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Abstract

Geosynthetic Clay Liners (GCLs) are innovative barrier systems utilized in environmental protection
and containment efforts. They consist of a layer of bentonite clay sandwiched between geotextiles or
attached to a geomembrane, offering remarkable impermeability and durability. Their lightweight and
flexible nature facilitates easy installation, making them a cost-effective option compared to
traditional compacted clay liners (CCLs). GCLs find extensive application in landfill liners and caps,
mining containment systems, water reservoirs, and environmental remediation projects, effectively
preventing the spread of contaminants and conserving water resources. Their ability to withstand
chemical exposure, differential settlement, and drying out ensures long-term dependability. With
continuous advancements in material science and an increasing focus on sustainability, GCLs are
essential in tackling global environmental issues and promoting sustainable waste management

practices.

This study aims to explore the development, properties, applications, and performance of
geosynthetic clay liners (GCLs), highlighting their significance in environmental engineering and
geotechnical containment systems. GCLs consist of bentonite clay placed between geotextiles or
geomembranes, offering superior hydraulic performance, low permeability, and easier installation
compared to traditional compacted clay liners (CCLs). The study examines their material
characteristics, particularly the swelling properties of bentonite, and evaluates their behaviour under
various environmental conditions, including exposure to chemicals and hydraulic stresses. It
discusses key applications such as landfill liners, mining containment, and water retention systems,
addressing their environmental advantages and limitations. Furthermore, the paper addresses
challenges like chemical compatibility, long-term durability, and cost considerations, while also
looking at future developments in material science and sustainable manufacturing. This
comprehensive review underscores the vital role of GCLs in advancing sustainable waste

management and environmental protection practices.
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CHAPTER 1

INTRODUCTION

1.1 General

Geosynthetic Clay Liners (GCLs) are specially designed materials that serve as hydraulic barriers in
various environmental and geotechnical settings. A standard GCL is made up of a layer of bentonite
clay, typically placed between two layers of geotextiles or attached to a geomembrane. Bentonite,
which is abundant in montmorillonite minerals, is crucial because of its high swelling ability, low
hydraulic conductivity, and effective self-healing characteristics when it absorbs water. GCLs provide
numerous benefits, such as reduced liner thickness, faster installation times, and enhanced
performance across different site conditions. The creation of GCLs was motivated by the demand for
innovative approaches to tackle issues in waste management and environmental safeguarding. Since
their launch, ongoing improvements in material characteristics and production methods have
bolstered their durability, versatility, and effectiveness in a range of applications, establishing them

as essential components in contemporary containment systems.

1.2 Historical Development of GCLs

The development of Geosynthetic Clay Liners (GCLs) began in the late 1980s when they were
introduced as a novel alternative to traditional Compacted Clay Liners (CCL). Prior to the advent of
GCLs, waste containment systems mainly depended on thick, compacted clay liners, which were not
only labour-intensive but also required large amounts of material. The idea of merging bentonite clay
with geotextiles or geomembranes emerged as a practical solution to these issues, resulting in a

thinner and more efficient liner system.

Throughout the 1990s, GCLs became widely adopted across various environmental and geotechnical
applications. Enhancements in manufacturing processes improved their mechanical strength,
durability, and hydraulic performance. The 2000s ushered in a wave of significant innovations,
including advancements in bonding techniques like adhesive and thermal bonding, as well as the
development of composite liners that integrated GCLs with geomembranes. Research efforts
concentrated on enhancing chemical resistance, long-term stability, and performance in extreme

conditions.



Today, GCLs are fundamental to modern containment systems, with ongoing research and

development focused on tackling new challenges in waste management and environmental protection.

Their historical progression underscores the industry's dedication to sustainable and efficient

engineering solutions.

1.3 Composition of GCLs

Geosynthetic clay liners (GCLs) are innovative materials primarily used in environmental

engineering and construction projects, especially for establishing barriers against the movement of

liquids. The main component of a GCL is a thin layer of sodium bentonite clay, which is bound

between two geotextiles or geomembranes.

ii.

1il.

1v.

Bentonite Clay: Sodium bentonite is a type of expansive clay that swells when hydrated, creating
a highly impermeable barrier. It effectively prevents the migration of liquids, making it ideal for

applications like landfill liners and containment of hazardous waste.

Geotextiles: These are synthetic fabrics that help hold the bentonite in place. They can be woven
or non-woven and are typically made from polyethylene or polypropylene. The geotextiles allow
water vapor to escape while protecting the bentonite from mechanical damage and environmental

effects.

Geomembranes: Sometimes, GCLs may also incorporate geomembranes on either side. These are
impermeable membranes that further enhance the barrier's effectiveness against fluid movement.

They can be made from materials such as high-density polyethylene (HDPE) or other polymers.

Bonding Mechanisms: The bonding mechanisms in GCLs play a vital role in ensuring the
structural stability and effectiveness of the liner system. The main bonding mechanisms include:
e Needle-Punching: Fibers from the upper geotextile are mechanically driven through the
bentonite layer and secured into the lower geotextile, which provides significant shear strength
and durability.
e Adhesive Bonding: Adhesives are applied to connect the geotextiles to the bentonite layer,

resulting in a robust and flexible composite structure.



e Stitch Bonding: Stitching threads are utilized to keep the layers together, providing sufficient
bonding for specific applications. Each bonding mechanism is chosen based on the intended

use, site conditions, and necessary performance criteria.

v. Reinforcement Layer: Increases tensile strength and shear resistance, particularly in applications

involving steep slopes or significant mechanical stress.

vi. Additives: Introduced into the bentonite to enhance resistance to chemical attack, particularly in

environments with saline or acidic conditions.

Coating
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Fig 1.1: Typical cross section of a Geosynthetic Clay Liner

1.4 Functions in Containment Systems

Geosynthetic Clay Liner or GCL, plays a crucial role in containment systems, particularly in
environmental engineering applications, such as landfills, ponds, and other waste storage facilities.

Here are the main functions of GCL in these systems:

e Barrier Function: GCL acts as a barrier to prevent the movement of fluids. It consists of a layer
of bentonite clay encapsulated between two geotextiles. The bentonite swells when it comes into
contact with water, creating a highly impermeable barrier that minimizes the leakage of
contaminants into the surrounding environment.

e Hydraulic Performance: Due to its low permeability, GCL effectively manages water flow. This
is essential in containment scenarios where controlling leachate (the liquid that drains or 'leaches'
from a landfill) is necessary to protect groundwater resources.

¢ Chemical Resistance: Bentonite clay exhibits a high resistance to chemical interactions, making
GCL suitable for lining hazardous waste sites. It can withstand a variety of chemical exposures,

ensuring the liner remains effective over time.



Flexibility and Conformability: GCLs are lightweight and flexible, allowing them to adapt to
uneven surfaces easily. This conformance is vital for effective installation, ensuring complete
coverage of the underlying substrate and thereby enhancing the system's overall integrity.

Cost-Effectiveness: Using GCLs can be a more economical option compared to traditional clay
liners. Their lighter weight and ease of installation can significantly reduce both transportation and

labour costs.

1.5 Types of Geosynthetic Clay Liners

1.5.1 Based on Bentonite Content:

Granulated Bentonite GCLs: Granulated bentonite refers to bentonite that has been processed
into small granules. It refers to a specific type of geosynthetic material used in environmental
containment applications, such as landfill liners and caps. GCLs are engineered materials that

combine layers of geotextile fabric with a layer of granulated bentonite clay.

Sodium Bentonite GCLs: The most common type, known for its high swelling capacity and low

permeability.

Calcium Bentonite GCLs: These variants use calcium-based bentonite, providing different

swelling characteristics.

1.5.2 Based on Manufacturing Process:

i

Needle-Punched GCLs:

Fiber Types: Needle-punched GCLs can be made using various types of fibers such as
polypropylene, polyester, or other synthetic materials. The choice of fiber can influence the liner's
overall performance and durability.

Thickness Control: The needle-punching process allows for precise control over the thickness of
the GCL. This control is essential for meeting specific engineering requirements and ensuring
consistent performance across the liner.

Density Variation: Manufacturers can adjust the density of needle-punched GCLs by controlling
the spacing and depth of the needle punches. This enables the tailoring of the liner's properties to

meet the demands of different applications.



il

Uniform Distribution: The mechanical needle-punching process ensures a uniform distribution
of fibres throughout the GCL, contributing to consistent performance characteristics such as
hydraulic conductivity and shear strength.

Shear Enhancement: The interlocking of fibers through needle-punching enhances the shear
strength of the GCL, making it suitable for applications where resistance to lateral movement is

crucial, such as in landfill base liners.

Stitched GCLs:

Stitching Patterns: Manufacturers can employ different stitching patterns to achieve specific
performance characteristics. The stitching pattern influences the internal shear resistance and
tensile strength of the stitched GCL.

Layer Bonding: Stitching creates a strong bond between geotextile layers, preventing internal
slippage. This bonding enhances the overall stability of the GCL, making it suitable for
applications where structural integrity is essential.

Customization: Stitching allows for the customization of GCLs for specific engineering
requirements. This can include variations in stitch spacing, thread type, and stitch density,
providing flexibility in design and performance.

Tensile Strength: The stitching process contributes to increased tensile strength, making stitched
GCLs suitable for applications where the liner needs to withstand significant tensile forces, such
as in slope stabilization or other geotechnical engineering projects.

Seam Integrity: The stitching process creates seams that contribute to the overall integrity of the
GCL, ensuring that the liner functions as a barrier in containment applications, such as in pond

liners or environmental protection systems.



1.6 Applications

GCLs find versatile applications in various engineering and environmental scenarios:

ii.
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Vi.

Vil.

Viii.

IX.

xi.

Landfill Liners: GCLs act as a primary barrier to prevent the leachate from contaminating the
surrounding soil and groundwater.

Mining Applications: Used for containment of tailings and preventing the migration of harmful
substances into the environment.

Pond Liners: Applied to create impermeable barriers for water retention and prevent seepage.
Stormwater Management: GCLs are used in stormwater management systems to line detention
basins and retention ponds. They help control the flow of stormwater, prevent soil erosion, and
protect underlying groundwater from contaminants.

Secondary Containment Systems: GCLs are employed in secondary containment systems for
tanks and industrial facilities. They act as a protective barrier, preventing the escape of hazardous
substances in case of spills or leaks.

Road and Rail Construction: GCLs are utilized in road and rail construction for slope
stabilization and erosion control. They provide a stable and impermeable layer to prevent soil
erosion on embankments and cut slopes.

Oil and Gas Industry: GCLs play a role in the containment and isolation of hydrocarbons and
other contaminants in the oil and gas industry. They are used in the construction of
impoundments, tank farms, and other facilities to prevent environmental contamination.
Wastewater Treatment: GCLs are employed in the construction of wastewater treatment
facilities. They serve as a barrier to contain and control the flow of wastewater, protecting the
surrounding environment from potential contamination.

Canal and Channel Lining: GCLs are applied in the lining of canals and channels to reduce
seepage and control water flow. This is particularly important in agricultural areas where efficient
water management is crucial.

Tunnel Construction: GCLs can be used in tunnel construction as part of waterproofing systems.
They provide an additional layer of protection against water ingress, enhancing the durability
and safety of tunnels.

Dams and Reservoirs: GCLs are employed in dam and reservoir construction to provide an
impermeable barrier. They contribute to the structural stability of the dam and help in water

conservation by reducing seepage losses.



Fig 1.6: GCL Stormwater Management



1.7 Advantages and Limitations
Advantages:

e Cost-Effective: GCLs are often more economical compared to traditional compacted clay liners.

e Ease of Installation: The prefabricated nature of GCLs simplifies installation, reducing
construction time.

e Sealing Performance: Bentonite's swelling properties contribute to a reliable barrier against
fluid migration.

e Environmental Compatibility: GCLs are environmentally friendly compared to traditional clay
liners, as they often incorporate natural sodium bentonite. This minimizes the environmental
impact during manufacturing and disposal phases.

e Rapid Construction: The ease of installation and prefabricated nature of GCLs contribute to
faster construction times. This can be particularly advantageous in projects where time

constraints are a critical factor.
Limitations:

¢ Sensitivity to Freezing and Thawing: GCLs may be sensitive to freezing and thawing cycles,
which can affect their performance. In colder climates, this limitation needs to be carefully

considered in the design and application of GCLs.

e Chemical Compatibility: While GCLs provide effective containment for many fluids, their
performance may be limited in the presence of certain aggressive chemicals. Compatibility

testing is crucial to ensure the liner's effectiveness in specific environmental conditions.

e Stress-Strain Behaviour: GCLs may exhibit limited tensile strength compared to other
geosynthetic materials. Understanding the stress-strain behaviour of GCLs is essential for

designing structures where tensile forces are significant.

e Equipment Limitations: Installation of GCLs may require specialized equipment, and access to
the site may influence the choice of liner material. Restricted access or challenging terrain can

pose logistical challenges during installation.



CHAPTER 2

Material Properties of Geosynthetic Clay Liners

2.1 General

Comprising a layer of bentonite clay encapsulated between geotextiles or geomembranes, GCLs are
valued for their low permeability, high swelling capacity, and self-healing properties. Key properties
include hydraulic conductivity, shear strength, chemical resistance, and durability under mechanical
stress. Factors such as bentonite type, geotextile bonding, and manufacturing quality influence these
characteristics. Understanding these material properties is essential for selecting and designing GCLs
tailored to specific site conditions, ensuring their long-term effectiveness and reliability in fluid

containment systems.

2.2 Bentonite Clay Characteristics

Bentonite clay is a key component of Geosynthetic Clay Liners, contributing to their sealing and

swelling properties. The characteristics of bentonite clay include:

* Swelling Capacity: Bentonite clay is known for its ability to swell significantly when hydrated.
This property is crucial for the effectiveness of GCLs in creating a low permeability barrier.

* Permeability: In its hydrated state, bentonite forms a nearly impermeable barrier, preventing the
passage of liquids through the liner.

* Cation Exchange Capacity (CEC): Bentonite has a high CEC, allowing it to adsorb and retain
ions, enhancing its ability to seal and stabilize.

Understanding these characteristics is essential for assessing the performance of GCLs under

different environmental and loading conditions.



2.2.1 Types of bentonites used in GCL

i
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Sodium Bentonite

Sodium bentonite is widely used in GCLs because of its ability to swell significantly when it comes
into contact with water. This swelling property enhances the material's ability to seal against
liquids, making it highly effective in preventing leakage. Sodium bentonite is particularly useful
in applications where high-water retention and low permeability are required.

Calcium Bentonite

Calcium bentonite is less swellable than sodium bentonite but can be used in GCLs where lower
water permeability is acceptable. It is often involved in soil stabilization and is also used in
applications such as the production of drilling mud. While it does not provide the same level of

sealing capability as sodium bentonite, it can be a cost-effective alternative for certain projects.

Polymer-Modified Bentonite

This type of bentonite is treated with polymers to enhance its functional properties. The
modification can improve the clay's hydration rate, strength, and overall performance under
various environmental conditions. Polymer-modified bentonites are useful in applications that

demand high durability and performance.

2.2.2 Granulation Process

The granulation process involves preparing bentonite clay in a granular form for use in GCLs. This

process is critical for optimizing the performance of the clay. Key aspects of the granulation process

include:

Particle Size Distribution: Granulation ensures a controlled particle size distribution, influencing
the swelling behaviour and permeability of the bentonite.

Homogeneity: The process aims to create a homogenous mixture to ensure uniform performance
across the entire GCL.

Drying and Compaction: Following granulation, the material is dried and compacted to achieve
the desired physical properties. A well-executed granulation process is crucial for maximizing the

effectiveness of bentonite in GCLs.
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2.3 Geomembrane

Geomembranes are impermeable sheets made from polymers that can be combined with GCLs to
enhance their ability to act as a hydraulic barrier. Common materials used for geomembranes include
high-density polyethylene (HDPE), linear low-density polyethylene (LLDPE), and polyvinyl chloride
(PVO).

2.3.1 Functions of geomembrane:

Geomembranes in geosynthetic clay liners (GCLs) act as a barrier to improve fluid containment and
resist chemicals. They add extra durability, safeguard the bentonite core from drying out and breaking
down due to chemicals, and are especially useful in situations that demand high-performance barriers,

like hazardous waste containment and industrial ponds.

¢ Impermeability: They provide an extra layer of protection against the movement of liquids.
e Chemical Resistance: They improve resistance to harsh chemicals and extreme environmental
conditions.

e Reinforcement: They enhance the overall durability and mechanical strength of the GCL system.

2.3.2 Applications of geomembrane:

Geomembranes in GCLs are commonly utilized in landfill liners, mining containment, and
wastewater treatment facilities to stop the movement of fluids and contaminants. They are also used
in reservoirs, canals, and secondary containment systems, offering improved impermeability and

chemical resistance for essential environmental and industrial applications.

Landfills: Serve as primary or secondary liners to prevent leachate leakage.

Mining: Contain tailings and prevent seepage of toxic substances.

Water Reservoirs and Ponds: Provide impermeable barriers to conserve water.

Hazardous Waste Containment: [solate contaminants in industrial and chemical waste storage.

11



2.4 Geotextile

Geotextiles in GCLs are usually nonwoven or woven synthetic fabrics that encase the bentonite layer,
offering structural support and safeguarding the clay core from external harm. These fabrics are
typically made from materials such as polypropylene or polyester, selected for their mechanical

strength and resistance to chemicals.
2.4.1 Functions of geotextile:

Geotextiles serve to encapsulate and safeguard the bentonite layer in GCLs, maintaining structural
integrity and preventing soil migration. Additionally, they offer filtration, reinforcement, and

durability throughout the installation process and under operational stresses.

e Containment: Keep the bentonite securely in place, ensuring even distribution.
e Protection: Guard the bentonite against mechanical stress and environmental harm.

e Permeability: Permit the passage of water vapor and gases while preventing soil migration.

2.4.2 Applications of geotextile:

Geotextiles in GCLs surround the bentonite layer, offering structural support, containment, and
safeguarding against mechanical damage. They improve durability, stop soil migration, and maintain

consistent hydraulic performance across different containment applications.

e Containment Systems: Encapsulate bentonite to maintain its uniformity and prevent
displacement.

e Landfill Liners: Provide structural support and protect against mechanical damage during

installation.
¢ Slope Stability: Reinforce GCLs on steep slopes to resist shear forces.
¢ Erosion Control: Prevent soil erosion in environmental and geotechnical projects.

e Water Management: Allow controlled water vapor and gas movement while acting as a filtration

barrier.

12



2.5 Geotextile Fabric Properties

The geotextile fabric in GCLs serves multiple functions, providing mechanical support to the
bentonite and preventing its direct contact with the surrounding soil. Important properties of

geotextile fabrics include:

e Permeability: Geotextiles are designed with specific permeability characteristics to control water
flow within the GCL.

e Tensile Strength: High tensile strength is crucial to withstand stresses during installation and
ensure the integrity of the GCL over its service life.

¢ Filtering Capability: Geotextiles act as filters, preventing the migration of fine-grained soil
particles while allowing water to pass through. The selection of geotextile fabric properties should

align with the specific requirements of the GCL application and environmental conditions.

13



CHAPTER 3

Quality Testing and Performance Behaviour of Geosynthetic Clay Liner

3.1 General

For better performance of GCL, testing and quality control of Geosynthetic Clay Liners (GCLs) are
crucial to ensuring their reliability in fluid containment applications. Rigorous evaluation of
properties such as hydraulic conductivity, shear strength, swelling capacity, and chemical resistance
is essential to meet project-specific and regulatory standards. Laboratory and field tests, including
permeability assessments and stress-strain analysis, help verify GCL suitability under diverse
conditions. Quality control during manufacturing and installation ensures consistency in material
composition and performance. By emphasizing thorough testing and adherence to standards, the
industry enhances the durability and effectiveness of GCLs in critical environmental and geotechnical

applications

The performance and behavior of geosynthetic clay liners (GCLs) are primarily influenced by their
hydraulic conductivity, shear strength, swelling properties, and long-term stability. GCLs exhibit very
low hydraulic conductivity due to the swelling capacity of bentonite, which creates an impermeable
barrier against fluid movement. The bond between geotextiles and bentonite enhances their shear
strength, ensuring they retain structural integrity under stress. Over time, GCLs demonstrate strong
long-term stability, provided they are not exposed to harsh chemical or environmental conditions,

making them reliable for long-term containment applications.

3.2 Laboratory Testing of Geosynthetic Clay Liners

Laboratory testing of GCLs aims to assess important properties including hydraulic conductivity,
shear strength, and swelling capacity. Various tests, such as permeability tests, shear tests, and index
property tests, are performed to evaluate their performance in conditions that mimic real-world
scenarios. These assessments help confirm the appropriateness of GCLs for particular applications

and ensure they meet design specifications.

e Permeability Testing

Conduct laboratory tests to determine the hydraulic conductivity of the GCL under various stress

and environmental conditions.

14



e Index Property Testing

Evaluate key properties of the GCL, such as density, moisture content, and mineralogy, to ensure

they meet specified standards.
e Shear Strength Testing

Assess the shear strength of the GCL material to understand its stability and resistance to

deformation under different loading conditions.
e Swell Index Testing

Measure the swell index to evaluate the ability of the bentonite in the GCL to expand and create

an effective barrier against water migration.
e Durability Testing

Perform tests to assess the long-term durability of the GCL, including resistance to chemical,

biological, and physical degradation.

3.3 Field Testing and Monitoring

Field testing and monitoring of GCLs include checking for correct installation and performance using
methods such as permeability tests, visual inspections, and quality assurance checks. Ongoing
monitoring is essential to evaluate their effectiveness by examining hydraulic integrity, settlement,

and environmental conditions over time.

e Permeability Field Testing

Conduct in-situ permeability tests to verify the actual hydraulic conductivity of the GCL in the

field conditions where it will be installed.

¢ Slope Stability Monitoring

Implement monitoring systems to assess the stability of slopes reinforced with GCLs, especially

in applications like landfill liners.

15



e Settlement Monitoring

Monitor settlements over time to ensure that the GCL performs as expected without excessive

deformation.
e Leakage Detection

Implement systems to detect and monitor any leakage through or around the GCL, especially in

containment applications.

3.4 Quality Assurance Measures

Quality assurance for GCLs involves conducting pre-installation inspections, testing the properties of
bentonite such as swell index and hydraulic conductivity, and confirming the proper bonding of
geotextiles. During the installation process, it is essential to verify seam integrity and ensure
compliance with design specifications to guarantee long-term performance.

e Manufacturing Quality Control

Establish and adhere to quality control measures during the manufacturing process to ensure

consistency in GCL production.
e Installation Quality Control

Implement procedures for on-site installation inspections to verify that GCLs are installed

according to design specifications and industry standards.
e Seam Integrity Testing

Conduct tests to verify the integrity of seams and overlaps between GCL panels to prevent potential

pathways for water migration.
e Regular Maintenance Inspections

Establish a schedule for regular inspections of GCL installations to identify and address any issues

promptly.
e Documentation and Record Keeping

Maintain thorough documentation of testing results, quality control measures, and any corrective

actions taken to provide a comprehensive record of GCL performance.
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3.5 Factors influencing behaviour of GCL

Geosynthetic Clay Liners (GCLs) are affected by various factors, including the quality of hydration,
the chemistry of the soil and fluids, and the confining pressures they experience. These elements play
a significant role in determining their hydraulic conductivity, swelling, and shrinkage behavior. When
hydration is of high quality, it tends to lower hydraulic conductivity. Conversely, exposure to saline
or harsh chemicals can impede swelling and lead to increased shrinkage. The shear strength of GCLs
is influenced by the bentonite content, the friction at the interface, and the external stress conditions.
Additionally, their long-term stability is determined by chemical compatibility, environmental factors,

and the mechanical integrity they maintain over time.
3.5.1 Hydraulic Conductivity

Hydraulic conductivity refers to the ability of a material to transmit water. In the context of
Geosynthetic Clay Liners (GCLs), understanding hydraulic conductivity is crucial for evaluating their

effectiveness as barriers against fluid migration. Hydraulic conductivity depends upon:

¢ Bentonite Swelling: The swelling of bentonite clay in GCLs reduces the overall permeability of
the liner, limiting the flow of water.

¢ Geotextile Properties: The permeability of the geotextile layers influences the overall hydraulic
conductivity of the GCL.

e Construction and Installation: Proper installation practices impact the hydraulic conductivity of

GCLs, emphasizing the need for careful construction procedures.

3.5.2 Swelling and Shrinkage

e Swelling:

Swelling happens when the bentonite in the GCL takes in water, leading to an increase in volume.
This swelling is essential for the GCL's low permeability and its effectiveness as a hydraulic
barrier.

i. Bentonite Response: The swelling capacity of bentonite in GCLs is a key attribute that contributes
to the sealing performance. When hydrated, bentonite undergoes significant volumetric expansion,
creating a barrier against fluid migration.

ii. Influence on Permeability: Swelling reduces the pore spaces within the GCL, lowering
permeability and enhancing the liner's effectiveness in preventing the movement of water and

contaminants.
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il.

Shrinkage:

Shrinkage happens when the GCL loses moisture, usually in dry conditions. This can result in

cracks or gaps in the liner, which can undermine its effectiveness as a barrier.

Drying Conditions: GCLs may experience shrinkage when subjected to dry conditions.
Understanding the shrinkage behaviour is important for assessing the long-term stability of the
liner.

Impact on Integrity: Excessive shrinkage may lead to the development of cracks, potentially

compromising the integrity of the GCL.

3.5.3 Shear Strength

Shear strength is the ability of a material to resist deformation or failure under applied forces. In the

context of GCLs, shear strength is crucial for maintaining the structural integrity of the liner. Shear

strength of GCLs depend upon:

Bentonite and Geotextile Interaction: The interaction between bentonite and geotextile layers
influences the shear strength of GCLs.
Compaction and Installation: Proper compaction during installation ensures adequate shear

strength, preventing internal failures within the GCL.

3.5.4 Long-Term Stability

Long-term stability refers to the ability of Geosynthetic Clay Liners to maintain their performance

characteristics over an extended period. It depends upon:

Environmental Conditions: Exposure to varying temperatures, moisture levels, and chemical
substances can affect the long-term stability of GCLs.

Creep and Relaxation: Understanding the creep behaviour of GCL materials over time is crucial
for predicting their long-term performance.

Monitoring and Assessment: Long-term stability is often evaluated through field monitoring,
including the assessment of GCL performance in real-world applications over extended periods.
Observations, measurements, and data collection contribute to a comprehensive understanding of

the liners behaviour over time.
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Addressing these aspects of performance and behaviour provides a thorough examination of how
Geosynthetic Clay Liners respond to different environmental and loading conditions, ensuring their

effectiveness in various engineering applications.
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CHAPTER 4

A Comparative analysis of Geosynthetic Clay Liner and Compacted Clay
Liner

4.1 General

The disposal of waste in an acceptable manner has become a growing concern for the public. One of
the most significant issues is the potential contamination of groundwater from leachates produced by
waste. Landfilling is one strategy used to manage waste effectively and safely. The liner in a landfill
plays a crucial role in preventing the migration of contaminants into groundwater. According to the
USEPA (United States Environmental Protection Agency), the liner should have a hydraulic
conductivity of less than 10"-7 cm/sec, and its minimum thickness should be 600mm. Some authors
(Brandl, H. 1992., Kayabaly, K., 1997.) suggest that liners also serve other important functions, such
as controlling pollutant migration over the long term and exhibiting low swelling and shrinkage.
These qualities can be achieved with low-permeability clayey soil at varying compaction levels. The
most commonly used materials in sanitary landfills are compacted clay liners (CCL) and geosynthetic
clay liners (GCL). The primary reason for using these materials is their low hydraulic conductivity,
which restricts or prevents the movement of leachate from the bottom of landfills as well as the gases

generated from the final cap of waste dumps.

Compacted clay liners are cost-effective and possess good attenuation capacity, making them a
common choice for landfills. While they offer several desirable qualities, such as low permeability
and effective attenuation, they also have drawbacks, including significant swelling and shrinkage,
which can lead to stability issues. In contrast, geosynthetic clay liners (GCL) have low hydraulic
conductivity and are easier to install. A geosynthetic clay liner (GCL) consists of a thin layer of
sodium or calcium bentonite that is sandwiched between two layers of geosynthetic materials. The
bentonite used in GCL can be either granular or powdered. GCL typically has a minimum thickness
of 5 to 10 mm, while a compacted clay liner (CCL) has a thickness ranging from 0.75 to 1 meter in

landfills.

GCL offers several advantages over CCL, particularly in terms of lower hydraulic conductivity. It
requires less skilled labour for installation and is more cost-effective. Additionally, it takes up less
space compared to CCL. GCL demonstrates good resistance during freeze/thaw cycles, making it
easy to repair. It also has a strong healing capacity when damaged during handling and installation;

any small holes created during installation are sealed by the bentonite in the GCL. The material can
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be conveniently transported in rolls that are 0.75 m in diameter and 4-6 m long. GCL is generally less
expensive than CCL, especially when clay soil is located far from the landfill site. However, CCL has
a greater attenuation capacity due to its larger thickness and is inert to most permeant liquids it
encounters. There is also a concern that the geosynthetic components in GCL may degrade over time.
According to Giroud (1996), certain fungi and bacteria can catalyze the hydrolysis of polyesters in
GCL (Giroud, J.P. 1996). This paper summarizes key geotechnical properties, including hydraulic
conductivity and Atterberg limits such as liquid and free swell index for both GCL and CCL, and it

presents a comparison between the two.

4.2 Hydraulic conductivity of GCL and CCL

Hydraulic conductivity plays a crucial role in controlling the migration of leachate. For Geosynthetic
Clay Liners (GCL), the hydraulic performance is primarily influenced by the properties of bentonite.
Bentonite is formed through the weathering of acid volcanic glass tufa (volcanic ash), which can be
deposited in either seawater (Na-bentonite) or freshwater (Ca-bentonite). High-quality bentonite
typically contains 65% to 95% montmorillonite by weight (Egloffstein, T. 1997). Numerous studies
have examined the hydraulic performance of CCL and GCL when exposed to inorganic liquids (Jo,
H.Y., Benson, C. H. and Edil, T. B. 2004), as well as organic liquids (Foreman, D.E. and Daniel, D.E.
1986). Their findings indicate that permeability tends to increase with higher concentrations in clays
that exhibit high plasticity. Specifically, the hydraulic conductivity of clay significantly rises when

permeated with high-concentration liquids compared to water.

Most research focuses on different pore fluids permeated over GCL. For instance, Jo et al. (2001)
investigated the permeation of single-species salt solutions like LiCl, NaCl, KCl, and CaCl, through
GCL. Another study explored the long-term hydraulic performance of GCL with inorganic solutions
such as calcium chloride, sodium chloride, and potassium chloride. The performance of GCL was
also assessed with non-standard liquids. It was observed that the hydraulic conductivity of bentonite
increases with higher concentrations of CaCl,. When varying concentrations of CaCl, were
permeated through GCL, it was found that the hydraulic conductivity of GCL increased alongside the

concentration of CaCl,.
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4.3 Liquid limit of GCL and CCL

The behavior of clay was examined by testing its consistency limits, known as Atterberg limits
(Jefferson, I. and C.D.F. Rogers, 1998). Some researchers focused on the Atterberg limits of clays
with low plasticity (CL) and those with high plasticity (CH). It was found that the plastic limit and
liquid limit of CL increased as the solute concentration increased (Arasan, S. and Yetimoglu, T.2008).
Additionally, testing with NaOH showed that the plastic limit and liquid limit of low plasticity soil
also increased. This increase can be attributed to the formation of swelling compounds. The rise in
the consistency limit of CL clay with higher solute concentration is linked to the dispersion of clay
particles. Similarly, an increase in electrolyte concentration raises the consistency limit of marine
clay, likely due to the same dispersion effect. Conversely, for clay with high plasticity, the liquid limit
decreases as solute concentration increases. Similar findings were observed with geosynthetic clay
liners (GCL), where the liquid limit decreased with rising solute concentration. This decrease is
attributed to flocculation and a reduction in the thickness of the double diffuse layer (DDL) as
electrolyte concentration increases. Specifically, the liquid limit of GCL dropped from 530 to 96 when
NaCl concentration increased, while its hydraulic conductivity increased from 10%-9 to 10"-6 cm

with increasing solute concentration (Petrov, R.J. and Rowe, R.K. 1997).

4.4 Swell index of GCL and CCL

Many researchers have focused on the correlation between the hydraulic conductivity of bentonite
and its swell potential (Didier, G. and Comeaga, L. 1997). The swell index of bentonite is influenced
by solute concentration and cation valency. It has been observed that the swell index of geosynthetic
clay liners (GCL) decreases as the concentration of electrolytes increases. Conversely, the hydraulic
conductivity of GCL increases with a higher concentration of the permeant fluid. Therefore, a strong
correlation exists between hydraulic conductivity and swell index. An increase in hydraulic
conductivity is associated with a decrease in swell index when exposed to higher solute
concentrations. However, there is limited literature available regarding the swell index of compacted
clay liners (CCL). An increase in solute concentration leads to a reduction in the thickness of the
double diffuse layer (DDL) and causes flocculation of clay particles, which in turn decreases the swell
index (Lee, J-M. and Shackelford, C.D. 2005). The volume changes of bentonite have been studied
when exposed to salt solutions such as NaCl, CaCl,, and KCI, and then re-exposed to water. These

chemicals tend to reduce the thickness of the DDL, resulting in the flocculation of clay.
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CHAPTER 5

Environmental Impact

5.1 General:

The use of geosynthetic clay liners (GCLs) with bentonite can have environmental impacts, both
positive and negative. Bentonite is a type of clay that swells when it comes into contact with water,
providing the GCL with its impermeable properties. Here are some environmental impacts associated

with GCLs containing granulated bentonite:
5.1.1 Positive Environmental Impacts:

Geosynthetic Clay Liners (GCLs) provide significant positive environmental impacts by enhancing
containment systems in landfills, ponds, and waste storage facilities. They minimize groundwater
contamination and reduce the environmental footprint by offering a low-permeability barrier that
prevents the leakage of harmful substances. Additionally, their efficient use of natural and synthetic

materials promotes sustainability and resource conservation.

e Contaminant Barrier: GCLs with bentonite can act as effective barriers to prevent the migration
of contaminants, including hazardous substances, into the surrounding soil and groundwater. This
is particularly beneficial for protecting ecosystems from pollution.

e Water Resource Protection: By preventing the downward movement of water and contaminants,
GCLs contribute to the protection of local water resources. This can be crucial for maintaining the
quality of groundwater and surface water bodies.

e Vegetation and Soil Protection: GCLs can provide a protective layer for vegetation and soil by
preventing the infiltration of harmful substances. This protection is essential for maintaining the

health of plant communities and the overall ecological balance.
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5.1.2 Negative Environmental Impacts:

Geosynthetic Clay Liners (GCLs) are commonly utilized for environmental containment, but they
can pose risks if not designed or maintained correctly. Problems like leakage from desiccation,
chemical incompatibility, or physical damage can result in groundwater contamination. Furthermore,

improper disposal or degradation of GCL components may lead to environmental pollution over time.

e Habitat Disruption during Installation: The installation of GCLs, including the placement of
bentonite, may involve site excavation and disturbance, leading to habitat disruption. This can
affect local flora and fauna, particularly if the area is cleared or modified during installation.

e Changes in Hydrology: The impermeable nature of GCLs can alter local water flow patterns.
While this can be advantageous for containing contaminants, it may have negative effects on
natural hydrological processes, potentially impacting wetlands, streams, and other aquatic

ecosystems.

e Energy Consumption and Resource Use: The production and installation of GCLs involve
energy consumption and the use of raw materials. The extraction and processing of bentonite, in
particular, can have environmental impacts if not managed sustainably.

¢ End-of-Life Disposal: At the end of their service life, GCLs may need to be removed or replaced.
The disposal of these materials, especially if they contain contaminants, can pose environmental

challenges. Proper disposal methods should be employed to minimize any potential harm.

5.2 Mitigation Strategies:

Mitigation strategies for Geosynthetic Clay Liners (GCLs) are designed to reduce performance
problems that arise from swelling, shrinkage, and environmental influences. These strategies
emphasize the importance of selecting the right materials, controlling environmental conditions, and

following best installation practices to maintain effective containment over time.

e Best Practices during Installation: Adhering to best practices during the installation of GCLs
can help minimize habitat disruption and ensure that the environmental impact is kept to a
minimum.

e Monitoring and Adaptive Management: Regular monitoring of the site after GCL installation is
essential to detect any unexpected environmental changes. Adaptive management strategies can

be employed to address issues as they arise.
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¢ Sustainable Sourcing: Choosing environmentally responsible sources for raw materials,
including bentonite, and adopting sustainable manufacturing practices can help reduce the overall

environmental footprint of GCLs.
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CHAPTER 6

Challenges and Future Developments

6.1 Introduction

Geosynthetic Clay Liners (GCLs) have become indispensable in environmental and geotechnical
engineering for their efficiency in fluid containment and low permeability. However, challenges such
as chemical compatibility, durability under extreme conditions, and performance in varied hydraulic
environments persist. Issues like ion exchange, desiccation, and mechanical damage can compromise
their long-term functionality. Future developments focus on enhancing material resilience through
innovative bentonite blends, polymer additives, and hybrid composite designs. Advances in testing
methodologies, predictive modeling, and sustainable manufacturing aim to address these challenges.
By overcoming these limitations, GCLs can achieve greater reliability, adaptability, and

environmental compatibility in evolving applications.

6.2 Challenges
i. Chemical Compatibility:
 Interaction with aggressive leachates, such as saline or organic fluids, can degrade bentonite’s
structure, reducing its permeability.

» Designing bentonite to resist chemical attack remains a significant challenge.

ii. Long-Term Performance:

* Ensuring that GCLs maintain low permeability over decades requires better understanding and

prediction of bentonite’s behaviour under varied field conditions.

iii. Installation Challenges:
* Achieving uniform distribution and adequate hydration during field installation is often difficult,

affecting overall performance.

iv. Cost and Sustainability:
* High-quality bentonite or polymer-modified variants can increase costs, raising questions about

the economic feasibility of such solutions.
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6.3 Future Developments

i. Advanced Material Research:

* Development of bentonite-polymer composites to enhance chemical resistance and swelling in

nonpolar or saline environments.

ii. Performance Modeling:

* Advanced computational models to predict long-term behavior under various environmental and

loading conditions.
iii. Field Monitoring Systems:

» Use of sensors and monitoring systems to track changes in permeability and detect early signs

of failure.
iv. Sustainable Alternatives:

* Exploration of renewable or locally sourced materials to supplement or replace traditional

bentonite.
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CHAPTER 7

CONCLUSION

Geosynthetic clay liners (GCLs) provide numerous benefits, making them a popular option for
various containment and environmental protection needs. Their low hydraulic conductivity
guarantees excellent impermeability, effectively stopping fluid migration in landfills, reservoirs, and
containment ponds. GCLs are lightweight, flexible, and straightforward to install, even in difficult or
tight spaces, which significantly cuts down on labour and transportation costs compared to traditional
liners. Their ability to withstand differential settlement and resist desiccation cracking improves long-
term performance and reliability. GCLs are commonly utilized in landfill liners and caps, mining
containment systems, water retention structures, and environmental remediation projects. Their
compact design also makes them suitable for retrofitting existing systems or for projects with limited

space.

Geosynthetic clay liners (GCLs) are vital for addressing environmental challenges by preventing soil
and water contamination through their effective sealing properties. Widely used in landfills, mining,
water management, and environmental remediation, they reduce leachate seepage, manage hazardous
materials, conserve water, and contain pollutants. Their durability, ease of installation, and cost-
effectiveness make GCLs a sustainable solution, contributing significantly to global efforts in waste

management and environmental protection.

The future of geosynthetic clay liners (GCLs) is promising, driven by the need for sustainable waste
management and stricter environmental regulations. Advances in materials, manufacturing, and
composite designs, such as integrating GCLs with geomembranes, will enhance their performance
and expand their use in challenging applications like hazardous waste containment. Research into
eco-friendly materials may further align GCLs with sustainability goals. With their cost-effectiveness,
reliability, and versatility, GCLs are poised to address future environmental challenges and support

global efforts in ecological preservation and resource conservation.
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