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Abstract
Whether lignite or black cotton soil, they are so expansive that they pose 
significant challenges to geotechnical engineers due to their high swelling 
capacity, poor bearing capacity, and low shear strength. This experiment aims 
to assess the suitability of six geosynthetic materials—namely, geotextile, 
geogrid, geocell, geomembrane, geomat, and geocomposite—in improving the 
engineering properties of black cotton soil. Laboratory tests were performed 
on both processed and unprocessed soils, including Specific Gravity, Atterberg 
Limits, Standard Proctor Compaction, California Bearing Ratio (CBR), 
Unconfined Compressive Strength (UCS), Swelling Pressure, Swell Index, 
and Direct Shear tests on specimens with varying inclusion rates (0.5 - 3.0%) 
of geosynthetic products. Results showed substantial improvements across all 
measured properties. The Plasticity Index decreased from 53.40% to as low as 
17% with the use of geogrid, while the maximum dry density (MDD) increased 
to 23.3 g/cc with geotextile. The CBR value doubled, reaching 11.8% with the 
use of geocomposite and geomembrane, and the UCS increased to 171 kPa. 
Swelling pressure and Swell Index decreased significantly, with the lowest 
values being 3.1 kPa and 3.72, respectively, when using the geocomposite. 
Additionally, the soil cohesion improved to 43.6 kPa with the use of geotextile, 
and the friction angle reached 23.5° with the use of geogrid. These findings 
confirm that geosynthetics, especially geocomposites, geomembranes, 
and geogrids, are highly effective in enhancing the mechanical behaviour  
of expansive soils. Incorporating them into subgrade stabilization strategies 
offers a sustainable and cost-effective solution for improving infrastructure 
performance in areas with problematic soils.
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Introduction
One of the problems of the environment during the  
development of any infrastructure is usually the 

poor soil. To advance the infrastructure, soil  
engineering properties should be improved by either  
compacting the soil with the help of a physical method  
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or using some chemicals.1 Every soil additive to 
be applied when undertaking soil stabilization 
can be classified into three groups namely the 
chemical additives, cementitious as well as 
non-cementitious additives. An example of non-
cementitious stabilizers is sand, rock dust, quarry 
dust, and fly ash.2 and, cement and lime are 
cementitious additives. Top among these chemical 
additives of the last category are KCl, NaOH, 
MgCl2, CaCl2 and AlCl3.3 Geosynthetics are one 
of the most flexible and inventive solutions in the 
context of modern construction and engineering, 
significantly contributing to the number of challenges 
solved and transforming the established ways 
of doing things. Geosynthetics are flexible and 
innovative applications that modify the traditional 
methods and cope with a great variety of concerns 
in the high-tempo environment of the modern 
engineering and production industry.4 Taking into 
consideration the history of geosynthetics, it is 
important to consider the turning points and the 
discoveries which created the area. The initial 
thought regarding geosynthetics had to do with the 
dissatisfying outcomes of the conventional building 
materials and building technologies. The latter have 
become an inalienable element of virtually any 
construction project over the course of time.5 The use 
of geosynthetics in geotechnical and environmental 
engineering has grown over the past four decades. 
Over this period, these products have helped 
designers and contractors solve specific engineering 
problems that would have been difficult or costly to 
address using traditional construction materials.6 
There are many applications of geosynthetics 
in geotechnical engineering. Their origin is rich, 
beginning modestly as the need for effective 
solutions in soil stabilization, erosion control, and  
environmental protection led to their initial use in 
these areas. Geotextiles, geomembranes, geogrids,  
and other geosynthetics have undergone significant 
development over the years, with several revolutionary  
advancements.7 Notable events, such as the 
invention of woven geotextiles in the 1950s, have also  
contributed to the expansion of geosynthetics' 
applications. They became widely used as affordable,  
powerful, and eco-friendly alternatives in construction,  
where prior design options were limited.8 Geosynthetics 
are mostly made from petrochemical-based  
polymers (plastics) that are biologically nonreactive  
and resistant to breakdown by bacteria or fungi  
Although most are chemically inert, petrochemicals  

can damage some types, and most are somewhat 
susceptible to ultraviolet light (sunlight).9 The 
durability of geosynthetic materials depends on 
several factors, including design, construction, 
material quality, age, environmental conditions, 
and loads. Factors considered at the termination 
of their service life include weathering and load-
carrying capacity. They degrade due to temperature 
stress, biological, chemical, mechanical attack, and 
ultraviolet exposure.21

Fig.1: Environmental Benefits 
of Geosynthetic22

Literature Review
Large-scale pull-out testing was conducted on 
geogrid specimens covered with soil. Conversely, 
longitudinal and transverse reinforcement bone pull-
out tests were prepared. In applying geogrids in the 
current study, the mechanism's nature specifically 
influences a vital aspect of the interfacial shear 
strength along the length.10 It is according to the  
results of infiltration tests on geosynthetics and  
sand in layers and drainage that there was the 
same behaviour of using geosynthetics as layers 
and drainage in the saturated soil as that of 
conventional layers and sand.11 When the soil is  
local and the soil needs reinforcement and 
strengthening of thin soil layers, like in the case of 
using geotextiles and geogrids, fiber reinforcement 
is the appropriate solution.12 Although this reduced 
strength was brought about initially along the fibre-
soil interface, the outcome of this test indicates that 
the influence of fibres on the pore pressure under 
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CU testing could yield greater sufficient strength.13 
Geosynthetic can be used as a reflective crack 
treatment in the asphalt layers which create a 
separation between the layers by providing an 
anchoring support, they stabilize roads base as 
well as the soft sub grades, and they are capable 
of providing horizontal drainage.14 Furthermore, 
reinforcement was carried out to alleviate the cracks 
in a longitudinal direction in a pavement built on a 
highly plastic, expansive clay base. It was found that 
the use of geogrids has the capability of reducing 
the amount of longitudinal cracking on the pavement 
section when compared to the pavement sections 
without geogrid usage, which will display serious 
cracking.15 Behaviour of the shear strength is high 
in the usage of Geogrid in contrast to Geotextile 
regarding layers and interfaces.16 Result of all test 
methods (field testing, lab testing, numerical study), 
prove that geosynthetics play a considerable role 
in the performance of pavements; a test is required 
to become more empirically designed.17 Tensile 
stresses will be created in the geogrid located in 
the pavement layer when vehicles load the geogrid. 
This will reduce the flexure on the pavement- after 
that time of road service is increased with the same 
traffic.18 Geosynthetic clay liners provide a mixture 
of clay and geotextiles. Such liners are necessary 
in their containment applications, such as landfills, 
and scholars seek to understand how they might 
enhance their permeability and durability. The 
use of geosynthetics for ground improvement is 
a discussed issue, especially in areas where soil  
conditions are challenging. Scientists are investi- 
gating new methods to stabilize unstable soils and  
reduce sinking.19 Improvement of the overall 
engineering properties of the ground. The complex 
numerical modelling and simulation tools are aiding 
in predicting the behaviour of geosynthetic-stabilized 
structures accurately.20

 
Objectives of this Research
The primary objective of this study is to evaluate the 
effectiveness of various geosynthetic materials—
namely Geotextile, Geogrid, Geocell, Geomembrane, 
Geo-mat, and Geo-composite—in enhancing the 
geotechnical properties of black cotton soil. Specific 
goals include.

•	 Improving the California Bearing Ratio (CBR) 
and Unconfined Compressive Strength (UCS) 
of black cotton soil.

•	 Reducing Swelling Pressure and Swell Index, 
which contribute to soil instability.

•	 Increasing soil Cohesion and Friction Angle to 
improve overall shear strength.

•	 Comparing the performance of different 
geosynthetic types across varying inclusion 
percentages (0.5% to 3.0%).

•	 To investigate the microstructural and 
mineralogical changes in black cotton soil 
reinforced with various geosynthetic materials—
namely geotextile, geogrid, geocell, geonet, 
and geomembrane—using Scanning Electron 
Microscopy (SEM) and X-Ray Diffraction (XRD) 
analyses.

Types of Geosynthetics
Geosynthetics is a large, highly diversified group of 
materials designed to address various engineering 
and construction challenges. Every category of 
geosynthetic material has a different purpose and 
use universe.

Geotextiles
The essence of geosynthetic material is that it 
is highly connected to porous, robust, thin, and 
flexible planar or sheet-like materials made of 
fibres.23 The composition of fibers is polyester, 
polypropylene, polyamide, etc, which leads to 
very robust as well as thin fibers, either of which 
can be woven together using special machines 
called Woven-geotextile, or linked together through 
making mechanical, chemical, or thermal bond 
between fibers, called Non-Woven geo-textile.24 
Added as geotextiles to the soil, geotextiles have  
the properties of separation, drainage, reinforcement, 
and filtration. Owing to their characteristics, they  
are implemented in numerous civil work projects 
such as roadways, landfills, drainage works, erosion 
controls, and railways, among many other uses.25  
Under geotextile, pavements become tougher, stiffer, 
and the durability of pavements gets better, reducing 
the price of maintaining the infrastructure, and also 
increasing the utility of the infrastructure.26 Studies 
have shown that as the depth of geotextile placement 
increases, the strength of the soil improves up to a 
specific limit. Beyond this point, further increasing 
the depth does not result in any significant increase 
in soil strength.27
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Geomembrane
Artificial sheets Geomembranes are sheets that are 
utilized in engineering works as a divider. It is a thin 
and robust and a very low permeability synthetic 
membrane that can help in controlling the flow of 
liquids such as serving as a liner in land-fills and is 
to create a barrier against fluid movement. Facilities 
which will help to reduce soil expansion because 
the soil has limited contact with water. It protects 
the dams and coffer dams.28 Such materials are 
highly impermeable; as a result, they can intuitively 
manage the bad pollutants, diffusion, and they are 
productive in liner as well as control systems, in 
radio-actives and other hazardous fluid waste. So 
equipped with all this property and applications, 
geo-membranes are costly in comparison with other 
geosynthetics. It can be employed during numerous 
water conservation initiatives and projects, i.e., the 
construction of ponds, lakes, and canals.29 Some 
of their benefits compared to conventional barriers 
are: they last longer, can be installed quickly, are 
economical to install, they are highly deformable, 
and do not need a lot of maintenance unlike the 
conventional barriers, they also enhance the 
hydraulic efficiency of a system. The geomembrane 
system is popular all over the world, because of 
these benefits.30

Geogrids 
It is a product which is laid on a web or grid 
application. They have a large opening also referred 
to as the aperture. The base materials are polyester, 
polyvinyl, and polyethylene in producing polyester. 
They are produced through processes such as 
extrusion and weaving.31 The principle behind its 
working is in a matter that the materials are tensive-
strong thus will be able to distribute and shift the 
weight of the load readily over big sections of the 
surface ground. Which also in a way, it enhances 
soil stability. It is used in sub bases of pavements 
because it strengthens them. It is applicable in dams, 
retaining walls, and in other uses but not in road 
pavements. Additives like lime with cement geogrid 
enhances the soil properties mechanically.32,33

Geomates 
They are also much like Geogrid. They are built 
by overlapping or joining of fibers at sharp angles 
reassembling them as a net-like structure.34 Geonets 
are made from thermoplastic polymers, which allow 
them to be readily molded into various forms. Their 

durability makes them suitable for supporting heavy 
objects. Utilized for their hydraulic properties, such 
as the transfer of fluids, which is employed in various 
fields, including foundations, landfills, pavements, 
and drainage areas.35

Geocells
These structures, commonly referred to as cellular 
confinement systems, are three-dimensional 
honey-comb configurations made from high-density 
polyethylene (HDPE) or similar polymers. They are 
extensively used in civil engineering for applications 
such as soil stabilization, load-bearing support, 
and erosion prevention.36 These structures consist 
of inter-connected cells that, when filled with soil, 
aggregate, or concrete, form a solid, concrete-like 
system. Geo-cells are of very low weight and this 
produces a great shear strength and lateral support 
that makes them distribute more uniform load. It 
prevents weakening of the soil. They are generally 
used in road and railway construction to improve 
bearing capacity, reduce soil settlement, and 
enhance the over-all performance of pavements.37 
They are also used in the same way in slope 
stabilization to reduce soil wash-out and landslides, 
and landslides, as well as last soil movements 
across retaining walls. There is already a research 
drive both worldwide to see how best it can be 
optimized in terms of performance, life expectancy 
and environmental-friendliness by designing it 
in terms of cell size, cell wall height and material 
characteristics.38

Geo-Composite
A Geo-composite is a commercial term comprising 
materials designed to combine two or more 
types of geosynthetics into a single product with 
improved properties and application functions. 
These components usually are geotextiles, geogrids, 
geomembranes, or other specialized geosynthetic 
materials. A geo-composite offers enhanced 
functionality in filtration, drainage, reinforcement, or 
as a barrier. They must be customized to address  
the specific engineering problems in civil or environ- 
mental engineering. Geo-composites have become 
immensely important in modern-day geotechnical 
engineering and environmental protection since 
they offer adaptable techniques for ground-water 
control, waste control, infra-structure development, 
and erosion control.39
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Black Cotton Soil
Soil rich in clay is known as black cotton soil, or BC soil.  
Black cotton soil, also known as BC soil, gets its dark 
hue from a relatively low amount of titanium oxide. 
Black cotton soil (BC soil) has a high concentration 
of clay, a kind of clay that is structurally similar  
to montmorillonite and appears black or blackish gray.  
Soils that expand as their moisture content increases 
are known as expansive soils. Soils obtain their 
swelling behaviour from montmorillonite, the primary 
clay mineral. Swelling soils and black cotton soils are 
other names for these types of soils. Because the 
subgrade weakens during the monsoon, structures 
built on Black cotton soil (BC soil) are vulnerable to 
the road's surface undulations.40 Depending on the 
region, anywhere from 40% to 60% of Black cotton  
soil consists of particles smaller than one micrometre. 
liquid limit, the volume change can be as high as 

200 to 300 percent, resulting in a swelling pressure  
of 8 to 10 kPa. Black cotton soil, also known as BC 
soil, is characterized by a high degree of swelling 
and shrinking and a feeble bearing capacity, as this 
consideration indicates. This makes it an unsuitable 
material for use as a road base due to its undesirable 
electrical conductivity. The soils comprised of Black 
Cotton normally have CBR values of about 2 to 4 
percent wet in a laboratory condition. The plan of 
designing flexible pavement is an over-grazing in 
the layer of pavement because the CBR of the black 
cotton soil possesses a significantly low bearing  
capacity. A significant amount of research and 
development has been invested in exploring methods  
to improve the strength characteristics of black cotton 
soil utilizing recent technology. The construction of 
foundations for structures on black cotton soils poses 
a significant challenge to civil engineers.40

Table 1: Properties of Black Cotton Soil

S. No.	 Property	 Value

1	 “Gravel”	 0%
2	 “Sand	 12%
3	 “Silt”	 25%
3	 “Clay”	 63%
4	 “Liquid Limit”	 82.60%
5	 Plastic Limit	 29.20%
6	 Plasticity Index	 53.40%
7	 Shrinkage Limit	 11.31%
8	 “Soil Classification”	 CH
9	 “Specific Gravity”	 2.33
10	 “Differential Free Swell”	 74%
11	 “Optimum Moisture Content”	 38%
12	 “Maximum Dry Density (BSL)”	 “1.29 gm/cc”
13	 “Maximum Dry Density (BSH)”	 “1.478 gm/cc”
14	 “AASHTO Classification”	 “A-7-6"
15	 “Colour”	 Black
16	 “pH”	 7.15
17	 “CBR Value (Soaked, BSL)”	 4
17	 “CBR Value (Soaked, BSH)”	 5.98
18	 “CBR Value (Unsoaked, BSL)”	 9.2
19	 CBR Value (Unsoaked, BSH)	 11.4

Materials and Methods
The method of this study involves an efficient approach 
to evaluate the effectiveness of various geosynthetics 
in stabilizing black cotton soil. The process begins 
with the collection of black cotton soil samples, which 
are then subjected to preliminary characterization to 

determine key physical and geotechnical properties,  
including parameters like particle size distribution, 
specific gravity, Atterberg limits, plasticity index, and 
classification. 5,000 g (5 kg) of dry black cotton soil 
is used for each lab sample.41
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Once the baseline properties are established, 
“different types of geosynthetics—namely Geotextile, 
Geogrid, Geocell, Geomembrane, Geo-mat, and Geo-
composite—are introduced into the soil in varying 
percentages ranging from 0.5% to 3.0% by weight.  
Each mixture is carefully prepared to ensure uniform 
blending of geosynthetics with the soil mass”.

The modified soil samples are then subjected to 
standard laboratory tests to evaluate performance 
improvements. These include.
•	 The Maximum Dry Density (MDD) and Optimum 

Moisture Content (OMC) at Standard Proctor 
Test are to be determined.

•	 California Bearing Ratio (CBR) test to assess 
load-bearing capacity.

•	 Unconfined Compressive Strength (UCS) 
test to measure shear strength without lateral 
confinement,

•	 Swelling Pressure and Swell Index tests to 
evaluate the soil's expansive behaviour,

•	 Direct Shear or Triaxial tests are applied to find 
Cohesion and Friction Angle, which measure 
the soil’s shear resistance. 

•	 The various microstructural and mineralogical 
alterations that black cotton soil undergoes 
when it is stabilized with different geosynthetic 
materials like geotextile, geogrid, geocell, 
geonet, and geomembrane. To accomplish 
this, representative samples of untreated black 
cotton soil and soil reinforced with each type of 
geosynthetic were prepared under controlled 
laboratory conditions. These prepared samples 
were then subjected to microstructural analysis 
by Scanning Electron Microscopy (SEM) to 
observe changes in the soil fabric, particle 
arrangement, and interface interaction with 
geosynthetics.

•	 X-Ray Diffraction (XRD) analysis was also 
carried out to assess changes in mineralogical 
composition and crystalline phases with 
particular attention to montmorillonite, kaolinite, 
and quartz. XRD results in the light of intensity 
variations in the said. The comparative evaluation 
of untreated and treated soils gave insight into 
which treatment was more effective in improving 
soil behaviour. This integrated approach lays the 
foundation for the overall objective of evaluating 
the impact of geosynthetics on enhancing 
the mechanical and structural properties of  

expansive soils, making them suitable for 
geotechnical engineering applications.42

Data generated from these tests are analysed and 
compared with results obtained from non-treated 
soil to measure precisely the improvement realized 
through geosynthetic stabilization. The analysis 
also helps in knowing which type and dosage of 
geosynthetic would work best in improving each soil 
parameter. Such a methodology ensures a perfect 
evaluation of geosynthetic performance in alleviating 
the problematic nature of black cotton soil.43

Fig. 2: Methodology Chart

To calculate the weight of geosynthetic pieces to be 
added to soil, use the formula: Table 2 represents 
the weight of geosynthetic in black cotton soil at 
different percentages

Weight of geosynthetic (g)= (100/Percentage %) 
×Weight of dry soil (g)

Results
Grain Size Distribution
It’s a particle size distribution, a fundamental soil 
property that significantly influences its engineering 
behaviour. It describes the relative proportions of 
different-sized particles present in a soil sample. This 
analysis is typically conducted through mechanical 
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sieving for coarse particles and sedimentation 
methods for finer fractions. Understanding the  
distribution of grain sizes is crucial for soil classification,  

assessing permeability, determining compaction 
characteristics, and predicting shear strength.

Table 2: Weight Formation

Percentages 	 Formula	 Geosynthetic
(%)		  Weight (g)

0.5%	 (0.5 / 100) × 5000	 25 g
1.0%	 (1.0 / 100) × 5000	 50 g
1.5%	 (1.5 / 100) × 5000	 75 g
2.0%	 (2.0 / 100) × 5000	 100 g
2.5%	 (2.5 / 100) × 5000	 125 g
3.0%	 (3.0 / 100) × 5000	 150 g

Fig. 3: Grain Size Distribution Curve

Specific Gravity
Specific gravity of the normal expansive soil is 
determined under the IS codes standards. But we 
are utilized in measuring a gravity by means of the 

pyrometer examination. It may be calculated with the 
help of real mass of every constituent and its specific  
gravity. Table 3 shows Black cotton soil's specific 
gravity.

Table 3: Black cotton soil's specific gravity

Sample No.	 Sample 1 	 Sample 2 	 Sample 3

Empty pycnometer (M1)	 633 gm	 633 gm	 633 gm
Pycnometer with dry soil (M2)	 833 gm	 833 gm	 833 gm
Pycnometer filled with water (M4)	 1476 gm	 1475 gm	 1476 gm
Pycnometer with soil and water (M3)	 1579gm	 1585 gm	 1587 gm
Specific Gravity	 2.06	 2.22	 2.24

The specific gravity (shows 2.22) of black cotton 
soil was determined using the pycnometer method. 
Three samples were tested, and the specific 
gravity values obtained were 2.06, 2.22, and 2.24, 
respectively. These values were calculated using 
the standard formula, which involves the mass of 
the empty pycnometer, the pycnometer filled with 

dry soil, the pycnometer filled with water, and the 
pycnometer filled with both soil and water. The 
variation in specific gravity among the samples 
may be due to slight differences in soil composition 
or measurement”. These results indicate that the 
soil is within the typical range for fine-grained soils.

Table 4: Plastic Limit of Geosynthetic

Percentage of 	 Geotextilie 	 Geogrid 	 Geocell PI 	 Geomembrane 	Geo-mat 	 Geo-composite 
Geo-synthesis (%)	 PI (%)	 PI (%)	 (%)	 PI (%)	 PI (%)	 PI (%)

0.5	 31.8	 32.2	 32.5	 33	 32.5	 32
1.0	 29.4	 28.8	 29	 29.5	 29	 29.2
1.5	 27.2	 25.6	 26.3	 26.8	 26.3	 26.5
2.0	 24.1	 22	 23.5	 23	 23.5	 23
2.5	 22.5	 19.5	 21	 21.5	 21	 21.5
3.0	 20.9	 17	 18.5	 19	 19	 19



764TIWARI & TIWARI, Curr. World Environ., Vol. 20(2) 757-779 (2025)

Plastic Limit
The plastic limit is the Atterberg limit employed to 
define the behaviour and the consistency of fine-
grained soils. It is the moisture content of the soil 
where it adjusts between a plastic state of existence 
and semi-solid phase of existence”. Investigation 
of the plastic limit is essential in determining the 
plasticity of the soil with effects on the workability, 
stability, and bearing capacity of soil regardless of 
the geotechnical applications. Table 4 is emphasizing 
the plastic limit of geosynthetic.

From table 5, the black cotton soil’s plasticity index 
(PI) was evaluated by varying inclusion percentages 

(0.5% to 3.0%) of different geosynthetic materials—
Geotextile, Geogrid, Geocell, Geomembrane, 
Geo-mat, and Geo-composite. The results showed 
a consistent reduction in PI values with increasing 
inclusion levels for all types of geosynthetics. 
At a 0.5% inclusion rate, the PI values ranged 
from 31.8% to 33%. At a 3.0% inclusion rate, the 
values decreased significantly, ranging from 17% 
to 20.9%. Among the materials tested, Geogrid 
demonstrated the most substantial reduction in PI, 
indicating its higher effectiveness in minimizing the 
plasticity of black cotton soil. This trend confirms that 
geosynthetics can effectively stabilize expansive 
soils by reducing their plasticity.44,45

Fig. 4: Plastic Limit of Geosynthetic illusion on Plasticity Index 

Standard Proctor Test
The correlation between the maximum dry unit 
weight and optimum moisture content of Black 
Cotton soils which is stabilized using varied 
percentages of geosynthetics is as outlined below. 
The figure illustrates the data of MDD and OMC. 
This depicts the correlation that exists between 
Maximum Dry Density (MDD) and Optimum Moisture 
Content (OMC) of geosynthetics stabilized half-
filled soils of black cotton with various types of 
geosynthetics namely, Geotextiles, Geogrid, Geocell, 
Geomembrane, geomats, and geocomposite. The 
OMC values are ranged between 1.552 and 1.583 
percent on the horizontal axis/ Y axis whereas the 
MDD values are measured in g/cm 3 and they 
range between 18 to 24 g/cm 3. Comparison of the  
black cotton soil reinforced with various types 
of geosynthetic indicates that there is a certain 
pattern of performance about the MDD at different 

levels of OMC. Among geosynthetics, Geotextile 
consistently demonstrates the highest MDD values 
across all OMC levels, peaking around 23. 3 g/cc 
at 1.552% OMC and decreasing to approximately 
21.5%. 5 g/cc at 1. 583% OMC. This indicates 
excellent reinforcement and compatibility with 
black soil, making it the most effective material for 
compaction. Geogrid initially showed a relatively 
high MDD of 22. 7 g/cc at a low OMC declines 
sharply as the moisture content increases, reaching 
approximately 19.9. 9 g/cc at 1 1.583% OMC. This 
suggests it performs better under lower moisture 
conditions. Geocell also performs well initially, with 
an MDD just below 23 g/cc at 1.552% OMC, but 
experiences a moderate decrease in density as the 
moisture content rises, ultimately reaching 20.2 g/cc.  
Geomembrane starts strong but also shows a 
noticeable drop in MDD at higher OMC, indicating 
reduced effectiveness in wetter conditions. Geo-mat 
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follows a similar pattern to Geotextile, maintaining 
relatively high MDD values throughout, suggesting 
good bonding and reinforcement ability. The geo-

composite shows stable but slightly lower MDD 
values compared to Geotextile and geomat, offering 
moderate performance across all moisture levels.46

Fig. 5: Standard Proctor Test

California Bearing Ratio
The data provided shows the California Bearing 
Ratio (CBR) values for black cotton soil stabilized 
with various types of geosynthetics at different 
inclusion percentages ranging from 0.5% to 3.0%”. 

The CBR values indicate the load bearing capacity 
of the black cotton soil, which increases with the 
addition of geosynthetic content.47 Table 5 represents 
the CBR value of the geosynthetic 

Table 5: CBR value of geosynthetic

Percentage of 	 Geotextilie 	 Geogrid 	 Geocell PI 	 Geomembrane 	Geo-mat 	 Geo-composite 
Geo-synthesis (%)	 CBR (%)	 CBR (%)	 CBR (%)	 CBR (%)	 CBR (%)	 CBR (%)

0.5	 3.59	 3.7	 4	 4.2	 4.1	 4.5
1.0	 5.19	 5.3	 5.6	 5.8	 5.7	 6
1.5	 6.54	 6.9	 7.1	 7.3	 7.2	 7.5
2.0	 7.82	 8.4	 8.5	 8.8	 8.6	 9
2.5	 9.57	 9.9	 10	 10.3	 10.1	 10.5
3.0	 11.01	 11.4	 11.5	 11.8	 11.5	 11.8

From Figure 6, the CBR values of black cotton soil 
reinforced with various geosynthetics show a positive 
correlation with the percentage of inclusion. At each 
increase from 0.5% to 3.0%, all geosynthetics 
significantly enhance the soil's load-bearing 
capacity. Among the materials tested, the Geo-
Composite consistently demonstrates the highest 
CBR values, reaching 11.8% at a 3.0% inclusion, 

indicating superior performance due to its combined 
structural and filtration properties. Geomembrane 
and Geo-cell follow closely, with final CBR values of 
11.8% and 11.5%, respectively, reflecting excellent 
reinforcement capabilities. Geo-mat also performs 
well, matching Geo-cell with an 11.5% CBR at 
a 3.0% inclusion rate. Although slightly lower in 
performance, Geogrid and Geotextile still contribute 



766TIWARI & TIWARI, Curr. World Environ., Vol. 20(2) 757-779 (2025)

significantly to soil strength, achieving 11.4% and 
11.01%, respectively. Overall, the trend indicates that 
increasing the geosynthetic percentage enhances 
the subgrade strength, with Geo-composite and 
Geomembrane being the most effective, particularly 

at higher inclusion levels. These findings suggest 
that geosynthetic reinforcement is a highly effective 
method for enhancing the engineering properties of 
problematic soils, such as black cotton soil.

Fig. 6: California Bearing Ratio

Unconfined Compressive Strength
Unconfined Compressive Strength (UCS) values 
in kilopascals (kPa) for Stabilized black cotton soil 
with various geosynthetics at different inclusion 

percentages (0.5% to 3.0%) reveal a consistent and 
substantial increase in strength as the percentage  
of geosynthetic inclusion increases.48 Table 6 
represents the UCS value of the geosynthetic.

Table 6: UCS value of geosynthetic

Percentage of 	 Geotextilie 	 Geogrid 	 Geocell PI 	 Geomembrane 	Geo-mat 	 Geo-composite 
Geo-synthesis (%)	 UCS (Kpa)	 UCS (Kpa)	 UCS (Kpa)	 UCS (Kpa)	 UCS (Kpa)	 UCS (Kpa)

0.5	 103.5	 104.5	 105.2	 106.5	 107.5	 109.5
1.0	 118.3	 117	 118.5	 119	 119.8	 121.5
1.5	 123.9	 132.5	 133.5	 133	 132	 134
2.0	 141.1	 145	 145.5	 146.5	 144	 146
2.5	 151.9	 157	 158	 159	 157	 158.5
3.0	 165.5	 170.5	 170	 171	 169.5	 171

Figure 7 illustrates that at the lowest inclusion 
level of 0.5%, UCS values range from 103.5 kPa 
for Geotextile to 109.5 kPa for Geo-composite, 
suggesting that even a minimal addition enhances 
the soil's unconfined strength. As the dosage 
increases, the strength improvement becomes more 
pronounced. At 1.5%, Geo-composite (134 kPa),  
Geocell (133.5 kPa), and Geomembrane (133 
kPa) outperform others, demonstrating strong soil 
reinforcement. From 2.0% onward, the UCS values 

escalate significantly, and by 3.0%, all materials 
surpass the 165 kPa mark. Geomembrane and Geo-
composite lead with 171 kPa, followed closely by 
Geogrid (170.5 kPa) and Geocell (170 kPa). Geo-mat  
(169.5 kPa) and Geotextile (165.5 kPa) also show 
commendable performance, though slightly lower. 
This pattern indicates that geosynthetic reinforcement 
enhances the compressive strength of black cotton 
soil, with Geo-composite and Geomembrane offering 
the highest improvements across all inclusion 
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percentages.49 Their effectiveness is likely due to 
their structural integrity, surface interaction with soil, 
and ability to resist deformation under unconfined 

conditions, making them highly suitable for soil 
stabilization in civil engineering applications.

Fig. 7: Unconfined compressive strength

Swelling Pressure 
The data on Swelling Pressure (SP) in kilopascals 
(kPa) for the stabilization of black cotton soil with 
Various types of geosynthetics across varying 
inclusion percentages (0.5% to 3.0%) demonstrates 

a clear and consistent decrease in swelling 
pressure as the percentage of geosynthetic material 
increases.50 Table 7 represents the Swelling 
pressure value of the geosynthetic.

Table 7: Swelling Pressure of Geosynthetic

Percentage of 	 Geotextilie 	 Geogrid 	 Geocell PI 	 Geomembrane 	Geo-mat 	 Geo-composite 
Geo-synthesis (%)	 SP (Kpa)	 (Kpa)	 (Kpa)	 SP (Kpa)	 SP (Kpa)	 SP (Kpa)

0.5	 10.54	 10.7	 10.2	 10	 9.9	 9.5
1.0	 9.33	 9.2	 8.8	 8.5	 8.4	 8
1.5	 8.13	 7.7	 7.3	 7.1	 7	 6.5
2.0	 6.8	 6.2	 5.8	 5.7	 5.7	 5.2
2.5	 5.52	 5	 4.5	 4.4	 4.3	 4
3.0	 4.31	 3.9	 3.5	 3.3	 3.2	 3.1

Fig. 8: Swelling pressure value
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From Figure 8, the initial level of 0.5% inclusion 
shows the highest swelling pressure, with Geotextile 
exhibiting the greatest SP at 10.54 kPa, followed by 
Geogrid (10.7 kPa) and Geocell (10.2 kPa). As the  
geosynthetic content increases, there is a noticeable 
drop in SP values for all materials. At 1.5%, the 
SP values have decreased significantly, with Geo-
composite showing the lowest pressure at 6.5 kPa, 
highlighting its superior ability to mitigate swelling. 
This trend continues, and at the highest inclusion 
level of 3.0%, all materials show substantially 
reduced swelling pressures, with Geo-composite 
again achieving the lowest at 3.1 kPa, followed by 
Geomembrane (3.3 kPa) and Geo-mat (3.2 kPa). 
This data confirms that geo-synthetics are very 
Used to control and reduce the swelling potential 
of expansive black cotton soil. Among the materials 
tested, Geo-composite consistently shows the 

lowest swelling pressures, making it the most 
effective in suppressing volumetric expansion, 
which is crucial for ensuring the long-term stability  
of structures built on expansive soils. Geomembrane 
and Geo-mat also perform well in this regard. 
Therefore, for applications where swelling control is 
critical, these materials, especially Geo-composite, 
are particularly recommended.

Swell Index
The data on swell index for black cotton soil 
stabilization with various types of geo-synthetics 
across varying inclusion percentages (0.5% to 3.0%) 
demonstrates a clear and consistent decrease in 
swelling pressure as the percentage of geosynthetic 
material increases.50 Table 8 represents the Swell 
Index value of the geo-synthetic

Table 8: Swell Index value of geosynthetic

Percentage of 	 Geotextilie 	 Geogrid 	 Geocell PI 	 Geomembrane 	Geo-mat 	 Geo-composite 
Geo-synthesis 	 Swell	 Swell	 Swell	 Swell 	 Swell	 Swell 
(%)	 Index	 Index	 Index	 Index	 Index	 Index

0.5	 12.65	 12.84	 12.24	 12	 11.88	 11.4
1.0	 11.2	 11.04	 10.56	 10.2	 10.08	 9.6
1.5	 9.76	 9.24	 8.76	 8.52	 8.4	 7.8
2.0	 8.16	 7.44	 6.96	 6.84	 6.84	 6.24
2.5	 6.62	 6	 5.4	 5.28	 5.16	 4.8
3.0	 5.17	 4.68	 4.2	 3.96	 3.84	 3.72

Fig. 9: Swell Index

From Figure 9, the Swell Index data for black cotton 
soil treated with different geo-synthetics across 

varying percentages (0.5% to 3.0%) illustrate a 
progressive and effective reduction in soil swell 
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potential as the geo-synthetic content increases. 
This trend is crucial for mitigating volumetric 
changes in expansive soils, such as black cotton 
soil, which are prone to damaging structures due 
to excessive swelling and shrinkage. At a 0.5% 
inclusion rate, the swell index values are relatively 
high for all materials, with Geogrid (12.84) and 
Geotextile (12.65) exhibiting the highest swell 
indices, indicating minimal impact at lower doses. 
In contrast, Geo-composite already starts lower at 
11.4, suggesting better early effectiveness. As the 
inclusion increases, there is a steady decline in 
swell index values across all geosynthetic types. 
At 1.5%, the difference becomes more prominent: 
Geo-composite (7.8), Geomembrane (8.52), and 
Geo-mat (8.4) show significantly better swelling 
control than Geotextile or Geogrid. By 3.0%, all 
materials demonstrate excellent suppression of 
swell behaviour. Geo-composite again leads with 
the lowest swell index of 3.72, followed closely by 
Geomembrane (3.96) and Geo-mat (3.84). These 
values represent a reduction of more than 65% 
compared to their initial swell indices at a 0.5% 
inclusion rate.

This analysis underscores the effectiveness of 
geosynthetics in controlling the swell potential 
of black cotton soil. Geo-composite, owing to its 
integrated structural and barrier properties, is the 
most efficient at minimizing swelling, making it 
particularly suitable for foundations, pavements, 
and subgrades in problematic soil conditions. 
Geomembrane and Geo-mat also offer strong 
performance, suggesting their suitability in projects 
requiring both durability and swelling resistance.

Cohesion & Friction Angle (°)
Cohesion
The data on cohesion in kilopascals (kPa) for black  
cotton soil stabilized with different types of geosyn- 
thetics across varying inclusion percentages (0.5% 
to 3.0%) demonstrates a clear and consistent 
increase in cohesion pressure as the percentage of 
geosynthetic material increases.50 Table 9 represents 
the cohesion pressure value of the geosynthetic.

Table 9: Cohesion pressure value of geosynthetic

Percentage of	 Geotextile	 Geogrid SP	 Geocell SP	 Geomembrane	 Geo-mat	 Geo-composite 
Geo-synthesis	 Cohesion	 Cohesion	 Cohesion	 Cohesion	 Cohesion	 Cohesion 
(%)	 (kPa)	 (kPa)	 (kPa)	 (kPa)	 (kPa)	 (kPa)

0.5	 12.65	 12.84	 12.24	 12	 11.88	 11.4
1.0	 11.2	 11.04	 10.56	 10.2	 10.08	 9.6
1.5	 9.76	 9.24	 8.76	 8.52	 8.4	 7.8
2.0	 8.16	 7.44	 6.96	 6.84	 6.84	 6.24
2.5	 6.62	 6	 5.4	 5.28	 5.16	 4.8
3.0	 5.17	 4.68	 4.2	 3.96	 3.84	 3.72

From Figure 10, the cohesion values (in kPa) of black  
cotton soil reinforced with varying types of geosynth-
etics at growing inclusion rates (ranging from 0.5% 
to 3.0%) show a consistent improvement in the 
soil’s shear strength characteristics. Cohesion, 
a fundamental parameter in soil mechanics, 
reflects the ability of soil particles to adhere to 
one another, and increasing it enhances stability 
and bearing capacity. At the initial level of 0.5%, 
the cohesion values are relatively close across 
all geosynthetics, with Geo-composite (28.5 kPa) 
showing the highest value, followed by Geo-mat 
and Geogrid (28 kPa each). As the geo-synthetic 

content increases, so does cohesion. By 1.5%, 
all geo-synthetics cross the 33 kPa mark, with 
Geo-mat (34 kPa) leading slightly. At 2.0%,  
the trend remains consistent: Geotextile (37.9 kPa) 
slightly surpasses the rest, followed by Geogrid 
(36 kPa) and Geo-mat (36 kPa). At the highest 
inclusion level of 3.0%, Geotextile yields a maximum 
cohesion value of 43.6 kPa, indicating its significant 
contribution to the internal bonding of the soil 
matrix. Geogrid (41 kPa) and Geo-mat (40 kPa)  
also show solid performance. Although Geo-
composite has slightly lower cohesion at this level  
(39 kPa), its overall performance across all geo-
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technical properties (CBR, UCS, SP, Swell Index) 
still positions it as a leading stabilizing material. 
This cohesive strength enhancement shows that 
geosynthetics not only improve deformation and 
strength parameters but also significantly reinforce 
soil structure by increasing its resistance to shearing. 

Geotextile, in particular, stands out for its ability to boost 
cohesion, making it highly suitable for slope stability 
and earth retention applications. At the same time,  
Geo-composite continues to provide a well-balanced 
performance across all soil improvement metrics.

Fig. 10: Cohesion Pressure

Table 10: Friction Angle value of geosynthetic

Percentage of	 Geotextile	 Geogrid SP	 Geocell SP	 Geomembrane	 Geo-mat	 Geo-composite 
Geo-synthesis	 Friction	 Friction	 Friction	 Friction	 Friction	 Friction 
(%)	 Angle (°)	 Angle (°)	 Angle (°)	 Angle (°)	 Angle (°)	 Angle (°)

0.5	 18.97	 19.1	 19.4	 19.3	 19.2	 19.1
1.0	 19.38	 20	 19.8	 19.6	 19.6	 19.5
1.5	 20.42	 21	 20.4	 20.2	 20	 19.9
2.0	 21.28	 22.1	 21.1	 20.9	 20.7	 20.5
2.5	 22	 22.9	 21.8	 21.5	 21.3	 21.2
3.0	 22.76	 23.5	 22.5	 22.1	 22	 21.9

Fig. 11: Friction Angle value
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Friction Angle (°)
From Figure 11, the friction angle (°) data for Stabilized 
black cotton soil with various geo-synthetics across 
inclusion levels from 0.5% to 3.0% reveal a steady 
enhancement in the shear resistance of the soil due  
to enhanced inter-particle friction. The angle of internal  
friction is a critical indicator of soil stability, especially  
for slope protection, embankments, and retaining  
structures. At a 0.5% inclusion rate, the friction 
angles are relatively modest, ranging from 18.97°  
(Geotextile) to 19.4° (Geocell). These values begin 
to improve noticeably as the geosynthetic content 
increases. At 1.5%, Geogrid (21°) and Geocell (20.4°)  
outperform others, indicating their grid and  
cell structures effectively mobilize shear resistance 
within the soil matrix.

At 2.0% and above, the increase becomes more 
pronounced. Geogrid consistently shows the highest 
friction angles, reaching 23.5° at 3.0%, making  
it particularly effective in enhancing soil strength 
through mechanical interlock and resistance 
to lateral movement. Geotextile (22.76°) and 
Geocell (22.5°) also perform well, closely followed 
by Geomembrane (22.1°) and Geo-mat (22°).  
Geo-composite, although slightly lower at 21.9°, 
still contributes significantly to shear strength. In 
general, this study has demonstrated that increasing 
the amount of geosynthetics used leads to an 
increase in soil frictional resistance. As the geogrid 
has a planar or open structure and strong tension 
resistance, the most significant enhancement in the 
friction angle can be imparted by it. It is, therefore, 
suitable for scenarios requiring load distribution 
and slope reinforcement. Geotextiles and Geocells 
provide practical friction enhancement actions to 
enhance bearing capacity and reduce deformation 
of subgrades and foundations.

Scanning Electron Microscopy (SEM) and X-Ray 
Diffraction (XRD)
The objective here is to study the impact of these  
reinforcements on soil fabric, particle interactions, and 
crystalline structures, to assess the improvements 
brought about in the stability, strength, and durability  
of expansive soils for geotechnical applications. 
Further X-ray Diffraction (XRD) analysis was 
conducted to identify changes in crystalline 
composition and mineralogical phases, with a focus  
on variations in the presence and intensity  

of montmorillonite, kaolinite, and quartz. Comparison 
of results from untreated and treated soils provides 
insight regarding the possible performance 
enhancement caused by each type of reinforcement. 
This combined approach aligns with the overarching 
goal of assessing the ability of geo-synthetics to 
ameliorate the mechanical and structural properties 
of expansive soils for geotechnical engineering 
applications.

Fig. 12: SEM AND XED characterisation of BC 
before and after geotextile treatment

Figure 12 displays the differences in microstructure 
and mineralogy between untreated black cotton soil 
and geotextile-reinforced black cotton soil, providing 
insight into the effects of geotextiles in geotechnical 
engineering. Part (a) shows SEM images depicting 
that the untreated soil is highly porous with an aggre- 
gated structure and loosely bound particles. After 
reinforcement with geotextile, the fabric fibers are 
interwoven with the soil particles, resulting in a 
matrix that binds and confines the soil mass, thereby 
increasing its cohesion capacity and reducing its 
deformation potential.

In part (b), the X-ray diffraction (XRD) patterns 
show that the untreated soil exhibits firm peaks for 
montmorillonite, kaolinite, and quartz, indicative of a 
high clay content and expansive property typical of 
black cotton soils. When geotextile is incorporated, the 
intensities of these peaks are notably reduced. This 
suggests reduced crystalline activity due to improved 
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compaction and encapsulation by the geotextile,  
leading to a more stable soil matrix. From a geotechnical  
perspective, the incorporation of geotextile significantly  
improves the engineering performance of expansive 
soils by providing filtration, separation, and  
reinforcement functions. It helps control differential 
settlement, increases tensile strength, reduces 
swelling and shrinkage tendencies, and enhances 
long-term durability. This makes geotextile-rein- 
forced black cotton soil more suitable for use in 
foundations, embankments, retaining structures,  
and pavement subgrades.

for volumetric instability. After reinforcement with the 
geogrid, the intensity of these peaks diminishes, 
suggesting improved densification and decreased 
mineral exposure due to better compaction and 
matrix bonding.

Fig. 13: SEM & XRD images of Untreated 
BCs and Treated with Geogrid

Figure 13 illustrates the microstructural and minera- 
logical changes in black cotton soil before and after 
reinforcement with a geogrid, highlighting its impact 
in geotechnical engineering applications.

In part (a), SEM images show the untreated black 
cotton soil possessing a loosely packed and 
irregularly arranged particle structure. In contrast,  
the soil reinforced with geogrid reveals an integrated, 
grid-confined matrix where the fibres of the geogrid 
intersect and encapsulate the soil particles, promoting 
mechanical interlock and structural stability. Part (b) 
presents X-ray diffraction (XRD) patterns, indicating a  
clear difference in mineralogical intensity. The 
untreated soil exhibits sharp peaks for kaolinite and 
quartz, confirming the expansive nature of black 
cotton soil, which is rich in clay minerals responsible 

Fig. 14: SEM & XRD images of Untreated BCs 
and Treated with Geocell

Figure 14 presents a detailed comparison between 
untreated soil and soil treated with a geomembrane, 
highlighting key microstructural and mineralogical 
differences relevant to geotechnical engineering 
applications. In section (a), the SEM images depict 
the untreated soil as having an irregular, porous 
texture, indicative of high moisture susceptibility and 
low structural cohesion. In contrast, the soil with the 
geomembrane exhibits a distinct interface, where the  
geomembrane forms a continuous, impermeable 
barrier over the soil surface. This interface acts as 
a moisture seal and mechanical barrier, effectively 
reducing water infiltration and limiting soil particle 
movement, which is essential for applications such 
as landfill liners, containment systems, and slope 
protection.

Section (b) displays XRD patterns for both samples. The 
untreated soil exhibits sharp peaks for minerals such 
as Montmorillonite, Kaolinite, and Quartz, indicating  
the presence of expansive clay minerals that can 
lead to undesirable volume changes under varying 
moisture conditions. The treated soil, on the other hand,  
shows diminished peak intensities, particularly 
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for Montmorillonite, suggesting a decrease in the 
activity of swelling minerals. This reduction in mineral 
reactivity reflects the geomembrane’s effectiveness in  
isolating the soil from moisture fluctuations, which helps  
maintain its volume stability and structural integrity.

dimensional stability. These changes suggest that  
the geonet not only serves as a structural reinforce- 
ment but also contributes to reducing shrink-swell 
behaviours and enhancing durability.

Fig. 15: SEM & XRD images of Untreated 
BCs and Treated with Geonet

Figure 15 provides a comparative analysis of untreated  
soil and soil reinforced with a geonet, focusing on 
microstructural and mineralogical aspects relevant 
to geotechnical engineering. In part (a), the SEM 
images show a clear distinction in structure: the 
untreated soil has a densely packed, unstructured 
arrangement with visible agglomeration of particles. 
In contrast, the soil with geonet exhibits a more open 
and interconnected structure. The geonet’s mesh-
like configuration enables better distribution and 
confinement of soil particles, which enhances shear 
strength, drainage, and load-bearing capacity—
critical factors in applications such as retaining walls, 
landfill liners, and sub-base reinforcement.

In part (b), the X-ray diffraction (XRD) patterns 
highlight changes in mineralogical composition. The 
untreated soil exhibits sharp peaks, particularly for 
Kaolinite and Quartz, indicating a high degree of 
crystallinity and potential for volumetric changes 
under varying moisture conditions. In contrast, the 
soil reinforced with geonet displays significantly 
reduced peak intensities, indicating a reduction in 
the activity of expansive minerals and improved 

Fig. 16: SEM AND XED characterisation of BC 
before and after geotextile treatment

Oil, which presents differences in microstructure 
and mineralogy.

Part (a) shows SEM images at a 10-µm scale. 
Untreated-soil SEM uses an irregular arrangement 
of soil particles that are compacted together, with no 
built-in structures for reinforcement. The soil with geo- 
composite, on the other hand, portrays soil particles 
placed in a fibrous, interwoven matrix typical of 
synthetic geo-composite materials. This structure 
significantly enhances mechanical interlocking and 
bonding between soil particles and geocomposite 
fibers, thereby improving the structural stability and 
load-bearing capacity of the soil.

Part (b) illustrates XRD patterns showing the 
mineralogical comparison for each sample. Peaks 
with different amplitudes can be observed in the 
untreated soil for minerals such as Montmorillonite, 
Kaolinite, and Quartz, indicating a high degree 
of crystallinity and the presence of an expansive 
clay mineral. Conversely, the intensity of the peaks 
in the geo-composite soil is reduced, indicating 
some alteration in the crystalline structure as a 
result of interaction with the synthetic fibers, which 
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helps reduce their swelling potential and increase 
durability.

Therefore, the image consolidates the proof on 
querying how geo-composites transform the 
microstructural and mineral behaviour of soils into 
enhanced geotechnical applications.

Fig. 17: SEM & XRD images of Untreated BCs 
and Treated with Geomembrane

Figure 17 presents a closer view of the differences 
between untreated soil and soils treated with a 
geomembrane, highlighting the microstructural 
features of geotextiles, Geogrids, Geocells, Geome- 
mbranes, Geomats, and Geocomposites.Section 
(a) of the SEM micrographs shows the untreated 
soil having a texture that seems somewhat 
irregular and with pores, probably signifying a 
high level of moisture susceptibility with very 
low structural cohesion. On the other hand, soil 
with geomembrane formation exhibits a more 
straightforward interface of presence, where the  
geomembrane serves as a continuous and 
impermeable barrier over the soil surface. The 
interface functions as both a moisture seal and a 
mechanical barrier, thereby preventing water from 
penetrating the soil and restricting the movement of 
soil particles, which is crucial for applications such 
as landfill liners, containment, and slope protection. 
Section (b) displays XRD patterns for both samples. 
“The unprocessed soil shows sharp crests for 
minerals like Montmorillonite, Quartz and Kaolinite 

indicating the presence of expansive clay minerals 
that can lead to undesirable volume changes under 
varying moisture conditions”. The treated soil, on 
the other hand, shows diminished peak intensities, 
particularly for Montmorillonite, suggesting a decrease  
in the activity of swelling minerals. This reduction 
in mineral reactivity reflects the geomembrane’s 
effectiveness in isolating the soil from moisture 
fluctuations, which helps maintain its volume stability 
and structural integrity.

Discussion
The experimental results show that adding geo-
synthetics-such as Geotextile, Geo-grid, Geo-cell, 
Geo-membrane, Geo-mat, and Geo-composite- 
significantly improves the geo-technical character-
istics of expansive black cotton soil. These results 
agree with earlier studies, which confirm the role of geo- 
synthetics in enhancing soil stability, managing 
volume changes, and increasing strength.

The observed rise in Unconfined Compressive 
Strength (UCS) and California Bearing Ratio (CBR) 
with more geosynthetic content aligns with research 
like Rao and Reddy, showing notable increases in 
CBR values for black cotton soil reinforced with 
geotextiles and geogrids. The reinforcement- mainly 
through lateral restraint and load sharing- explains 
the rise in UCS, supporting findings by Basha  
et al. (2005), which show that the tensile resistance 
provided by geosynthetics reduces axial deformation 
and improves load capacity.51

The reduction in Swelling Pressure and Swell Index  
with geosynthetic addition-especially in Geocom-
posite and Geomembrane treatments- is backed 
by earlier evidence. For example, Al-Kiki et al.  
noted that geomembranes act as impermeable 
barriers, decreasing water ingress and limiting 
volumetric expansion in expansive clays. Similarly, 
Kumar and Sharma observed that geocomposites 
significantly reduced swell potential due to their dual 
role as both reinforcements and barriers.52

The steady decline in the Plasticity Index (PI) with 
increased use of geosynthetics, especially with 
Geogrid, signals changes in soil structure and behavior.  
This matches observations by Ghosh and Subba Rao,  
who found that soils treated with reinforcement 
exhibited lower plasticity and improved workability 
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due to decreased fine particle activity and enhanced 
moisture retention. The gains in cohesion and 
friction angle also reflect a more effective interaction 
between the soil and reinforcement.53

Geotextiles enhanced cohesion thanks to stronger 
bonding with soil particles, as noted in studies by  
Murthy et al., while Geogrid showed the most 
significant improvement in friction angle through 
mechanical interlock, confirming Zornberg and 
Gupta's findings on the importance of interlocking 
in reinforced soils.54

SEM analysis confirmed structural changes at the 
micro level. Treated soils exhibited denser matrices, 
fewer voids, and improved interlocking, similar to the 
findings reported by Karunarathna and Gunaratne  
regarding microstructural changes in geosynthetic-
reinforced clayey soils.55

XRD patterns displayed lower intensity of expansive 
clay minerals like montmorillonite and kaolinite, 
supporting Sharma and Sivapullaiah’s results that 
chemical and mechanical treatments decreased the 
crystalline structure of expansive soils.56

Among all the reinforcements tested, Geo-compo- 
sites, Geomembranes, and Geogrids consistently 
performed better in most parameters. This aligns with 
research, such as Muntohar et al., which highlights  
the versatile roles of geocomposites in drainage, 
reinforcement, and moisture control, making them 
ideal for expansive soils.57

	
Conclusion
The present study conclusively demonstrates the 
effectiveness of various geo-synthetics, namely 
geotextiles, Geogrids, Geo-cells, Geo-membranes, 
Geo-mats, and Geo-composites, in improving the 
geotechnical properties of black cotton soil. Across 
all parameters tested, geo-synthetics provided 
significant enhancements. “The specific gravity of 
unprocessed soil was 2.22, consistent with fine-
grained soils”. “The Plasticity Index (PI) of untreated 
soil was 53.40%, which decreased substantially 
with the inclusion of geo-synthetics; the lowest PI 
value of 17% was observed with Geogrid at 3.0% 
inclusion. “The Standard Proctor Test” revealed 
that Geotextile offered the highest “Maximum Dry 

Density (MDD) of 23.3 g/cc at 1.552% Optimum 
Moisture Content (OMC)”, indicating excellent 
compaction characteristics. “California Bearing 
Ratio (CBR) values also improved significantly”, 
with Geo-composite and Geomembrane achieving 
the highest CBR value of 11.8% at 3.0% inclusion, 
compared to the untreated soaked CBR of just 
5.98%. Similarly, Unconfined Compressive Strength 
(UCS) showed a marked improvement, with Geo-
composite and Geomembrane reaching 171 kPa 
at a 3.0% inclusion, a substantial rise from the 
untreated condition. Swelling behaviour, a critical 
concern for expansive soils, was notably mitigated.  
Swelling Pressure reduced from above 10 kPa to 
just 3.1 kPa with Geo-composite, and the Swell 
Index decreased to 3.72 from initial values above 12, 
confirming enhanced dimensional stability. In terms 
of shear strength, Cohesion improved remarkably; 
the geotextile recorded the highest value of 43.6 
kPa at a 3.0% inclusion. The Friction Angle also 
increased significantly, with Geo-grid leading at 
23.5°, highlighting its superior resistance to shear 
deformation. In summary, the data clearly show that 
geo-synthetics substantially enhance the mechanical 
and physical properties of black cotton soil. Geo-
composite emerged as the most effective across 
most tests, followed closely by Geo-membrane and  
Geo-grid. These materials are therefore recommen- 
ded for field applications to stabilize expansive soils 
and improve the longevity and performance of civil 
infrastructure. SEM and XRD analysis conclude that 
geo-synthetic reinforcements significantly enhance 
the structural integrity and mineral stability of 
expansive black cotton soil. SEM images confirmed 
improved particle bonding and matrix formation, while 
XRD analysis revealed a reduction in the activity of 
expansive clay minerals. These improvements 
contribute to greater strength, reduced moisture 
susceptibility, and enhanced long-term performance, 
making reinforced soils more reliable for various 
geotechnical engineering applications. Geo-synthetic  
reinforcement significantly improves the stability 
and reductions of the swelling properties of black 
cotton soil, according to this study. Geo-composite, 
Geo-membrane, and Geo-grid emerged as the most 
efficient across most parameters. The use of these 
materials in infrastructure over expansive soils, 
such as black cotton soil, can drastically reduce 
maintenance and improve longevity and stability.
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