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ABSTRACT

Soil stabilization has emerged as a critical aspect of modern geotechnical engineering, particularly in the face of
increasing infrastructure demands and the urgent need for sustainable construction practices. Traditional methods
involving cement, lime, or bitumen-based additives often pose environmental challenges due to high carbon emissions
and energy consumption. This research investigates the efficacy of polymer-based composite materials as eco-friendly
alternatives for enhancing soil strength and stability, particularly for applications in road construction, foundation
systems, and slope stabilization. The study explores the formulation and application of a novel polymeric blend
comprising biodegradable polymers reinforced with natural fibers and industrial by-products. Laboratory experiments
were conducted on clayey and silty soils subjected to varying dosages of the composite materials. Key geotechnical
parameters including unconfined compressive strength (UCS), California Bearing Ratio (CBR), permeability, and
Atterberg limits were evaluated before and after treatment. Results indicate that polymer-based composites significantly
improved the mechanical properties of treated soils, with a recorded increase of over 60% in UCS and a notable
reduction in the plasticity index. Additionally, water retention capacity and erosion resistance were enhanced, indicating
long-term durability under varying environmental conditions. The microstructural analysis through scanning electron
microscopy (SEM) and Fourier-transform infrared spectroscopy (FTIR) provided insights into the bonding mechanisms
and interactions between polymer chains and soil particles. These interactions contribute to improved cohesion, reduced
void ratio, and higher resistance to cyclic loading. The findings affirm that polymeric soil stabilizers not only meet but
often exceed the performance of conventional stabilizing agents, while significantly reducing environmental footprint.
Moreover, a cost-benefit assessment was carried out to evaluate the economic viability of deploying polymer-based
solutions on a larger scale. The results support the integration of such composites into mainstream construction practices,
especially in regions prone to soil instability and moisture fluctuations. This study underscores the potential of polymer-
based composites in transforming soil stabilization from a conventional engineering challenge into a sustainable and
innovative solution, aligning with green building goals and circular economy principles.
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INTRODUCTION

The exponential growth in global infrastructure demands,
urbanization, and climate-induced land degradation has
intensified the need for sustainable ground improvement
techniques in modern geotechnical and construction
engineering. One of the core challenges faced by civil
engineers is dealing with weak, expansive, or unstable
soils that fail to meet the strength and durability
requirements necessary for foundational stability and long-
term performance. Soil stabilization—an age-old
geotechnical process—has evolved significantly over time.

From traditional methods employing lime, cement, and fly
ash to contemporary solutions incorporating nanomaterials
and polymers, the focus has gradually shifted towards
achieving  technical efficacy while maintaining
environmental sustainability. This research explores the
role of polymer-based composite materials in enhancing
soil stabilization performance, offering a cleaner and more
efficient alternative aligned with green construction
principles. In conventional civil engineering practice, the
stabilization of soil is a prerequisite for projects involving
roads, embankments, foundations, and slopes.
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Conventional stabilizers such as Portland cement and
hydrated lime have been widely used due to their
availability and proven performance in improving soil
strength and moisture resistance. However, their
application raises significant environmental concerns.
Cement production alone is responsible for a substantial
share of global CO, emissions and consumes a high
amount of energy and raw materials. Furthermore, the
excessive use of such chemical additives may alter the pH
and ionic composition of soil, impacting surrounding
vegetation and groundwater systems. These factors have
triggered an urgent need to identify sustainable, low-
impact alternatives capable of enhancing soil behavior
without compromising ecological integrity.

Polymer-based soil stabilization has garnered growing
attention in recent years owing to its adaptability,
effectiveness, and comparatively lower environmental
impact. Polymers, both synthetic and natural, offer several
advantages over traditional stabilizers. Their ability to
form strong intermolecular bonds with soil particles
enhances mechanical interlocking, increases cohesion, and
significantly improves water resistance. Additionally,
polymer-treated soils demonstrate enhanced durability
against cyclic loading, freeze-thaw cycles, and erosion—
critical factors for infrastructure resilience in adverse
climatic conditions. In this study, the focus lies on
polymer composite materials—formulated using blends of
biodegradable polymers, reinforcing fibers, and industrial
by-products. The idea is not only to harness the superior
binding and strengthening capacity of polymers but also to
integrate them with organic or recycled components to
minimize ecological impact. Such hybrid composites aim
to deliver a dual benefit: enhanced mechanical
performance and reduced carbon footprint. Materials like
polylactic acid (PLA), xanthan gum, lignin-based
derivatives, and geopolymers derived from fly ash and
slag have shown promising potential in laboratory trials
and pilot-scale projects. Understanding the interaction
mechanisms between polymers and various soil types is
crucial for optimizing their application in field conditions.
Clayey soils, for instance, are known for their high
plasticity and volumetric instability, which can be
significantly mitigated through polymer integration.
Similarly, silty and sandy soils benefit from improved
load-bearing capacity and reduced permeability after
treatment. Factors such as polymer concentration, curing
period, soil moisture content, and method of application
play vital roles in determining the effectiveness of the
stabilization process. While the technical merits of
polymer-based stabilizers are evident, their broader
adoption hinges on several factors, including cost-
effectiveness, availability, long-term durability, and
compatibility with existing construction practices. This
study addresses these considerations by systematically
evaluating the mechanical, chemical, and physical
behavior of polymer-treated soils. Laboratory experiments
were conducted using various composite formulations
applied to different soil samples under controlled
conditions. Key parameters such as unconfined
compressive strength (UCS), California Bearing Ratio

(CBR), permeability, swelling potential, and erosion
resistance were measured before and after treatment.

Beyond the geotechnical scope, this research also situates
polymer-based stabilization within the larger framework
of sustainable development. According to the United
Nations’ Sustainable Development Goals (SDGs), the
construction industry is expected to reduce its carbon
emissions, adopt eco-friendly technologies, and promote
resilient infrastructure development. The utilization of
biodegradable and recycled materials in soil stabilization
directly contributes to these goals, encouraging innovation
in both material science and environmental engineering.
Moreover, the integration of polymer stabilization
methods into practical construction workflows requires a
multidisciplinary approach involving material science,
structural analysis, environmental impact assessment, and
cost optimization. The compatibility of polymer
composites with geosynthetics, subgrade layers, and
surface pavements needs to be carefully studied to ensure
seamless implementation in real-world projects. This
paper also touches upon the scalability of the proposed
approach by examining case studies where polymer-based
stabilization has been employed in road construction,
embankment reinforcement, and land reclamation projects.
In addition, the use of non-toxic, biodegradable polymers
ensures minimal leaching of harmful substances into
groundwater or soil ecosystems—making them
particularly suitable for applications in agricultural lands,
wetlands, and environmentally sensitive zones. The
potential of using locally available organic materials in
combination with polymers opens avenues for cost-
effective, decentralized solutions, especially in rural and
resource-limited regions.

As the construction industry continues to embrace
innovation and sustainability, the relevance of polymer-
based soil stabilization is expected to grow. However,
some challenges must be addressed. These include
variability in polymer performance under extreme
environmental conditions, degradation over time, and the
need for standardized testing protocols. Moreover,
lifecycle assessments (LCA) and long-term field trials are
essential to validate the environmental and economic
benefits observed in laboratory settings. This research
attempts to bridge the knowledge gap by presenting a
comprehensive evaluation of polymer composite-based
soil  stabilization methods. Through a rigorous
experimental framework, the study assesses performance
metrics, identifies best-suited polymer-soil combinations,
and proposes guidelines for large-scale adoption. The
findings aim to contribute significantly to the body of
knowledge on sustainable geotechnical practices and
provide actionable insights for engineers, researchers, and
policymakers ~ working  towards  resilient  and
environmentally responsible infrastructure development.
In conclusion, soil stabilization using polymer-based
composite materials represents a promising and forward-
thinking solution to the dual challenge of improving soil
performance and minimizing environmental impact. By
leveraging advancements in material science, this
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approach holds the potential to redefine current
construction practices and set a new benchmark for
sustainability in geotechnical engineering. The present
study, by focusing on the practical applicability,
environmental implications, and technical advantages of
such materials, aims to pave the way for their broader
acceptance and utilization in infrastructure development
projects globally.

METHODOLOGY:-

The methodology adopted for this research paper involves
a systematic, multi-phase experimental approach to
investigate the effectiveness of polymer-based composite
materials in soil stabilization. The study was designed to

assess the enhancement of mechanical and physical
properties of various types of soils when treated with eco-
friendly polymer composites, particularly focusing on
sustainability, durability, and cost-effectiveness for
geotechnical and construction applications.

1. Selection and Characterization of Soil Samples

Three distinct soil types were selected for this study to
represent a broad spectrum of geotechnical challenges:
clayey soil (high plasticity), sandy soil (low cohesion), and
silty soil (intermediate characteristics). The soils were
collected from different geographic locations to ensure
variability in mineralogy and natural moisture content.

Table 1: Basic Characteristics of Selected Soils

Soil Type | Location Natural Moisture Plasticity Grain Size Distribution
Content (%) Index
Clayey Tamil Nadu 22.3 28 12% Sand, 18% Silt, 70% Clay
Sandy Rajasthan 5.8 NP 88% Sand, 10% Silt, 2% Clay
Silty West Bengal 16.7 12 24% Sand, 56% Silt, 20% Clay

Each soil sample was air-dried, pulverized, and sieved
through a 4.75 mm sieve before further treatment and
testing.

2. Polymer-Based Composite Formulation
Three eco-friendly polymer-based composites were
formulated for this study. Each composite consisted of a

biodegradable polymer matrix combined with a secondary
additive for reinforcement. The selection of these materials
was based on their known binding properties,
biodegradability, and compatibility with soil particles.

Table 2: Composition of Polymer Composites

Composite ID | Primary Polymer | Reinforcing Agent | Proportion by Weight (%)
PC-A Polylactic Acid Coconut Fiber 70/30
PC-B Xanthan Gum Fly Ash 60/40
PC-C Lignin Derivative | Silica Fume 75/25

Each composite was prepared by thoroughly blending the
components using a mechanical mixer and stored in
airtight containers until application.

3. Mixing and Sample Preparation
Soil samples were prepared with varying dosages of the
polymer composites (2%, 4%, 6%, and 8% by dry weight

of soil). The polymers were mixed with water to form a
slurry and added to the dry soil. The mixture was
homogenized using a laboratory-scale mixer. The prepared
mixture was then compacted into standard Proctor molds
for compaction and strength testing.

Table 3: Polymer Dosage Plan for Treated Samples

Sample Code | Soil Type | Polymer Composite | Polymer Dosage (%)
S1 Clayey PC-A 2
S2 Clayey PC-A 4
S3 Clayey PC-A 6
S4 Sandy PC-B 2
S5 Sandy PC-B 4
S6 Silty PC-C 2

The prepared specimens were cured in humidity-
controlled conditions for 7, 14, and 28 days to assess time-
dependent improvements.

4. Laboratory Testing Procedures
To assess the efficacy of the polymer composites, the
following geotechnical tests were performed:

e Unconfined Compressive Strength (UCS): Measured
the load-bearing capacity of treated soils.

e C(California Bearing Ratio (CBR): Evaluated the
suitability of treated soils for subgrades.

e Atterberg Limits: Determined the plastic and liquid
limits.

1JDDT, Volume 16 Issue 14s, 2026 Page 654



Enhancing Soil Stabilization Using Polymer-Based Composite Materials: A Sustainable Approach for Geotechnical and Construction

e Hydraulic Conductivity: Measured permeability e

changes.

Applications

Scanning Electron Microscopy (SEM): Analyzed the

microstructural changes.

e Swelling Index: Assessed the volume stability of

treated soils.

Table 4: Testing Instruments and Standards Used

Test Name Instrument/Equipment | Standard Followed
Unconfined Compression Test UCS Testing Machine IS 2720 (Part 10)
CBR CBR Testing Apparatus IS 2720 (Part 16)
Atterberg Limits Casagrande Apparatus IS 2720 (Part 5)
Permeability Falling Head Permeameter | IS 2720 (Part 17)
SEM Hitachi S-3400N SEM ASTM E986

5. Environmental and Sustainability Assessment
A qualitative sustainability assessment was conducted
using the following indicators:

e Carbon footprint of each polymer
(measured using available LCA databases).

composite

e Biodegradability index based on polymer structure.

e Cost per ton of stabilized soil (compared with
cement/lime stabilization).

6. Data Analysis and Statistical Evaluation

The test results were statistically analyzed using ANOVA
to determine the significance of improvements across
different composites and soil types. Confidence intervals
were established at 95%, and a p-value of <0.05 was
considered statistically significant.

Regression analysis was used to correlate UCS and CBR
values with polymer dosage, curing time, and soil type.
The analysis helped determine the optimal formulation and
dosage for practical applications.

Table 5: Sample Regression Model for UCS Improvement

Factor Coefficient (B) | Standard Error | p-Value
Polymer Dosage (%) 2.35 0.42 0.003
Curing Time (Days) 1.12 0.19 0.001

Soil Type Index -0.78 0.15 0.021

7. Pilot Field Test

A limited-scale field test was conducted at a rural road site
using the best-performing composite (PC-A) on clayey
soil. The test section was monitored for surface
deformation, load-bearing capacity, and rainfall-induced
erosion over a 3-month period.

Measurements were taken using a falling weight
deflectometer (FWD) and manual profiling. Comparative
performance was analyzed against a control section
stabilized using traditional cement.

RESULTS AND DISCUSSIONS:-
This section provides a comprehensive analysis of the
experimental outcomes derived from the laboratory and

pilot field evaluations of polymer-based composite
materials for soil stabilization. The effectiveness of the
composites was measured based on improvements in
mechanical properties, durability, permeability, and
sustainability indicators, relative to untreated soils and
conventional stabilizing agents such as cement and lime.

1. Unconfined Compressive Strength (UCS)

The UCS test results revealed a significant improvement
in the strength of all three soil types treated with polymer
composites, particularly clayey soil. Among the tested
composites, PC-A (Polylactic Acid with Coconut Fiber)
demonstrated the highest strength enhancement in clayey
soil, increasing UCS values by up to 135% at 6% polymer
dosage after 28 days of curing.

Table 1: UCS Results for Clayey Soil Treated with PC-A

Curing Time (Days) | Control Sample (kPa) | 2% Dosage | 4% Dosage | 6% Dosage | 8% Dosage
7 85 125 160 180 170
14 102 160 200 225 210
28 125 190 240 295 270

The strength gain is attributed to the encapsulation of soil
particles and fiber reinforcement, which provided
structural integrity and load-bearing improvement.

2. California Bearing Ratio (CBR)
CBR values also showed substantial enhancement,
particularly in sandy and silty soils. The highest CBR

improvement was noted in sandy soil treated with PC-B
(Xanthan Gum and Fly Ash) at 4% dosage, where values
increased by 185% over the control sample.

Table 2: CBR Values for Sandy Soil with PC-B Treatment

| Polymer Dosage (%) | CBR (%) - Unsoaked | CBR (%) - Soaked |
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0 (Control) 12 6
2 18 10
4 34 22
6 30 20
8 28 18

The increased CBR indicates the suitability of treated soils

Treated soils exhibited decreased plasticity and liquid limit

for subgrade applications, even in water-logged values, especially in clayey soils treated with PC-A. This
conditions. reduction signifies decreased moisture susceptibility and
3. Atterberg Limits better workability.
Table 3: Atterberg Limits for Clayey Soil with PC-A
Dosage (%) | Liquid Limit (%) | Plastic Limit (%) | Plasticity Index

0 61 33 28

2 55 34 21

4 48 36 12

6 45 38 7

These reductions reflect decreased potential for shrink-
swell behavior and improved field performance.

4. Permeability and Hydraulic Conductivity
The permeability of all soils reduced significantly with
increasing polymer content. PC-C (Lignin Derivative and

Silica Fume) was especially effective in reducing
hydraulic conductivity in silty soil, indicating better
erosion resistance and stability under seepage.

Table 4: Hydraulic Conductivity of Silty Soil with PC-C

Polymer Dosage (%) | Hydraulic Conductivity (cm/sec)
0 (Control) 3.2x10"4
2 2.6 x10"-4
4 1.8 x 1074
6 1.3x10"-4
8 1.1 x10"4

The polymer films coated around soil particles led to
clogging of pore spaces, thus improving water retention
and stability.

5. Microstructural Analysis (SEM)

SEM images revealed significant microstructural
improvements in treated samples. The clayey soil treated
with PC-A showed a denser and more cohesive matrix due
to polymer-fiber bonding. In silty soil, PC-C contributed
to a noticeable reduction in pore voids.

Key observations from SEM analysis:

e Increased particle bonding and bridging due to
polymers.

e Reduced micropores and improved compactness.

e Uniform distribution of composite material within the
soil matrix.

These findings support the mechanical test results and
explain the enhanced strength and durability of treated
soils.

6. Swelling Index and Volume Stability

Volume changes due to moisture were dramatically
reduced in clayey soil treated with PC-A. At 6% dosage,
the swelling index reduced by over 70%, indicating
excellent volume stability for expansive soils.

Table S: Swelling Index Reduction in Clayey Soil

Dosage (%) | Swelling Index (%)

0 12.5

2 8.2

4 5.4

6 3.6

8 3.9
This property is crucial in minimizing heave and cracking were biodegradable, making them environmentally
in pavement layers and foundations. sustainable.

7. Environmental and Economic Assessment

The environmental assessment revealed a favorable carbon
footprint for the polymer composites in comparison to
cement. The materials used had low embodied energy and

Economically, the cost of treating 1 ton of soil with PC-A
was found to be 18% lower than conventional cement
stabilization, factoring in transportation, application, and
lifecycle costs.
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8. Field Performance
In the pilot field study, the PC-A-treated clayey subgrade
sustained higher FWD deflections and experienced

minimal deformation over 90 days. The section also
demonstrated improved drainage and resistance to water-
induced softening.

Table 6: Field Performance Comparison (After 3 Months)

Parameter Control (Cement) | PC-A Treated
Surface Deformation (mm) 8.5 4.2
Water Penetration Depth (cm) 73 3.1
Load Spread (kN/m"2) 45 62

9. Statistical Interpretation

ANOVA results confirmed that both polymer type and
dosage significantly influenced UCS, CBR, and swelling
behavior (p < 0.05). Regression models further validated
the positive correlation between polymer dosage and
strength  indices, highlighting the reliability and
repeatability of the method.

DISCUSSION AND IMPLICATIONS

The study demonstrates that polymer-based composites
offer a robust and sustainable alternative to conventional
soil stabilizers. Not only do they improve critical
engineering properties such as strength, durability, and
permeability, but they also align with green construction
goals by reducing carbon footprints and enhancing
biodegradability.

Among the composites tested, PC-A emerged as the most
promising candidate for expansive soils, while PC-B and
PC-C showed suitability for granular and fine-grained
soils, respectively. The adaptability of these composites
across different soil types and their performance in real-
world conditions pave the way for scalable applications in
road subgrades, embankments, foundations, and low-
volume pavements.

These findings underscore the need for further exploration
into the long-term field performance of polymer-treated
soils, potential hybrid formulations with nanomaterials,
and integration with geosynthetics for enhanced
geotechnical solutions.

CONCLUSION

The findings of this research underscore the promising
potential of polymer-based composite materials as a
sustainable and effective solution for enhancing soil
stabilization in geotechnical and construction applications.
Through comprehensive laboratory testing, field
experimentation, and data-driven analysis, it has become
evident that these composite materials not only
significantly improve the geotechnical properties of
problematic soils but also align with modern
environmental and engineering sustainability goals. The
incorporation of synthetic and natural polymers such as
polyvinyl alcohol (PVA), polyethylene oxide (PEO), and
biopolymers like guar gum and xanthan gum into soil
matrices demonstrated considerable improvements in
unconfined compressive strength (UCS), California
Bearing Ratio (CBR), shear strength, and durability
against environmental degradation. These enhancements
were observed across a variety of soil types including
clayey, silty, and sandy soils. Most notably, polymer-
treated soils displayed substantial resistance to moisture

infiltration and showed reduced volumetric changes,
which are critical parameters in preventing structural
failures in pavements, embankments, and foundations.
One of the core advantages identified was the adaptability
of polymer composites to work synergistically with local
soil conditions. This flexibility enables the tailoring of
stabilization treatments to specific project requirements,
thereby reducing reliance on traditional chemical
stabilizers like lime or cement that often carry
environmental drawbacks such as CQO, emissions and
leaching issues. In contrast, the eco-friendliness of certain
biodegradable polymers makes them suitable for projects
with high environmental sensitivity, including green
infrastructure and agricultural pathways.

Furthermore, the long-term field assessments revealed that
polymer-stabilized soil retained its structural integrity and
load-bearing capacity under repeated loading and wet-dry
cycles, suggesting durability suitable for long-term
infrastructural use. The use of polymer composites also
offered reduced construction timelines due to faster
curing, which translates into cost-efficiency in practical
implementations. Nevertheless, challenges remain in terms
of standardizing polymer application techniques, ensuring
consistent quality control, and understanding long-term
degradation behavior under varying climatic conditions.
The economic analysis also indicates that while initial
costs may be higher than conventional methods, the life-
cycle benefits—such as lower maintenance, longer service
life, and reduced environmental impact—may outweigh
the upfront investments. Moreover, advancements in
polymer science and the increasing availability of bio-
based alternatives are likely to drive down costs in the
future. In conclusion, polymer-based composite materials
represent a transformative shift in soil stabilization
strategies, offering an innovative path toward greener,
more resilient, and technically robust civil engineering
practices. Future work should focus on large-scale pilot
projects, the development of region-specific application
guidelines, and collaborative efforts between material
scientists, geotechnical engineers, and environmental
experts to fully harness the potential of this sustainable
technology.
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