compressive strength (UCS) occurs, accompanied by visible CaCOs3 deposition. Long-term
curing (28 days): UCS values reach their peak, with improved consolidation, higher CaCO3 content, and enhanced
mechanical strength. Overall, extended curing periods allow the bacteria more time to precipitate calcium
carbonate, thereby improving the solidification and cementation of sand particles.

4.2 Effect of Temperature on Bio-Cementation

Temperature was identified as a key factor affecting the efficiency of Microbially Induced Calcium Carbonate
Precipitation (MICP). The optimal temperature range for maximum calcium carbonate deposition was found to
be between 25 °C and 37 °C, where urease activity and bacterial metabolism are at their highest, leading to
enhanced precipitation rates and improved unconfined compressive strength (UCS). In contrast, suboptimal
temperatures (<0 °C or >45 °C °C) resulted in lower UCS values, reduced CaCOs3 production, and non-uniform
solidification of the sand matrix.

5. Effect of Calcium Source on Bio-Cementation

The presence of calcium ions (Ca?") is essential for successful Microbially induced calcium carbonate precipitation
(MICP). Experimental results confirm that in the absence of a calcium source, no effective cementation occurs,
despite active microbial metabolism (Table 4).

Experimental Condition: Urea + Bacillus subtilis, but no added calcium source (Ca*").
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Table-4: Effect of Calcium Source

Parameter Result
Bacterial Activity Bacillus subtilis remained metabolically active; carbonate ions (COs?") were
produced via ureolysis
Calcium Carbonate (CaCOs) Negligible, typically < 0.1%, indicating no precipitation
Content

Unconfined Compressive No measurable increase in strength; no cementation occurred

Strength (UCS)

Visual/SEM Evidence No calcite crystals observed; sand grains remained loose and unbound
Conclusion Carbonate generation alone is insufficient for MICP; Ca?" is essential for

CaCO:s precipitation and bio-cementation

4.4 Effect of Dosing Cycle:

Multiple treatment cycles consistently outperform single applications across all sand types. Repeated injections
of bacterial and cementation solutions promote:

e  Extended bacterial colonization,
e Continued calcium carbonate (CaCO3s) precipitation, and
e Enhanced distribution and bonding among sand particles.

5.5 Effect of Sand Grain Size on Bio-Cementation

The results indicate that sand particle size has a significant impact on the effectiveness of Microbially Induced
Calcium Carbonate Precipitation (Figure 3). Fine sand consistently exhibited the highest unconfined compressive
strength (UCS) values, reflecting superior bio-cementation performance. This is attributed to the greater surface
area of fine sand particles, which enhances bacterial attachment and facilitates increased calcium carbonate
precipitation.

Under a single high-dose treatment, fine sand achieved UCS values of 80 kPa at 7 days, 190 kPa at 14 days, and
320 kPa at 28 days, significantly exceeding values observed under low-dose treatments, demonstrating the positive
effect of higher reagent concentration on bio-cementation efficiency. Further improvements were achieved with
multiple high-dose treatments, where fine sand reached a maximum UCS of 410 kPa at 28 days. In comparison,
medium and coarse sand under the same treatment conditions attained maximum UCS values of 370 kPa and 310
kPa, respectively.

450
400
350 —— After 7 Days
After 14 Days
300
. After 28 Days
< 250
[
2200
k4
w150
2
& 100
50
0
0 0.5 1 1.5 2 2.5 3 35 4
Strain (%)

Figure 3: Stress-strain curve considering the effect of sand grain size

In addition to improvements in mechanical strength, permeability was markedly reduced after 28 days, particularly
in fine sand, indicating partial pore clogging from biogenic calcium carbonate deposition. This decrease in
permeability also helped retain the cementation solution within the sand matrix for longer periods, thereby
enhancing the overall efficiency of the bio-cementation process.
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4. Conclusion

This study demonstrated the effectiveness of Bacillus subtilis-mediated Microbially Induced Calcite Precipitation
(MICP) for the bio-cementation of sand. Fine sands exhibited the highest unconfined compressive strength (UCS)
gains, while coarse sands showed comparatively lower strength, suggesting the need for optimized delivery
strategies for larger particles. The observed improvements are attributed to the formation of strong inter-particle
bonds through calcium carbonate precipitation. Strength development was found to be time-dependent, with most
gains occurring by Day 28. Overall, Bacillus subtilis proved to be a suitable and efficient microorganism for
inducing bio-cementation in sandy soils. These findings highlight the potential of MICP as a sustainable, eco-
friendly technique for ground improvement, erosion control, and other environmental geotechnical applications.
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