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Abstract: Microbial-Induced Calcium Carbonate Precipitation
(MICP) is a promising biotechnological approach for soil
improvement. This process involves the use of microorganisms to
catalyze the precipitation of calcium carbonate (CaCO:s) in soil. The
microbes, commonly bacteria like Sporosarcina pasteurii, facilitate
urease-mediated reactions that convert urea into ammonia and
carbonate ions, which then react with calcium ions present in the soil
to form CaCOs. The precipitate increases soil strength, reduces
permeability, and enhances stability, making it an effective
alternative to traditional soil stabilization methods.
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I. Introduction

Soil stabilization is essential for improving the mechanical
properties of weak soils used in construction. Traditional
techniques like chemical grouting and cementing have
environmental drawbacks, such as high energy consumption
and toxic byproducts. MICP offers an eco-friendly alternative,
utilizing natural biological processes to enhance soil
properties without the negative environmental impacts.

Importance of Microbial-Induced Calcium Carbonate
Precipitation (MICP) for Soil Improvement

Eco-friendly Alternative to Traditional Methods: MICP
provides an environmentally sustainable solution compared to
conventional soil stabilization techniques such as chemical
grouting and cement stabilization. These traditional methods
often involve the use of toxic chemicals and energy-intensive
processes, contributing to environmental degradation. MICP,
on the other hand, utilizes naturally occurring
microorganisms, producing minimal waste and requiring less
energy, making it a greener option.Thermal Insulation and
Heat Retention.

Improved Soil Strength and Stability: MICP enhances soil
properties by increasing its strength and cohesion through the
precipitation of calcium carbonate (CaCOs). This is

particularly valuable for weak and loose soils, such as sandy
or clayey soils, where traditional methods might be costly or
less effective. The formation of CaCOs bonds soil particles
together, thus preventing soil erosion and increasing the soil's
load-bearing capacity.

Cost-Effective: The process of microbial-induced calcite
precipitation is relatively cost-effective. The bacteria used in
the process are inexpensive and can be cultivated in large
quantities. This makes MICP an attractive option for large-
scale projects, especially in regions where soil stabilization is
necessary but traditional methods may be financially
prohibitive.

Reduction of Soil Permeability: MICP significantly reduces
soil permeability by blocking pores with calcium carbonate
precipitates. This can be crucial in preventing the leakage of
contaminants from landfills, controlling water infiltration in
flood-prone areas, and mitigating the effects of soil erosion in
regions vulnerable to heavy rainfall.

Seismic Liquefaction Mitigation: In earthquake-prone areas,
loose, saturated soils are susceptible to liquefaction, where the
soil temporarily loses its strength due to seismic activity.
MICP can increase the soil's shear strength and resistance to
liquefaction by reinforcing soil particles with calcium
carbonate. This application is especially important for
infrastructure protection in seismic zones.

Sustainable Construction Practices: As the construction
industry seeks more sustainable building techniques, MICP
offers an innovative solution for soil improvement. It can be
used to enhance the foundation of buildings, roads, and other
infrastructure projects, contributing to more sustainable and
resilient construction practices.

Bio-Remediation and Soil Health: Beyond soil stabilization,
MICP can be used for environmental remediation. The
precipitation of calcium carbonate can help immobilize
pollutants, such as heavy metals, and improve overall soil
health. This ability to address both structural and
environmental issues makes MICP a versatile and valuable
technique.
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Long-Term Benefits: Once the calcium carbonate is
precipitated in the soil, it tends to remain stable over long
periods, providing long-term benefits to soil strength and
reducing the need for constant maintenance or reapplication
of stabilizing agents. This makes MICP a reliable and durable
option for soil improvement

II. MECHANISM OF MICP:

1.

Microbial-Induced Calcium Carbonate
Precipitation (MICP)
MICP is a Dbio-mediated process where

microorganisms catalyze the precipitation of calcium
carbonate (CaCQOs) in soil. This process involves
microbial urease activity, which promotes the
chemical reaction leading to CaCOs formation,
ultimately improving soil strength and stability.

Urease Activity in Microorganisms:

The key microbial activity in MICP is urease
production. Urease is an enzyme secreted by certain
bacteria, such as Sporosarcina pasteurii, which
hydrolyzes urea into ammonia (NHs) and carbonate
ions (COs*"). These two products are critical for the
precipitation of calcium carbonate in soil.

Hydrolysis of Urea:

When urea is introduced into the soil, urease enzyme
breaks it down into ammonia and carbonate ions. The
reaction can be represented as:

(NH2):CO+2H2O0urease2NH3+C032—

Calcium Ion Availability:

Calcium ions (Ca?") are typically present in the soil
as part of various minerals, such as calcium
carbonate or calcium sulfate. When the carbonate
ions (COs*") produced by urease react with calcium
ions (Ca?"), calcium carbonate (CaCOs) forms as a
precipitate. The reaction is:

Ca2++C032-—CaCO3(s)

Precipitation of Calcium Carbonate:

As the concentration of calcium carbonate increases
in the soil, it precipitates out of the solution, forming
solid crystals. These crystals fill the pores between
soil particles, acting as a binding agent and
enhancing soil cohesion. The accumulation of
CaCOs can fill fractures and cracks in the soil,
improving its mechanical properties.

Soil Stabilization Mechanism:

10.

11.
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The precipitation of CaCOs in the soil matrix
increases the inter-particle bonding and improves the
soil's load-bearing capacity. This results in improved
shear strength, reduced compressibility, and
enhanced resistance to erosion. The binding effect of
CaCoO:s effectively stabilizes the soil and prevents
further soil degradation under external stress or
environmental conditions.

Environmental and Long-Term Effects

Over time, the calcium carbonate crystals in the soil
remain stable, providing long-lasting improvements
to soil structure. The process does not involve
harmful chemicals or high energy inputs, making it
an environmentally friendly solution. Furthermore,
the precipitation process also helps in controlling
pollutants, such as heavy metals, by immobilizing
them in the precipitate.

Role of Calcium Carbonate Crystals:

The precipitation of calcium carbonate crystals plays
a critical role in soil improvement. As CaCOs forms,
it binds individual soil particles together, increasing
the soil's cohesion and overall mechanical strength.
These crystals act as a "cementing" agent, enhancing
the soil's load-bearing capacity and reducing its
compressibility.

Soil Permeability Reduction:

The formation of calcium carbonate crystals can
significantly reduce soil permeability. As the CaCOs
precipitate fills soil pores, it blocks pathways for
water and other fluids, improving the soil's resistance
to water infiltration. This reduction in permeability
makes the soil more resistant to erosion and can help
mitigate groundwater contamination by preventing
the movement of pollutants.

Effect on Soil Strength:

The binding action of calcium carbonate leads to a
notable increase in the shear strength of the soil. By
cementing soil particles together, the process
enhances the soil's resistance to mechanical stress,
making it more suitable for construction purposes.
This is particularly beneficial for weak soils, such as
loose sands or clays, which might not be viable for
infrastructure without stabilization.

Environmental Impact of MICP:
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12.

13.

MICP is considered an environmentally friendly
process due to its use of natural, non-toxic materials.
The bacteria involved in the process are typically
non-pathogenic and pose no harm to the ecosystem.
Additionally, the process does not require the use of
harmful chemicals, making it a sustainable
alternative to traditional soil stabilization methods.

Immobilization of Pollutants:

Besides improving soil strength, MICP has an
additional environmental benefit: it can help
immobilize pollutants, particularly heavy metals.
The precipitated calcium carbonate can adsorb and
trap contaminants within the soil matrix, reducing
the mobility of these pollutants and preventing their
spread into surrounding environments, such as
groundwater.

Long-Term Stability of Calcium Carbonate:

The calcium carbonate precipitates formed during
MICP are highly stable over time. Once formed, the
crystals remain in the soil, providing long-lasting
benefits to the soil structure. This long-term stability
ensures that the soil retains its improved properties
for extended periods without the need for continuous
intervention.

II1I. CASE STUDY

1.

MICP for Soil Stabilization in Sandy Soils (Japan)

Objective: To evaluate the effectiveness of MICP
in improving the engineering properties of sandy
soils for use in construction.

Methodology:

In this case, Sporosarcina pasteurii was used as the
urease-producing bacterium to induce calcium
carbonate precipitation in sandy soil. Urea and
calcium chloride were added to the soil, and
microbial inoculation was applied to initiate the
MICP process. The bacteria were cultivated in the
laboratory and then introduced to the soil samples.

Results:

The results showed that the treatment significantly
increased the compressive strength and cohesion of
the sand. The permeability of the treated soil was
reduced by up to 50%, demonstrating the
effectiveness of MICP in stabilizing sandy soils. The
calcium carbonate formed by the microbial action
filled the voids between the sand particles, enhancing
soil strength and reducing water infiltration.

https://trpub.org/index.php /IJORS

Vol 1, Issue 1, 2026

Conclusion:

This study demonstrated that MICP could be an
effective technique for stabilizing sandy soils, which
are typically weak and challenging to use in
construction. The approach provided a cost-
effective, environmentally friendly solution to
improve soil properties, and it showed promising
potential for large-scale applications in construction
projects.

Case Study: MICP for Soil Erosion Control in
Coastal Regions (Netherlands)

Objective: To evaluate the potential of MICP for
controlling soil erosion in coastal areas, particularly
in sandy dunes.

Methodology:

Microorganisms capable of producing urease were
introduced into the sandy dunes, combined with urea
and calcium sources. The primary focus was on
assessing the ability of the bacteria to induce calcium
carbonate precipitation, which would help bind the
soil particles together and reduce the impact of
erosion caused by wind and water.

Results:

The application of MICP led to the formation of
calcium carbonate crystals that filled soil pores,
leading to a significant increase in soil cohesion and
resistance to wind erosion. The treated areas
demonstrated reduced surface erosion and better
retention of moisture in the soil. Over a period of
months, the soil's resistance to erosion increased by
30%, and the stability of the dunes was notably
improved.

Conclusion:

This case study showed that MICP can be effectively
applied in coastal regions for soil erosion control. By
enhancing soil stability, this technique not only
prevents erosion but also provides an eco-friendly
method for dune restoration. It holds great potential
for preserving coastal ecosystems that are highly
vulnerable to the effects of climate change.

Case Study: MICP for Ground Improvement in
Liquefiable Soils (New Zealand)

Objective: To investigate the use of MICP for
mitigating liquefaction risks in sandy soils in
earthquake-prone regions.
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Methodology:

In Christchurch, New Zealand, an experiment was
conducted to assess the impact of MICP on the
liquefaction  susceptibility of sandy soils.
Sporosarcina pasteurii was injected into the soil,
along with urea and calcium chloride. The
microbiological reaction led to the precipitation of
calcium carbonate, which was expected to improve
the soil's shear strength and reduce the potential for
liquefaction during earthquakes.

Results:

The MICP treatment improved the shear strength of
the soil by up to 40% and decreased the permeability
by nearly 50%. The treated soils exhibited a reduced
likelihood of liquefaction under seismic conditions, as
the precipitation of calcium carbonate reinforced the
structure of the soil particles and enhanced soil
cohesion.

Conclusion:

This study highlighted the effectiveness of MICP in
mitigating liquefaction in sandy soils in earthquake-
prone areas. By enhancing the strength and stability
of the soil, MICP can serve as an important technique
in earthquake engineering to reduce damage and
protect infrastructure in areas at risk of seismic
activity.

Case Study: MICP for Concrete Crack Repair
(United States)

Objective: To explore the potential of MICP for
repairing cracks in concrete structures.

Methodology:

In this case study, researchers tested the use of MICP
to repair cracks in concrete by injecting Sporosarcina
pasteurii into the damaged areas. The bacteria were
introduced with a nutrient solution containing urea
and calcium sources. The goal was to utilize
microbial-induced calcium carbonate precipitation to
seal the cracks and improve the concrete’s durability.

Results:

The MICP treatment led to the precipitation of
calcium carbonate within the concrete cracks,
effectively sealing the voids. The treated areas
exhibited improved resistance to water infiltration and
enhanced durability. Over time, the repaired concrete
displayed a 25% increase in strength and a 30%
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reduction in permeability compared to untreated
samples.

Conclusion:

This case study demonstrated that MICP is a
promising method for repairing cracks in concrete
structures. The process is cost-effective, eco-friendly,
and provides long-lasting repair solutions. It offers an
innovative approach to maintaining the integrity of
concrete infrastructure, especially in situations where
traditional methods may be impractical or too costly.

Case Study: MICP for Improving Clayey Soils
(China)

Objective: To improve the mechanical properties of
clayey soils used in construction projects.

Methodology:

Researchers applied MICP to stabilize clayey soils by
introducing urease-producing bacteria, urea, and
calcium salts. The goal was to increase the shear
strength and reduce the compressibility of the clay,
making it more suitable for foundation applications.
The study focused on optimizing the conditions for
bacterial activity and calcium carbonate precipitation
in the clay soil.

Results:

The MICP treatment successfully enhanced the
strength and stiffness of the clay. The shear strength
increased by approximately 50%, and the
compressibility decreased significantly. The calcium
carbonate precipitate formed in the soil increased its
cohesion, preventing the soil from becoming overly
saturated and vulnerable to deformation under load.

Conclusion:
This case study confirmed the potential of MICP for
improving the engineering properties of clayey soils.
It offered a sustainable and effective solution for
stabilizing problematic soils in urban construction,
enhancing the foundation quality for building projects
in regions with soft or expansive clay soils.

Case Study: MICP for Contaminated Soil
Remediation (United Kingdom)

Objective: To explore the use of MICP for
remediating soils contaminated with heavy metals.
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Methodology:

In this study, MICP was applied to contaminated soils
containing heavy metals, including lead and
cadmium. The urease-producing bacteria facilitated
calcium carbonate precipitation, which was
hypothesized to immobilize the heavy metals and
reduce their bioavailability. The soils were treated by
injecting the microbial solution and monitoring the
changes in contaminant levels.

Results:

The MICP process led to a significant reduction in the
mobility of heavy metals in the soil. The calcium
carbonate formed during the treatment effectively
trapped the contaminants, reducing their leaching
potential by up to 60%. The treated soil showed lower
toxicity levels, and plant growth was enhanced in
areas previously contaminated by heavy metals.

Conclusion:

This case study demonstrated that MICP could be an
effective tool for the bioremediation of contaminated
soils, particularly for the immobilization of heavy
metals. By combining soil stabilization with
environmental cleanup, MICP offers a dual benefit for
both land reclamation and pollution control.

IV. EMERGING TECHNOCOLOGIES IN MICP:

1. Genetically Engineered Microorganisms

Technology:

Advances in synthetic biology have led to the development
of genetically engineered microorganisms that can produce
higher levels of urease or other enzymes involved in calcium
carbonate precipitation. These genetically modified bacteria
can be tailored to increase their efficiency, reduce by-
products, or even thrive in harsher environmental conditions.

Applications:
e  MICEP for rapid soil stabilization.
e Customization of microorganisms for specific soil
types and environmental conditions.
e Potential for industrial-scale applications by
improving microbial performance and robustness.

2. Enzyme-Based MICP (Enzyme Immobilization
Techniques)

Technology Overview:
Enzyme-based MICP focuses on the use of isolated
urease or other enzymes that catalyze the

https://trpub.org/index.php /IJORS

Vol 1, Issue 1, 2026

breakdown ofurea in soil. These enzymes can be
immobilized on solid supports, increasing their
stability and reuse potential in soil treatment.
Immobilization techniques, such as encapsulation in
hydrogels or using solid biopolymer matrices,
enhance enzyme efficiency and allow for controlled
release in soil.

Applications:
Longer-lasting effects in soil stabilization.

Enzyme recycling, reducing the cost and
environmental impact of MICP treatments.

More effective treatment of large-scale areas like
construction sites or agricultural lands.

Microbial Consortia and Biofilms for MICP

Technology Overview:

Rather than using a single bacterial strain, microbial
consortia—combinations of different
microorganisms—are being explored to enhance the
MICP process. These consortia can work
synergistically, offering improved urease
production, better nutrient utilization, and increased
resistance to environmental stressors. Additionally,
biofilms (groups of microorganisms adhering to
surfaces) can enhance the durability and efficiency
of MICP.

Applications:

More efficient microbial precipitation by utilizing a
variety of bacterial species.

Enhanced resistance to environmental factors, such
as extreme pH or temperature.

Scalable microbial treatment for large soil
remediation or stabilization projects.

Nano-Materials for Enhanced MICP

Technology Overview:

The incorporation of nanomaterials, such as
nanoclay, nanocellulose, and nanoparticles, into the
MICP process can improve the strength and
durability of calcium carbonate precipitates. These
materials help in enhancing the structure and the
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binding capacity of the precipitate, resulting in
stronger and more effective soil stabilization.

Applications:

e Increased soil cohesion and strength,
especially in weak soils like sands.

e Potential use in fine-tuning the morphology
and size of calcium carbonate crystals for
optimal soil improvement.

e Better performance in areas with high
mechanical stress or heavy loads.

Microbial Electrochemical Systems
(MES) for MICP

Technology Overview:

Microbial Electrochemical Systems (MES) are an
emerging technology that integrates microbial
processes with electrochemical reactions. In the
context of MICP, MES could be used to enhance
the microbial activity by providing an external
electrical stimulus that promotes urease production
or increases calcium ion availability. This can be
achieved by coupling microbial metabolism with
electrodes to accelerate the MICP process.

Applications:

o  Faster and more controlled precipitation
of calcium carbonate.

e Integration with existing infrastructure
(e.g., in wastewater treatment plants or
energy-generating systems).

e Potential for use in areas where natural
microbial activity alone is insufficient to
induce significant soil improvement.

6. Biological Soil Crusts (BSCs) and

MICP Technology Overview:

Biological Soil Crusts (BSCs) are communities of
microorganisms, including bacteria, fungi, and
algae, that form a thin layer on the surface of soils,
particularly in arid and semi-arid regions. BSCs
naturally induce calcium carbonate precipitation by
producing extracellular polymeric substances
(EPS) that help trap calcium and carbonate ions,
forming a crust that enhances soil stability. This
process can be enhanced by adding urease-
producing microorganisms for more efficient
MICP.
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Applications:
e Restoration of degraded
desertification control.
e Soil stabilization in arid and semi-arid
regions.
e Environmentally friendly approach to soil
erosion control.

lands and

Bioreactor Technology for Large-Scale MICP

Technology Overview:

Bioreactor systems, such as continuous-flow
reactors or batch reactors, are being developed to
produce and apply MICP on a large scale. These
reactors cultivate bacteria in optimal conditions to
produce urease and precipitate calcium carbonate
efficiently. The bacteria and chemicals are then
injected into the soil via controlled methods,
ensuring uniform treatment over large areas.

Applications:

e Large-scale soil stabilization projects, such
as those used in the construction of roads,
dams, or levees.

e Efficient production of bacterial cultures
for industrial applications.

e  Cost-effective method for soil remediation
and stabilization in urban or agricultural
areas.

V. EXPERIMENTAL SET UP:

Effect

of Microbial-Induced Calcium Carbonate

Precipitation (MICP) on Soil Improvement

Objective:

To assess the effectiveness of MICP in improving the
mechanical properties (strength, cohesion) and reducing
permeability of soil using urease-producing bacteria and
calcium carbonate precipitation.

Materials Needed:

1.

2.

et

Soil samples (typically sandy soil, clayey soil, or a
mixture depending on the test goal)
Urease-producing bacteria (e.g., Sporosarcina
pasteurii or other microorganisms)

Urea solution (typically 1.0 M)

Calcium chloride (CaCl.) solution (typically 0.5
M)

Distilled water (for microbial suspension and
control samples)

Petri dishes or soil containers (for soil
incubation)

pH meter (to measure pH changes)
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8. Permeability testing apparatus (e.g., constant
head permeability apparatus)

9. Compressive strength testing equipment (e.g.,
unconfined compressive strength test)

10. Incubator or controlled environment (to
maintain optimal temperature for microbial
growth)

11. Stirring apparatus (e.g., magnetic stirrer)

12. Sterile containers (for microbial growth media
and solutions)

Procedure:

1. Soil Preparation:

o Select soil samples (e.g., sandy soil) and
sieve them to remove large particles or
debris. Adjust the soil's moisture content
to approximately 20% or based on your
desired experimental conditions.

o Divide the soil into different experimental
groups for comparison (e.g., control,
MICP-treated).

2. Bacterial Cultivation:

o Inoculate Sporosarcina pasteurii (or
selected urease-producing bacteria) in a
nutrient broth containing urea and
incubate at 30°C for 48 hours to allow
bacterial growth.

o After incubation, extract the bacterial
suspension, ensuring the concentration is
adequate for soil treatment.

3. MICP Treatment:

o Mix the bacterial suspension into the soil
samples in a sterile container or Petri dish.

o Prepare solutions of urea and calcium
chloride. Typically, a 1.0 M urea solution
and a 0.5 M calcium chloride solution are
used.

o Inject or mix the urea solution into the soil
sample. Then, add the calcium chloride
solution to initiate calcium carbonate
precipitation.

o  Allow the microbial solution to permeate
the soil over a 48-72 hour period. The
bacteria will hydrolyze urea, producing
ammonia (NHs) and carbonate ions
(COs?7), which will react with calcium
ions (Ca?") to precipitate calcium
carbonate (CaCOs).

4. Control Group:

o Prepare a control sample of the same soil
type without microbial treatment, just
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adding distilled water, urea, and calcium
chloride. This will provide a baseline
comparison.

Environmental Conditions:

o Place both the treated and control soil
samples in an incubator at 30°C for 72
hours to allow the microbial-induced
precipitation process to occur.

o  Measure the pH of the soil solution
periodically to monitor the increase in pH
caused by the microbial urease activity.

Post-Treatment Analysis:

a. Soil Permeability Test:

o Perform a permeability test on both the
MICP-treated and control soil samples.
Use a constant head permeability
apparatus to measure the rate of water
infiltration.

o Compare the permeability of the MICP-
treated soil to the untreated control. A
reduction in permeability will indicate
improved soil cohesion and reduced water
flow through the soil.

b. Compressive Strength Test:

o After treatment, compact the soil into
cylindrical molds and cure for 48 hours to
allow calcium carbonate precipitation to
solidify the soil.

o Test the unconfined compressive strength
of both the treated and untreated soil
samples using a standard unconfined
compression test.

o Record the maximum load at failure and
calculate the compressive strength. A
significant increase in strength will
indicate successful stabilization of the
soil.

Soil Morphology Observation:

o After completing the tests, observe the
treated soil samples under a microscope
(optional) to check for the formation of
calcium carbonate crystals. This can be
verified by using a scanning electron
microscope (SEM) for high-resolution
images of the precipitated crystals.

o Calcium carbonate crystals should be
visible in the soil matrix, filling voids
between soil particles.

Data Analysis:
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o Compare the results of the permeability
and compressive strength tests between
the MICP-treated and control samples.

o  Analyze the pH changes in the soil and
correlate them with the amount of calcium
carbonate precipitation.

o Ifavailable, perform additional tests (e.g.,
X-ray diffraction (XRD) or Fourier-
transform infrared (FTIR) spectroscopy)
to confirm the presence of calcium
carbonate in the treated soil.

Results:
e  MICP-treated soil should show:
o Increased soil strength (higher
compressive strength).
o Reduced permeability (less water flow
through the soil).
o  Formation of calcium carbonate crystals
that bind soil particles together.
o Higher pH due to urea hydrolysis and
calcium carbonate formation.
e  Control soil should show:
o No significant change in strength or
permeability.
o No formation of calcium carbonate.
o Neutral pH (or minimal pH changes due
to soil's natural properties).

Conclusion:

This experiment provides insights into the effectiveness of
Microbial-Induced Calcium Carbonate Precipitation
(MICP) for improving soil properties such as strength,
cohesion, and permeability. By using urease-producing
bacteria to induce calcium carbonate precipitation, this
biotechnological approach can enhance soil stabilization,
making it a viable and environmentally friendly alternative
to traditional methods of soil reinforcement.

The results from this experiment can help determine the
optimal conditions for applying MICP in various soil types
and for large-scale soil stabilization projects, such as
construction sites, agricultural fields, or erosion-prone areas.
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