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Abstract

Expansive soils, rich in montmorillonite minerals, exhibit significant swell-shrink behavior with changing moisture
contents. This behavior leads to road damage and poses serious threats to the stability of underground structures.
Conventional stabilizers such as lime and cement have been used to stabilize expansive soils. However, they release
a lot of CO: during production and use. They also can make the soil too alkaline and may even pollute nearby
groundwater over time; raising concerns about long-term viability. As a consequence, Microbially Induced Calcite
Precipitation (MICP) has emerged as a promising, eco-friendly alternative for improving expansive soil stability
in recent years. This method works by using specific bacteria to produce calcite, which acts as a natural binder for
the soil particles. The objective of this paper is to review findings from recent studies where MICP has been used
to stabilize expansive soils, focusing on key characteristics of soil such as unconfined compressive strength (UCS),
plasticity, swelling pressure, hydraulic conductivity, and linear shrinkage. The results show that MICP can increase
the compressive strength of soil by 2 to 5 times and reduce swelling pressure by as much as 90%. Additionally, it
significantly lowers plasticity and linear shrinkage, with some treatments reducing the plasticity index from 38.5
percent to as low as 12 percent. This review also explores the real-world challenges of using MICP, where factors
like weather variability, inconsistent soil conditions, and the larger scale of work can make it harder to maintain
efficiency and ensure uniform treatment.
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1. Introduction

Expansive soils are defined by their high content of clay minerals, particularly montmorillonite and illite, which
give them a unique and problematic ability to undergo significant changes in volume with fluctuations in moisture.
When these soils absorb water, the clay minerals swell, causing the ground to heave or lift. Conversely, during dry
periods, the soil loses moisture and contracts; often leaving behind deep cracks and fissures (Nelson and Miller,
1992). This constant cycle of expansion and contraction can weaken the soil structure, reduce its load-bearing
capacity, and create an unstable foundation for any structures built above.

These behaviors present serious and persistent engineering challenges around the world. Infrastructure such as
roads, pavements, pipelines, and building foundations constructed on expansive soils often suffer from uneven
settlement, surface cracking, and distortion. Due to this problem, damage to lightly loaded structures built on these
soils is more than any other natural disaster such as earthquakes and floods (Nelson and Miller, 1992). The annual
cost of damage due to this type of soil increased from $2.2 billion/year in 1973 (Jones and Holtz, 1973) to $15
billion/year in 2012 worldwide (Jones and Jefferson, 2012).

Researchers and geotechnical engineers have been trying to mitigate this problem with different stabilization
methods for decades. The feasibility of improving expansive soil with lime through expansiveness and water
stability experiments have been studied by Elkady and Shaker (2018). Wu et al. (2021) mixed steel slag powder
into expansive soil to improve the expansion and shrinkage properties of expansive soil. Lu et al. (2014) evaluated
the effect of biochar and coal fly ashes mixed in prior to compaction in the expansiveness of remolded soils.
Jamsawang et al. (2017) studied the effect of soil-cement mixtures in the behavior of soils with expansive minerals
prior to compaction.

Although these techniques have shown improvements in the expansive soil, these chemical stabilizers also
adversely affect the environment. These techniques lead to increased energy consumption, depletion of
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nonrenewable resources, and significant adverse environmental impacts, including substantial CO. emissions
(Sharma et al., 2019). Therefore, it has become a demand of recent times to identify an alternative stabilization
method that can be both environmentally friendly and cost-effective.

Microbial-Induced Calcite Precipitation (MICP) is an environment-friendly technique that could be an alternative
to conventional stabilization methods. Researchers have recently explored the use of MICP to stabilize expansive
soils by varying additives, microbial concentrations, and treatment protocols. The results have been promising
across multiple studies. MICP treatments not only reduce the plasticity and swelling potential of expansive soils
but also significantly boost their strength and stability. For example, experiments have shown that the unconfined
compressive strength (UCS) of treated soils increased up to six times higher than untreated samples (Tiwari et al.,
2021); while free swell values dropped by as much as 93% (Chittoori et al., 2021). Other studies reported a
substantial increase in shear strength parameters: the cohesion of expansive soils rose from 29.5 kPa to 39.4 kPa,
and the internal friction angle increased from 20.1° to 29.6° after MICP treatment (Tian et al., 2022).
Microstructural analysis using SEM revealed that calcium carbonate produced by the microbes fills soil pores and
cements particles together, resulting in a denser and more stable soil fabric (Yu et al., 2021). These encouraging
results highlight MICP’s potential as an effective, eco-friendly alternative for expansive soil stabilization.

In this paper, we critically reviewed and synthesized recent research on the use of Microbially Induced Calcite
Precipitation (MICP) for stabilizing expansive soils. This review focuses on how MICP affects key engineering
properties; such as unconfined compressive strength, swelling properties, shrinkage, Atterberg limits and micro-
structural analysis; while also discussing environmental benefits, comparing it to conventional methods, and
highlighting practical challenges and research gaps for real-world applications. By drawing on results from both
laboratory and field studies, this paper aims to provide a comprehensive understanding of the effectiveness,
limitations, and future prospects of MICP as a sustainable soil stabilization technique.

2. Methodology

This review undertakes a comprehensive analysis of the latest research on Microbially Induced Calcite
Precipitation (MICP) as a technique for stabilizing expansive soils. Relevant studies investigating the effects of
MICP on engineering properties such as strength, swelling behavior, Atterberg limits, and microstructure were
identified, collected, and critically analyzed.

A systematic search was conducted using academic databases including Google Scholar, Scopus, and Web of
Science to locate peer-reviewed journal articles and conference proceedings published on this topic. Special
emphasis was placed on studies employing laboratory testing, field trials, and SEM (scanning electron microscopy)
analysis to evaluate the microstructural evolution of treated soils. In total, 19 research articles were gathered and
reviewed to synthesize current findings and provide a solid understanding of MICP’s effectiveness in expansive
soil stabilization.

3. Results and Discussions
3.1 Effectiveness of MICP on Soil Strength Properties

A number of recent studies have reported significant improvements in the strength properties of expansive soils
following MICP treatment, as summarized in Figure 1.
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Figure 1. Improvement of Unconfined Compressive Strength with MICP treatment

Rababah et al. (2024) investigated highly expansive clayey soil collected from Eastern Irbid City, Jordan. The
untreated soil initially exhibited an unconfined compressive strength (UCS) of 200 kPa. By substituting
conventional MICP reagents with olive mill wastewater (OMWW) and hydrated lime, and following a curing
period of 7 days, the UCS was increased to 1050 kPa; a remarkable 425% improvement.

Chittoori et al. (2019) prepared artificially expansive soils with different clay content, specifically using soil types
designated as C-70 and S-1 (Chittoori and Neupane, 2019). Here, ‘C-70' refers to a soil sample with 70% clay
content and 30% sand, while ‘S-1' represents a natural expansive soil from a site in Boise, Idaho, USA. The treated
C-70 sample, after bioaugmentation and MICP application, showed a UCS increase from 155.1 kPa to 228.7 kPa
(a 47.45% increase) after just 2 days of curing. The S-1 soil, after a 7 day curing period, showed a UCS
improvement from 58.85 kPa to 88 kPa (a 49.53% increase). All UCS tests in these studies were conducted in
accordance with ASTM D2166.

Tian et al. (2022) studied natural expansive soils stabilized with fly ash bio-cement (FABC). The untreated soil
(0% FABC) exhibited a UCS of 142.6 kPa, while treatment with 25% FABC (optimum) increased the UCS to
719.4 kPa, corresponding to a 404.49% increase. The UCS tests were carried out as per the Chinese standard GB/T
50123-2019. Tiwari et al. (2021) examined the impact of MICP on BC-1 soil, a highly plastic natural expansive
clay collected from Madhya Pradesh, India. The best results were obtained with BC-1 + 30% bottom ash (BA),
which led to an increase in UCS from 96 kPa to 595 kPa, equivalent to a 519.79% improvement. The UCS test
was performed following IS 2720 (Part 10). Paul et al. (2025) explored a combined approach, stabilizing expansive
soil with both MICP and jute fiber reinforcement. They reported a 186% increase in UCS compared to the untreated
soil.
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Figure 2. Unimproved expansive soil (Ouyang et al., Figure 3. Improved expansive soil (treated 2 times)

2022 (Ouyang et al., 2022)

Figure 2 shows that unimproved expansive soil reaches a maximum deviatoric stress of just over 400 kPa at 300
kPa confining pressure, and slightly above 300 kPa at 200 kPa, demonstrating modest strength. While figure 3
reveals that after two MICP treatments, the same soil achieves over 600 kPa at 300 kPa and more than 450 kPa at
200 kPa, clearly indicating a significant improvement in shear strength due to MICP.
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3.2 Effectiveness of MICP on Swelling Behaviour of Soil

Multiple studies have consistently showed that Microbially Induced Calcite Precipitation (MICP) can greatly
reduce the swelling potential of expansive soils. The reduction in free swell index (FSI) after MICP treatment is
frequently reported to exceed 70—80% in both laboratory and field conditions (Ouyang et al., 2022; Chittoori et
al., 2021 (C-40); Paul et al., 2025). This reduction is primarily the result of the precipitation of calcium carbonate,
which fills soil pores and coats clay particles, thereby restricting water absorption and swelling.

Table 1. Summary of FSI Reduction in Expansive Soils Treated with MICP

o n
Author Soil type % decrease in FSI

value
Rababah et al., 2024 Treated with MICP + 1M Olive Mill 548
Wastewater
Lietal., 2018 Treated with 25% FABC 63
Chittoori et al., 2021 Treated C-70 72
Chittoori et al., 2021 Treated C-40 93
Tiwari et al., 2021 Artificial BC-1 + 30% BA 45
Tiwari et al., 2021 Treated natural expansive soil (BC-2) 81.8
Ouyang et al., 2022 Treated natural expansive soil 75.7
Paul et al., 2025 Treated with MICP + Jute Fiber 85

Notably, the magnitude of swelling reduction can vary depending on the soil type, initial mineralogy, and the
MICP protocol used. For instance, Li et al. (2018) observed a 63% reduction in FSI in fly ash-biotreated soils,
while Tiwari et al. (2021) found that natural expansive soil treated with MICP exhibited a decrease in swelling
potential of over 80%, especially when supplemented with bottom ash. Similarly, combining MICP with organic
additives or fibers; such as in the work by Paul et al. (2025); has been shown to further suppress swelling, likely
due to both chemical and mechanical stabilization effects.

Table 1 presents the percentage reduction in free swell index (FSI) for expansive soils treated with various MICP
protocols, as reported in recent studies. The results highlight significant decreases in FSI across different soil types
and treatment combinations. While the focus is typically on free swell index, a few papers have also reported
reductions in swelling pressure and one-dimensional swell strain, supporting the overall finding that MICP is
highly effective in mitigating the risks associated with expansive soils.

3.3 Effectiveness of MICP on Soil Plasticity, Shrinkage property and pH Value

MICP treatment can significantly lower the Atterberg limits of expansive soils; often shifting soils from high to
moderate plasticity (Rababah et al., 2024; Tiwari et al., 2021; Tian et al., 2022).The treated soil also exhibits better
engineering properties in the laboratory. For example, Paul et al. (2025) found that MICP-treated soils (with jute
fiber) exhibited more than a 40% reduction in linear shrinkage, which can greatly enhance dimensional stability
and reduce cracking potential. Additionally, some studies, such as Rababah et al. (2024), noted a decrease in soil
pH after treatment, bringing it closer to neutral, which may benefit both soil health and long-term performance.
Collectively, these results highlight that MICP not only improves plasticity but also contributes to broader
enhancements in the behavior and durability of expansive soils.

3.4 Effectiveness of MICP on Microstructural Development of Soil

The impact of Microbially Induced Calcite Precipitation (MICP) on the microstructure of expansive soils has been
widely explored using scanning electron microscopy (SEM). Across multiple studies, SEM images provide direct
visual evidence of the morphological changes induced by MICP, demonstrating a clear transition from loosely
packed, porous soil matrices to denser, more cemented structures.
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Figure 4. Unimproved expansive Figure 5. Improved expansive Figure 6. Improved expansive
soils, 5000x (Tian et al., 2022) soils, 5000x (Tian et al., 2022) soils, 10000 (Tian et al., 2022)
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Figure 7. Natural expansive soil (Li Figure 8. Soil treated with 25% Figure 9. Soil treated with Jute
etal., 2018) FABC (Li et al., 2018) Fiber + MICP (Paul et al., 2025)

Untreated soils typically display loose, flaky particles with abundant pore spaces (Tian et al., 2022). After MICP
application, SEM images reveal the formation of calcium carbonate crystals that coat particle surfaces and fill
pores. This results in denser, more cohesive structures (Li et al., 2018; Paul et al., 2025). These calcite bridges
enhance particle bonding and reduce porosity, which helps explain the observed increase in strength and reduced
swelling. In some cases, repeated treatments lead to even more pronounced cementation and aggregation.

4. Real-World Application

While laboratory studies consistently demonstrate the potential of MICP for stabilizing expansive soils, its
application in real-world geotechnical projects remains limited. Most published research to date has focused on
small-scale or controlled laboratory experiments, and only a few studies have explored field-scale implementation
or long-term durability under actual environmental conditions (Chittoori et al., 2021; Valencia-Galindo et al.,
2021). Several authors pointed out that the effectiveness of MICP in the field can be reduced compared to
laboratory results due to challenges such as uneven reagent distribution, soil heterogeneity, scale effects, and
variable site conditions.

5. Conclusion

e This review set out to compile the growing body of research on Microbially Induced Calcite Precipitation
(MICP) as a sustainable solution for stabilizing expansive soils. Data from various articles were collected
and analyzed to show that MICP can bring about remarkable improvements in key engineering soil
properties such as boosting strength, reducing swelling, lowering plasticity, and fundamentally altering
the microstructure of problematic soils. SEM images and quantitative test results across diverse soil types
all point to the same core mechanism; calcite precipitation is the driving factor for these improvements.

e As the laboratory success of MICP is increasingly well-established, bringing these advances to full-scale
engineering practice presents exciting opportunities for innovation. Ongoing research continues to expand
our understanding of how MICP performs in diverse, real-world conditions, and early field studies are
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beginning to confirm its potential beyond the lab. As more and more projects move from pilot to practice,
the engineering community is set to refine treatment strategies and adapt MICP for a variety of
geotechnical challenges.
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