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Abstract-

Soil stabilization is a critical process in geotechnical engineering to enhance soil properties for
construction and infrastructure development. Conventional methods often involve environmentally
detrimental materials such as cement and lime, highlighting the need for sustainable alternatives. This
study evaluates the potential of bio-enzymatic soil stabilization as an eco-friendly and cost-effective
solution. Using bio-enzymes derived from natural organic sources, this method offers improved soil
shear strength, reduced permeability, and enhanced durability while minimizing carbon emissions and
energy usage. Laboratory tests and field studies demonstrate significant improvements in soil
mechanical properties, showcasing the viability of bio-enzymes for sustainable geotechnical
applications. The findings suggest that bio-enzymatic stabilization can play a pivotal role in
addressing environmental challenges in modern geotechnics.
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2. Introduction

2.1. Importance of Soil Stabilization in Geotechnical Engineering

Soil stabilization plays a pivotal role in geotechnical engineering, ensuring the structural stability and
durability of infrastructure. Stabilized soil is essential for applications such as road construction,
foundation support, and embankments, where substandard or weak soil could compromise structural
integrity (Smith et al., 2018). Achieving the desired engineering properties in soil, such as increased
strength, reduced permeability, and enhanced load-bearing capacity, is critical for sustainable
infrastructure development.

2.2. Challenges with Conventional Soil Stabilization Techniques

Traditional soil stabilization methods, including the use of lime, cement, and synthetic additives, have
been extensively employed to improve soil properties. However, these methods are often associated
with significant environmental and economic challenges. The production of cement and lime
generates substantial greenhouse gas emissions and consumes large amounts of energy, making these
processes environmentally unsustainable (Jones & Taylor, 2015). Furthermore, the long-term
performance of chemically stabilized soils in various climatic conditions remains a concern, as some
additives may leach into the environment, posing ecological risks (Green & White, 2020).

2.3. Introduction to Bio-Enzymatic Soil Stabilization

Bio-enzymatic soil stabilization emerges as a sustainable alternative to conventional methods,
leveraging natural organic enzymes to enhance soil properties. These bio-enzymes work by catalyzing
reactions that alter the soil’s physical and chemical structure, resulting in improved compaction,
reduced water absorption, and enhanced strength (Kumar et al., 2019). The enzymatic process relies
on eco-friendly materials, which significantly reduce carbon emissions and energy requirements
compared to traditional methods.
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2.4. Research Objectives and Significance

This study aims to evaluate the efficacy of bio-enzymatic soil stabilization in improving the
mechanical and geotechnical properties of soil, with a focus on sustainability. Specific objectives
include:

e Assessing the impact of bio-enzymes on soil strength, permeability, and durability.

e Comparing the environmental and economic benefits of bio-enzymatic stabilization with
traditional methods.

o Exploring the feasibility of bio-enzymes for large-scale geotechnical applications.

The significance of this research lies in addressing the growing need for sustainable practices in

geotechnical engineering, contributing to environmental preservation and advancing eco- friendly

construction technologies.

2.5. Structure of the Paper

The paper is structured as follows:

e Section 3: A comprehensive review of existing literature on soil stabilization techniques and the
role of bio-enzymes.

e Section 4: Materials and methods used in the experimental setup and testing process.

e Section 5: Presentation and analysis of the results, highlighting improvements in soil
properties.

¢ Section 6: Discussion of findings in the context of sustainable geotechnical applications.

e  Section 7: Challenges, limitations, and directions for future research.

¢ Section 8: Conclusions and recommendations for practical implementation.

3. Literature Review

3.1 Overview of Traditional Soil Stabilization Methods

Traditional soil stabilization methods, such as the use of lime, cement, and other chemical additives,
have been widely adopted to enhance soil properties. Lime stabilization improves soil plasticity and
strength by inducing pozzolanic reactions, particularly effective in clayey soils (James & Pandian,
2016). Cement stabilization, on the other hand, works by binding soil particles through hydration
reactions, forming a cementitious matrix that increases strength and reduces permeability (Sherwood,
1993). Despite their effectiveness, these methods have significant drawbacks, including high energy
consumption, greenhouse gas emissions, and environmental degradation from the extraction of raw
materials (Mallela et al., 2004).

3.2 Current Trends in Sustainable Soil Stabilization

In response to environmental concerns, there has been a growing interest in sustainable soil
stabilization methods. Recent innovations include the use of waste materials (e.g., fly ash, slag),
geopolymers, and bio-based techniques (Ahmad et al., 2018). These approaches aim to minimize the
environmental footprint while maintaining or enhancing soil performance. Among these, bio-
enzymatic soil stabilization stands out as an eco-friendly alternative that leverages naturally occurring
enzymes to improve soil properties without introducing harmful chemicals (Kumar et al., 2019).

3.3 Mechanism of Action of Bio-Enzymes in Soil Stabilization

Bio-enzymatic stabilization utilizes enzymes derived from organic materials to alter the soil’s physical
and chemical properties. The enzymes act as catalysts, promoting reactions that enhance soil particle
bonding and reduce void ratios. This results in improved compaction, increased shear strength, and
reduced permeability (Patel et al., 2020). The enzymatic process works particularly well in soils with
high organic content, where the enzymes facilitate the formation of long-chain polymers that bind soil
particles together (Dutta & Karmakar, 2019).
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3.4 Previous Research Findings on Bio-Enzymatic Soil Stabilization

Previous studies have demonstrated the effectiveness of bio-enzymes in improving soil stability and
durability. Kumar et al. (2019) found that bio-enzymatic treatment significantly enhanced the
unconfined compressive strength (UCS) of clayey soils, making them suitable for road construction.
Similarly, Dutta and Karmakar (2019) reported that bio-enzymes reduced water absorption and swelling
in expansive soils, addressing common challenges in infrastructure projects. Comparative studies have
also highlighted the cost-effectiveness of bio- enzymatic stabilization compared to conventional
methods, with lower energy requirements and minimal environmental impact (Patel et al., 2020).

3.5 Research Gaps and Motivation for the Study

While existing research underscores the benefits of bio-enzymatic soil stabilization, several gaps
remain. Limited studies have explored the long-term performance of bio-enzymes under varying
environmental conditions, such as extreme temperatures or heavy rainfall (Ahmad et al., 2018).
Additionally, there is a lack of standardized testing protocols for evaluating bio- enzymatic soil
stabilization, making it challenging to compare results across studies. Furthermore, the scalability of
bio-enzymatic techniques for large-scale geotechnical applications remains underexplored. Addressing
these gaps is critical to unlocking the full potential of bio-enzymatic stabilization in sustainable
geotechnical engineering.

4. Materials and Methods

4.1 Materials
4.1.1 Types of Soil Considered

e Clay Soil: High plasticity and water retention properties, common in subgrade
applications.
¢ Sandy Soil: Low cohesion and high permeability, often used in foundational work.

¢ Loamy Soil: Balanced composition of sand, silt, and clay, providing moderate strength and
drainage properties.
e Expansive Soil: Tested for its high shrink-swell potential and challenges in stabilization.

4.1.2 Bio-Enzymes Used

e Enzyme Properties: Natural organic compounds with catalytic properties that promote soil
particle bonding.

¢ Chemical Composition: Contains proteins, amino acids, and sugars derived from organic
fermentation processes.

e Mode of Action: Catalyzes the breakdown of organic matter in the soil, forming stable
complexes that enhance compaction and durability.

4.1.3 Additional Materials

e  Water: Used for moisture content adjustments.

o Fine Aggregates: Mixed with soil to simulate specific geotechnical conditions where
required.
e Other Additives: Minimal quantities of cement or lime for comparative analysis.

© 2025, IJAAST All Rights Reserved, https://ijaast.org/ 167




.

Dr. M.G. Deshmukh et al, International Journal of Advances in Agricultural Science & Technology,
Vol.12 Issue 3, Mar 2025, pg.165-171
ISSN:2348-1358
Impact Factor: 6.901
NAAS Rating: 3.77

4.2 Experimental Design

4.2.1 Preparation of Soil Samples
e Soil samples were collected from different regions, ensuring diversity in composition.

e Samples were air-dried, sieved through a 2 mm sieve, and stored in a controlled
environment to maintain consistency.

e Moisture content was adjusted to optimum levels based on Proctor compaction tests.

4.2.2 Enzyme Application Process

e Bio-enzymes were diluted with water in predetermined proportions as per the
manufacturer's recommendations.

e The solution was uniformly mixed with soil samples using a mechanical mixer.

o Samples were allowed to cure for 7, 14, and 28 days to observe short-term and long-term
effects.

4.2.3 Laboratory Setup and Field Tests

o aboratory tests were conducted to assess soil strength, permeability, and compressibility.

o Field trials involved compacting enzyme-treated soil layers to evaluate real-world
performance.

o Environmental factors such as temperature and humidity were recorded to analyze their
impact on enzyme efficacy.

4.2.4 Test Parameters

e Shear Strength: Measured using direct shear tests to evaluate the load-bearing capacity.

o Permeability: Assessed using constant head and falling head permeability tests.

e Compressibility:  Evaluated through consolidation tests, focusing on settlement
characteristics.

4.3 Testing Methods
4.3.1 Standard Geotechnical Testing Protocols

e Tests followed ASTM (American Society for Testing and Materials) and IS (Indian
Standards) geotechnical procedures to ensure accuracy and repeatability.

4.3.2 Soil Compaction and Atterberg Limits

e Compaction Testing: Proctor and Modified Proctor tests determined the optimum
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moisture content and maximum dry density.
o Atterberg Limits: Plastic and liquid limits were measured to determine changes in soil
consistency after enzyme treatment.

4.3.3 Unconfined Compressive Strength (UCS) Tests

e UCS tests were performed on untreated and enzyme-treated samples to measure
compressive strength under controlled conditions.
o Results were recorded at different curing intervals to study strength development over time.

Comparison of Soil Properties: Untreated vs Enzyme-Treated
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e Scatter Plot: Correlation between shear strength and UCS, showcasing improvements after
enzyme treatment. Bar Chart for Permeability: Direct comparison of soil permeability values,
demonstrating a significant reduction in treated soils.

0.0012

0.0010

0.0008

0.0006

Permeability (cm/s)

0.0004

0.0002

0.0000

Permeability Comparison: Untreated vs Treated

Untreated Soil Treated Soil

© 2025, IJAAST All Rights Reserved, https://ijaast.org/ 170




v a

Dr. M.G. Deshmukh et al, International Journal of Advances in Agricultural Science & Technology,
Vol.12 Issue 3, Mar 2025, pg.165-171
ISSN:2348-1358
Impact Factor: 6.901
NAAS Rating: 3.77

5. Discussion

Interpretation of Results in the Context of Sustainable Geotechnics

The results of this study underscore the potential of bio-enzymatic soil stabilization as a
sustainable solution for geotechnical engineering challenges. The observed improvements in
shear strength, reduction in permeability, and enhanced durability align with the requirements
of sustainable infrastructure development. By catalyzing reactions that restructure soil at the
molecular level, bio-enzymes not only enhance mechanical properties but also address
environmental concerns such as resource depletion and greenhouse gas emissions (Kumar et
al., 2019). These attributes make bio-enzymes particularly valuable for projects in
environmentally sensitive areas, where traditional methods might pose ecological risks.
Comparison with Traditional Soil Stabilization Techniques

Traditional soil stabilization methods, such as lime and cement, have long been the industry
standard for improving soil properties. However, these methods are associated with high
energy consumption and significant carbon emissions due to the production of stabilizing
agents (Jones & Taylor, 2015). In contrast, bio-enzymatic stabilization offers a low-carbon
alternative, utilizing organic compounds to achieve comparable or superior performance. For
example, this study found a 73% increase in shear strength with bio-enzymes, rivaling or
exceeding the performance metrics of lime stabilization (Ahmad et al., 2018). Moreover, the
enzymatic process does not introduce harmful by-products, addressing concerns of
environmental contamination associated with chemical stabilizers (Patel et al., 2020).
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