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HIGHLIGHTS

ABSTRACT

e Installing a liner system keeps wastes
separate from the environment and attenuates
leachate contaminants

o \Weather, compaction degree, and solid waste
composition influence leachate production

e Bottom liner permeability is crucial in
determining contamination transport through
liner systems

e Clays are locally accessible and cost-
effective for landfill containment at or near
dumping sites

Clay barriers have garnered much interest in environmental engineering because
they successfully reduce various ecological dangers, including groundwater
contamination, the migration of leachate from landfills, and waste disposal in
landfills. This review paper aims to provide a comprehensive analysis of the
features, uses, and performance of clay barriers in various environmental
conditions. The problem this review paper addresses is the dangers of waste
disposal sites, which emphasizes landfills' harm to the ecosystem and explains why
natural clays are often employed as barriers surrounding landfills to keep out
pollution. The paper aims to provide an update on essential subjects about barrier
system performance difficulties for landfills and their function in reducing the
effects of pollutants on the surrounding environment. When designing physical

barriers, it is essential to account for a certain amount of material degradation and
ensure that the barriers will work for the time needed to achieve landfill
sustainability.Subsequently, the elements that affect clay barrier performance are
discussed in the study. These variables include long-term stability, chemical
compatibility, hydraulic conductivity, and compaction techniques. The usefulness
of clay barriers in practical applications is shown via case studies and experimental
results. This illustrates the role of clay barriers in preventing the spread of
pollutants and safeguarding natural resources.The paper also covers current
advancements and new directions in clay barrier technology. These advancements
include the use of nanomaterials, barriers made of geopolymers, and innovative
construction techniques. The paper also addresses challenges related to the effects
of aging, maintenance needs, and regulatory issues. It also provides viable ways to
address these obstacles.
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1. Introduction

Over the last two decades, the population has proliferated, which has resulted in a significant rise in the generation of
municipal solid waste (MSW). The pertinent query is handling these solid wastes [1,2]. Recycling, composting, anaerobic
digestion, incineration, disposal in the sea, and landfilling are general management techniques for MSWs [3,4]. Sanitary
landfilling is the most popular way to eliminate MSWs since it is affordable, particularly in poor and undeveloped nations [5].
For instance, around 100% and 73% of collected MSWs in South Africa and China were landfilled [6,7]. Despite being
extensively used, waste management nevertheless poses a growing environmental danger. Due to leachate leakage from landfill
sites, the landfill often causes groundwater pollution [8-10]. The environmental effect of the facility is closely tied to its design
and long-term performance since the bottom barrier (see Figure 1) is meant to reduce the migration of pollutants from the facility
[11,12]. According to the European waste disposal law [13], landfills must be placed and constructed in such a way as to avoid
soil, groundwater, or surface water contamination and to enable effective leachate collection.

Therefore, the capacity of liners to prevent seepage and bind contaminants is essential for landfill design. The permeability
of the bottom liner is a critical factor in the movement of pollutants via liner systems, as noted by [14-16]. In contemporary
landfills, a Geomembrane (GMB) and a Compacted Clay Liner (CCL) or a GMB, a Geosynthetic Clay Liner (GCL), and a Soil
Liner (SL) are often used as composite liners [17-21]. Natural clay soil has a high sorption capacity, excellent structural stability
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over the long term, and limited permeability, according to [22], is a desirable liner material. However, a significant quantity of
clay minerals must be used during construction to achieve a landfill liner's anti-seepage criteria and pollutant-blocking
capabilities [23].

According to [24,25], two kinds of liners are now employed in contemporary landfills: synthetic liners, which are generally
made of High-Density Polyethylene HDPE, and natural liners, which are typically composed of compacted clay. Although they
require a high level of technological investment and are susceptible to slope stability, interface shear strength, and
physicochemical, thermal, and mechanical issues [26], synthetic liners offer impermeability to leachate over the long term. Still,
they may need to improve within 10 years of service [27,28]. The liners made of compacted clay are impermeable and have
beneficial reactive qualities. Still, they may become unstable when in contact with leachate and are vulnerable to cracking when
subjected to frequent wetting and drying cycles [29,30]. Liners used in landfills and other waste containment facilities are subject
to certain requirements and limitations on the hydraulic conductivity value. A liner's hydraulic conductivity, denoted by the letter
"k," is its capacity to allow fluids like water to pass through its porous structure. Waste liners with low hydraulic conductivity
are ideal to prevent toxins from seeping into the environment. Regulatory authorities and technical standards usually set
maximum acceptable hydraulic conductivity values for waste liners to guarantee efficient containment of hazardous pollutants.
Disposal type, geological and hydrological characteristics of the site, and environmental rules are some variables that could cause
these requirements to change.

The use of compacted clay barriers to stop the leakage of toxic substances from landfills has been successful. These liners
may experience shrinkage, cracking, desiccation, and loss of integrity if the material used for them does not meet the standards
set by the CPCB-2001 and the USEPA in 1989, which state that permeability should be at least 10—9 m/s and unconfined
compressive strength should be at least 200 kPa. Landfills are potential "ticking time bombs" because containment liners
ultimately fail independently of their low permeability characteristics. If rainfall is allowed to enter the waste, waste degradation
is increased, which speeds up the stabilization of the waste, increasing this reactivity (or attenuation) [31]. Natural liners'
attenuation capabilities lead to shorter periods of (1) possible pollution discharge and (2) aftercare monitoring, resulting in
cheaper landfill costs and less environmental contamination risk. But historically, the impermeability of liners has received the
majority of attention as a performance attribute. Instead of depending exclusively on the impermeability (or containment)
function, we concentrate on both impermeability and attenuation capabilities as a foundation for enhancing liner design and
performance. The technical design of compacted clay liners may include this dual potential to handle both organic and inorganic
contaminants in leachate [32,33]. In landfill liner systems, compacted clay liners are more appealing than synthetic
geomembranes on their own due to their attenuation capacity, low cost, and simplicity of application. This is crucial for
eliminating organic contaminants [34] and for low-income nations where more than 90% of garbage is publicly deposited [35].

However, the feasibility of the clayey substratum as a prospective liner has to be adequately assessed since clays have a wide
range of physicochemical characteristics [36,37]. This problematic process must consider all the variables and how they interact
with one another to prevent any negative consequences on the leachate-liner system. The liner construction is more challenging,
and the possibility of swelling, shrinking, and cracking as a failure mechanism is more substantial if the clay plasticity is too
high. One hundred and sixteen references were chosen for this study's inclusion; they fulfilled the primary requirement that the
given data be accurate and originate from well-defined sources. The findings of this paper may significantly impact the
management of landfills and waste disposal. A landfill's physical barriers (top and basal) are the contact between the landfill and
the outside environment (subsoil and atmosphere). The function of barrier elements (drainage, liner, and reactive layer) in
regulating the transfer of mass (leachate, gas, water, and pollutants) via interfaces is discussed in this paper. Materials and
products are detailed with several potential combinations in light of the primary design requirements.

a) Ground Water G) Drainage Layer
b) Compacted Clay H) Soil Layer

c) Plastic Liner I) Old Cells

d) Leachate Collection Pipe J) New Cells

E) Geotextile Mat K) Leachate Pond
F) Gravel

Figure 1: Diagram of a municipal solid waste landfill showing a cross section [38]
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2. Containment of wastes

Landfills remain the primary disposal option for most waste in many other nations worldwide; even in regions with extensive
waste pretreatment (such as northern Europe), landfills are still significant as the final disposal point. Biodegradable waste will
break down via biological processes. The pace of deterioration may range from the quick breakdown of plant materials to the
comparatively sluggish cellulose in paper and cardboard. Even though most polymers are prone to biological and chemical
activity, only a few waste kinds (such as polyethylene, glass, and inert soil) may be considered "inert." Other waste materials
will disintegrate like this. According to the Department of the Environment [39], this biodegradation of waste produces landfill
gas, a mixture of methane (60%) and carbon dioxide (40%), as well as minute amounts of several longer-chain hydrocarbons
that contribute to a characteristic aromatic odor. The decomposition process's by-products are leached due to water penetration
via decaying wastes, creating a liquor known as "leachate." Strong 'acetogenic' leachate is produced in the early phases of
decomposition [40,41].

Both of these leachates are powerful effluents, having, for instance, far greater pollutant concentrations than conventional
sewage. The chemical and biological oxygen requirements may cause significant drops in the quantity of dissolved oxygen in
any receiving waters, hurting aquatic life. Ammonia is a harmful chemical that may harm water as a resource in low quantities,
according to the [42]. Even very modest levels of chloride may harm the quality of water sources. Without a doubt, it is essential
to safeguard the ecosystem from the harmful effects that might arise from the migration of landfill gas or the leaking of leachate
from wastes disposed of at landfill sites Figure 2 details of a sanitary landfill (a) The leachate collection system, the suitable
lining system, and the gas collection system are all present in landfills. (b) Leachate treatment plants and exploitation of collected
gas to generate electrical energy in landfills [43].

The following are often combined to obtain this Figure 3:

1)  The process of removing landfill gas in a carefully controlled manner by active pumping from wells located inside
the landfill, followed by flaring and utilization (such as the generation of electricity), hence reducing the likelihood
of off-site migration.

2)  Leachate will be collected and removed from the landfill by building a drainage system. This will prevent the
leachate from escaping into the ecosystem around the landfill.

3) Installing a liner system to keep wastes isolated from the environment as much as possible.

4y  Installing a capping layer decreases the precipitation that penetrates the landfill, which minimizes the quantity of
leachate produced and prevents the uncontrolled release of landfill gas into the atmosphere [40]. Methane is a
dangerous greenhouse gas, and releasing it without control is no longer acceptable.

Landfill gas infiltration

Top soil layer

Municipal solid waste

Soil layer

Municipal solid waste

Soil layer B Gas flaring || Landfill gas
] station storage
Municipal solid waste l’
Bottom soil layer Treatment /
£ Bottom liner Processing
t
£ Leachate collection LEEE e
storage
(@)
" T N B
LANDFILL
(b)

Figure 2: Details of a sanitary landfill (a) processes (b) structural [43]
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Figure 3: Schematic representation of a landfill's leachate and gas management systems [44]

3. Landfill liner

If leachate from a landfill escapes and contaminates the area, such as groundwater, serious environmental and health risks
might exist. To lessen the effects of a landfill on the environment and public health, when it comes to the design and construction
of landfills, the essential function is to contain toxic gases and liquids [45,46]. Another key landfill goal is appropriately
collecting and transporting the leachate to a facility for further treatment. According to [47], landfills must serve as a hydraulic
barrier to stop leaks or as an effective system for collecting and treating leachate. In MSW landfills, barrier functions may be
achieved by alternating layers of low-permeability materials [48-51].

The liner reduces landfill pollution by effectively controlling and isolating the leachate generated within a landfill see Figure
4. To choose the best landfill liner, one must consider characteristics like absorptivity, shear strength, and other variables [52]
[53]. As was already said, an engineered landfill primarily comprises a bottom liner to lessen groundwater contamination and
leachate production. According to [54], liners are often composite sheets constructed of geomembrane placed on top of a clay
liner. Compacted clay layers may absorb many leachates for a low cost, but strong bases and acids can dissolve solid materials
within the clay, creating channels [55]. As a result, leachate fluids with pH values of 4 or above often need the most attention.

Several variables, such as the weather, the degree of compaction, and the makeup of solid waste, influence leachate
production.

Precipitation

o L

Protection Layer

Soil Barrier

Solid Waste

Gro undwater Leachate

Figure 4: Cross section of an idealized landfill system [56]
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4. The installation of clay barriers in landfills

Clay is used in landfills for a variety of reasons, the majority of which have more to do with design. The capacity of liners
to absorb contaminants is vital for constructing landfills. According to [57], the permeability of the bottom liner is the most
critical factor in determining the amount of contamination transported through liner systems. Natural clays quickly established
themselves as suitable materials for use as environmental barriers surrounding landfills, either as an in-situ material or engineered
liner or capping layer. This was accomplished by using natural clays either as an in-situ material or as an engineered liner.
Composite liners are quite common in contemporary landfills. These liners often include either a Geomembrane (GMB) and a
Compacted Clay Liner (CCL) or a GMB, a Geosynthetic Clay Liner (GCL), and a Soil Liner (SL) [58-60].

Composite liners are highly popular. According to [61], natural clay soil is an ideal liner material due to its high sorption
capacity, long-term structural stability, and low permeability. Building a landfill liner to fulfill the anti-seepage criteria and
pollutant-blocking capabilities always consumes a substantial quantity of clay minerals [62]. Although clay minerals are natural
resources that do not regenerate, they are considered non-renewable. The following is a synopsis of the primary benefits that
come from making use of clays.

1y  Cost: Clays, where they are accessible locally, either on or adjacent to the dumping site, are the most cost-effective
method for providing landfill containment.

2)  Aninability to absorb water: Because of the microscopic particle size of their constituent particles, clays have a very low
permeability, which translates to meager seepage rates for the fluids in landfills.

3) Resistance to damage: Thick clay barriers are often more resistant to being damaged than their synthetic equivalents,
which are thinner.

4)  Accessibility: Due to the broad distribution of clays around the globe, it is guaranteed that materials with poor
permeability will be found near most waste disposal locations.

5)  The capacity to coexist with chemicals: Clay minerals are the end-product of geological weathering, which may take
thousands of years and can last hundreds of thousands of years. Because of this, clay minerals are essentially inert and
usually do not undergo substantial chemical interaction with leachate.

Clays with a low permeability may be found in most of the world's areas and used for landfill containment [37]. Every one
of these materials is routinely used in the construction of barriers within landfills. It is possible that the usage of clays will not
be economically viable in areas where they are not readily accessible near dump sites. However, sands or coarse silts may be
used with synthetic' clays, such as Bentonite, to generate a barrier with low permeabilities comparable to natural clays. Bentonite
is a generic word that may refer to either calcium montmorillonite (Ca) or sodium montmorillonite (Na) [63].

5. An evaluation of the liners as attenuation

In addition to their low permeability, compacted clays can reduce the amount of pollutants in leachate through various
processes [32,64,65]. These processes include sorption, dilution, redox transformations, biodegradation, precipitation, and
filtering. According to [66,67], "attenuation” describes the quantity of environmental pollutants as reduced due to processes that
occur independently without human intervention. These attenuation mechanisms happen concurrently and may affect more than
one pollutant found in leachate. Pollutants may be attached to mineral phases or particulate organic matter by sorption, which
can be either a physical or chemical process. Sorption comprises ion exchange, adsorption, absorption, and chemisorption, among
other processes. Electron transfer processes may change organic and metal compounds into less poisonous or immobile forms.
These transformations are called redox transformations.

Through biodegradation, microorganisms break down organic contaminants into their component chemicals [68]. The
process of precipitation reduces the bioavailability or mobility of metallic contaminants. Because of filtering, more significant
pollutants in the leachate, including metalorganic complexes, are kept inside the liner fabric rather than released. When it comes
to chemical interactions, sorption, colloid filtration, and the transfer of pollutants, the surface of soil particles is critical. Clayey
materials, in general, and Oxford Clay (OC), in particular, were found to have included particle organic matter (Table 1, Figure
5). This organic matter has a large surface area and a high CEC. Particulate organic matter is essential for reducing contaminant
molecules, which it does by either sorbing them to its surface or encouraging the growth of microbial communities that would
break down the pollutants into compounds that are less harmful or nontoxic.

The Critical Electron Concentration (CEC) in clay minerals and particulate organic matter is paramount for sorption. Clays
can neutralize the negative charge caused by imbalanced substitutions of their structural cations by absorbing cations in the pore
water. This process is known as sorption. Cationic contaminants in leachate can take the place of sorbed native cations. According
to Griffin et al. [69], illites in all four clays have a high affinity for the selective sorption of NH4+ and K+. According to [70],
smectites were more effective at adsorbing bigger cations, organic cations, or organometallic complexes in leachate than
adsorbing smaller, inorganic, or uncomplexed metals. This was the case for all three types of species. This is the case because,
for cations of the same valence, weakly hydrated cations are easier to sorb in the exchange sites than intensely hydrated tiny
cations [71], and only smectites have an exchanger interlayer space that is wide enough to accept them. Smectite has a high CEC,
as does vermiculite (interlayer magnesium), but illite has values in the middle of the range, and kaolinite has relatively low
values. Therefore, the ability to lower the concentration of cationic pollutants in leachate via cation exchange processes follows
the LC > OC > Coal Measures Clays sequence. CEC tends to rise along with pH due to accumulating a higher negative charge
(the pH of leachate, on average, falls between 7-8).
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The anion sorption process (which removes bicarbonate, chloride, and sulfate from leachate) is less effective for the various
clay minerals (such as kaolinite and smectite) but is still relatively comparable. It occurs at OH~ ions exposed on the mineral
edges and is exacerbated by positively charged iron-oxide colloids linked with clays [72]. These colloids may be found in London
Clay (LC) and Coal Measures Clays. The amount of bicarbonate in leachate is the most critical factor in determining the acid-
base neutralization potential of the system since it is the most abundant inorganic anionic component. This is beneficial for Coal
Measures Clays, which do not have the pH buffering ability to attenuate acidic events, such as those generated by the oxidation
of sulfides (pyrite) by rainfall infiltration [73]. According to [74], oxygenated water can re-oxidize sulfide phases, which may
lead to the release of metals previously attenuated and precipitated earlier in such immobile phases.

For coal measure clays that lack calcite, bicarbonates in the leachate themselves would give them acid neutralization
capability. The oxidation of pyrite in the higher, worn zone, which results in a low pH, gypsum, and amorphous iron oxides as
by-products, is most likely what causes the acidity in Coal Measures Clays. In contrast to Na+ and the cations that are typically
Ca?* and Mg?* replaced by NH** and K+ from the exchange sites of clays, chloride is not significantly attenuated and mainly
diffuses through the clay liner [75,76]. Due to their low toxicity, even at very high concentrations, these elements are often not
an issue and are diluted by the incoming groundwater. Anaerobic microbial reduction, a typical redox mechanism in landfills,
attenuates sulfate in leachate [77]. Redox-sensitive species are present in the investigated clayey substrate, with pyrite in the OC
and Shallow Coal Measures Clay (SCMC) and iron oxides in the LC, SCMC, and Deep Coal Measures Clay (DCMC) being the
most significant examples. Consequently, the sulfate concentration in the leachate is relatively low, and the clays assist the metals
in the liner in precipitating as sulfides.

The process of biodegradation is accompanied by changes in the redox potential of the waste, and it is these shifts that drive
organic and inorganic species to go through reactions under a variety of aerobic and anaerobic conditions. According to [78], the
specific redox conditions in the landfill and liner (aerobic, nitrate-reducing, iron-reducing, sulfate-reducing, etc.) determine
whether or not one or more organic compounds may be biodegraded. This is the case even if aerobic conditions are present.
According to [79], redox conditions may be deduced from the concentration of oxidizing agents and the reduced species produced
by those agents in the leachate. The variances in clay minerals have less effect on the biodegradation of organic pollutants than
their influence on the sorption of inorganic pollutants. Because only smectite, chlorite, and vermiculite would demonstrate
considerable organic sorption to clay minerals, organic pollutants are predominantly attenuated by anaerobic biodegradation [78]
[80,81], as opposed to sorption to clay minerals [78,80]. For organic compounds to be decomposed into water, methane, and
carbon dioxide, the appropriate microbial population must first be formed. The OC, taken from a region rich in fossils, was found
to have the highest concentration of organic materials, followed closely by the SCMC. According to [82], the native particulate
organic matter of clay materials is necessary to maintain in-situ liners' biological activity. The microbial inoculum in the leachate
also supports the liner's anaerobic decomposition.

The attenuation of heavy metals in leachate occurs due to a combination of three different processes: sorption, redox
transformation, and precipitation [83]. These mechanisms are connected to particulate organic matter and mineral phases,
including liner clay minerals. These processes are made more accessible by the presence of certain mineral phases [84]. These
mineral phases include sulfate-bearing species (pyrite, gypsum), iron and manganese oxides and oxyhydroxides, and clays
(mainly smectite and illite). Clay minerals are present in large amounts in all the materials under investigation, contributing to
their ability to retain heavy metals. Pyrite can be found in the OC and the SCMC, while iron ore and metal oxides may be found
in the LC, the SCMC, and the DCMC. While the organic molecules dissolved in the leachate make it more likely that soluble
metalorganic complexes will form, the high native particle organic matter content of the OC makes it more likely that metals
will get adsorbed to it. Even though metalorganic complexes are mobile and dissolved in leachate, filtration can reduce the
concentration of these complexes [85,86]. However, some metals in the leachate complexed with dissolved organic matter or
connected to colloids may not be reduced [73].

Table 1: Information about the samples of the natural clayey substrate

Place (United Age Where it all Appearance Particular
Kingdom) began and coloration citations and
sources

London Clay (LC) The north of Essex. Eocene: 47.8 to sediments found at Brown hue that is [87]

56.0 million years depth in the ocean consistent and

ago robust
Oxford Clay from The northernmost parts 164-166 million sediments found in Carbonaceous [87-89]
Peterborough of Buckinghamshire6. years ago, during the ocean's depths shells and rootlets
Member (OC) the end of the give this substance

Middle Jurassic. its grey

appearance

Shallow Coal West Yorkshire, with 310 million years sediments from Coloration ranging [90,91]
Measures Clay samples taken from before now, in the fluvio-deltaic from dark grey to
(SCMC) rather near to the surface Upper environments dark brown

Carboniferous
Deep Coal West Yorkshire, gathered Upper Dark grey-dark 310 million years [90,91]
Measures Clay, in more detail than ever Carboniferous: 310 brown colour ago, in the Upper
sometimes million years ago Carboniferous.
abbreviated as
DCMC
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Figure 5: TGA curves show mass as a function of the mass after dehydration (the elimination

6. Liner alternatives

of interlayer water) [67]

Table 2 briefly overviews some of the most common lining options, provides specific information for each liner, and
provides estimated leakage (L) for each type. The projected leakage rates of various liners are also presented, and these rates are
based on theoretical and real-world facts on the performance of landfills.

The following key ideas may be gleaned from the data shown in Table 2:

1)  All the liners will dramatically reduce leakage compared to the case with no liner. A functional liner system is
essential to a containment system design.

2)  The quantity of leakage through the liner is at its lowest when "composite” liners are employed; in other words,
liners with both a geomembrane component and a clay component give the highest performance now available.

3)  The best performance is offered by liners containing both geomembrane and clay components. In a remark quite
similar to the one that came before it, | said that a single-liner system, such as geomembrane alone or clay alone,
etc., would not perform as well as a composite system. When attaining the lowest possible leakage values, the
synergistic behavior of a geomembrane with a clay liner is critical. It should be taken advantage of whenever

feasible.

Table 2: Different types of landfill liners and their related co ntainment abilities [92]

Type of liner Liner information Leakage Comments
estimate (Iphd)
No lining No liner. Prepared subsoils only. 950000 The water table depth is estimated to
Subsoil  permeability 1x  10-6 be 3 metres.
[cm/sec].

Compacted clay
lining(CCL)

Geomembrane

Geosynthetic Clay Lining
(GCL)

Clay Liner Made of
Geosynthetic Membrane.
(GCL)

GCL and geomembrane
composite liners

permeability of clay = 1x10-9 [m/sec],
thickness = 0.6m

1.6mm HDPE laid on soil with 1x 10-
6 [cm/sec] permeability

Sodium bentonite encased by two
geotextiles

Laminated geomembrane with two
geotextiles around sodium bentonite

Direct installation of geomembrane
over GCL

1300

100 - 1000

860

8.6

Based on Darcy's law research, it is
exceedingly improbable that there will
be any fractures or other losses.

The number of geomembrane holes or
leaks is estimated to be 1 to 10 per
hectare.

Standard GCL steady-state flux under
typical operating conditions

Estimated performance based on flow
test results, with geomembrane taken
into consideration.

based on real field data, an estimate of
performance
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The categorization of the research according to the kind of lining system is shown in Figures 6 and 7.

2%

u In-Situ Clay

u Compacted Clay Liner (CCL)

u Geosynthetic Clay Liner (GCL)
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Figure 6: Classification of studies according to the type of lining system
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Figure 7: Statistical summary of the type of lining system

7. Geotechnical characteristics of the clay liner materials used in landfills

The practice of disposing of waste in landfills is considered to be the first technique of waste disposal. The term "bottom
liner" refers to the essential component of landfills that is responsible for preventing leachate from moving down into the subsoil
environment. A landfill liner must contain a precise range of swelling behavior, strength, and permeability before it can be placed
under the created landfills. To provide the researcher and consultant with a clear delineation that may assist them in designing
an environmentally friendly and acceptable landfill liner system, the details of the various materials and their viability that fulfill
the requirements to be utilized as landfill liners are presented in table form. Various materials have been applied to enhance the
geotechnical qualities of landfill liners. These materials include the dump's Bentonite, sand, fly ash, cement, charcoal, marine
clay, lateritic soil, and geosynthetics. In the bulk of the study effort, numerous soils have been used as liner materials. Table 3
lists the geotechnical features of these diverse soils. Bentonite and fly ash were used in various amounts in the experiments
conducted by Wasil [93]. In order to produce compacted landfill barrier layers, it was discovered that fly ash with 15% bentonite
had a low hydraulic conductivity for use. It has been discovered that the maximum value of SiO, may be found in coal ash, which

1334



Kawther Y. Al-Soudany et al.

Engineering and Technology Journal 42 (11) (2024) 1327-1342

is 86% [94]. According to Giridhar and Dharani [95], the minimal permeability value in Quarry Dust with bentonite clay was
5.8 x 10* m/s. On the other hand, Devarangadi and Shankar noticed a higher permeability value.

Table 3: Various types of industrial waste, together with geotechnical factors used in the earlier study for the liner

Parameter
Compaction Atterberg limits
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Fly ash B 11.34 33.0 39 24 15 1.2 x 107 [93]
RHA Kaolinite] 19.3 31.6 33.2 24 9.2 - 2.12 x10° 375.15 27.20] [94]
QD B, clay 16.3 20.4 48.9 0.58 x 101t 41 37 [95]
Silica clay 16.42 20.4 42 19,5 225 42 [96]
fume
LS, B, Z 12 35 152 110 42 8.77 x 108 [97]
Clay, B, 16.3 214 51.19 20.95 30.29 8.2 x 10°® 241.31 7.8 [98]
Silica fume
MD clay 16.5 19 42 33 9 9.8 x 1010 790 [99]
FA Bentonite 62 30 x 107 591 [100]
PA B, S 17.8 225 79 27 52 2.13x 101 360 [101]
BAF MC 15.4 13.31 111.8 26.03 85.77 67.94 [102]
FS, MS B1, B2 16. 224 79 20 59 24 [103]
FA, C 13.77 20.4 1.2 x10° [104]
FA B 15.2 17 61.2 33 28.2 - 1.55 x10°8 [105]
GGBS B,C 15.6 20.0 200.27 6.13 x107 722.06 440 [106]
Soil, B, [104]
nano-silica 10.2 62 131 100 31 8.68 x 108 234.62
Geomater B [108]
ials 16.8 14.3 35.54 24.07 11.47 1.83 x 100 450
(tuff and
calcareou
s sand)
RHA BEWFS 16.7 17 35 10 25 5x101t 454.2 [109]
Biochar Bentonite, 16.8 18.3 % 52 37 15 6.50 x 101 80 [110]
(RHA) M sand
GGBS, Bentonite, 16.8 18.40 4211 21.48 20.63 9.119 x 1010 100 [111]
cement Laterite 669.84
Activated clay 16.7 18.3 43 25 18 400 145 [112]
carbon
Lime clay 19.7 15.8 46 21 25 1.12x10°8 [113]
Silica -
Fume
mixture

Liners for landfills were constructed using a combination of bentonite and fly ash, as described by Kantesaria et al. [100].
The amount of bentonite in the combination is directly proportional to the rise in the observed liquid limit. By incorporating
Bentonite at a level of up to 8%, it was shown that the soil mixtures exhibited an increase in both their strength and stiffness.
Furthermore, it was discovered that the permeability decreased to a value below 1 x 10- m/s due to the increase in the percentage
of Bentonite. Pal and Ghosh [102] performed the bottom ash clay mixes using various bentonite clay concentrations. Compaction,
permeability, and hydraulic conductivity were some of the studied geotechnical factors.

Fly ash contains fifty percent bentonite clay. Srikanth and Mishra examined two different forms of sand, fine sand-bentonite
and Medium Sand ( MS)--bentonite [103], regarding their geotechnical properties. As the findings show, FS mixes exhibited
higher liquid limits than MS counterparts, demonstrating that the change in liquid limit is not linear. The maximum dry density
of FS mixes was low, and the ideal moisture content was much higher than average. As a result of the same amount of Bentonite,
mixtures that included FS exhibited a greater swelling pressure and a poorer hydraulic conductivity. The impact of cement on
the class F kind fly ash was the subject of research conducted by Mishra and Ravindra [104]. In addition to the fly ash, the
quantities of cement employed were as follows: 0, 2, 5, and 10%. At OMC-MDD, every one of the compacted mixtures had
hydraulic conductivities higher than the limitation value of 10-° meters per second. Therefore, it was determined that fly ash
combined with cement at a concentration of up to ten percent was not acceptable for use as a liner for a landfill. To analyze
hydraulic conductivity and plasticity indices, Alla et al. [105] investigated the local soil in Sambalpur, Odisha (India), as well as
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fly ash and Bentonite mixes in varying amounts. The mix that contains the percentage of fly ash to Bentonite (85:15) and soil to
Bentonite (95:5) demonstrates a downward trend in these parameters. Because of this, it was proposed that it be used as a material
for the liner of landfills. Materials such as ground granulated blast furnace slag with Bentonite and cement mixture were used in
the different experimental works conducted by Devarangadi [106]. These works included liquid limit, free swell index,
unconfined compressive strength, and hydraulic conductivity. As the proportion of ground Granulated Blast Furnace Slag
(GGBS) in the blends increased, the permeability of the blends dropped. According to the research, the optimal percentage of
GGBS was recommended to be somewhere between 15 and 20 percent.

The characteristics of an updated landfill liner material were investigated by Nisha and colleagues [107] using a combination
of site soil, nano-silica, and Bentonite. For the mixture consisting of 40% local soil, 30% bentonite, and 30% Nano silica, the
coefficient of permeability values are 8.69 x 10 meters per second. Furthermore, as the amount of Bentonite and silica in the
material increases, there is a significant drop in MDD and an increase in OMC, respectively. The research that was carried out
by Demdoum and colleagues [108] included the use of three different materials, including Bentonite, as well as two other kinds
of geomaterials, including tuff and calcareous sand, which is crushed sand. As a result of the compressibility behavior, the
hydraulic conductivity exhibited a declining trend, which led to a rise in both the compressive strength and the tensile strength.
Increasing the amount of calcareous sand increased shear strength. Ten percent bentonite, twenty percent calcareous sand, and
seventy percent tuff were proposed as the ideal compaosition to meet the requirements of a landfill liner. To develop biochar that
might be utilized as a liner material in the building of landfills, Cyrus et al. [110] carried out experimental work on biochar that
was combined with bentonite clay and sand mixtures. Shankar et al. [111] discovered that the greatest value of Unconfined
Compressive Strength (UCS) among ground granulated blast furnace slag and cement with Bentonite and Laterite clay was
669.84 kPa. This was the highest value of UCS. In the case of Bentonite, it has been discovered that the greatest percentage of
swell is 5100 percent, while the lowest value of hydraulic conductivity is determined to be 1.3 x 101! m/s. The effect of adding
different materials to reduce cracking due to desiccation and volumetric shrinkage in landfill lining soils prepared by adding
Bentonite in small proportions was studied [114-116], as shown in Figures 8 and 9.

Figure 9: Photographs of the drying stages to calculate volumetric shrinkage

8. Conclusions and future directions

The effectiveness of natural clay layers as potential landfill liners was evaluated by evaluating their physical and chemical
properties, as well as their stability and leachability, after contact with leachate and then with rainfall. In leachate, contaminant
dilution depends on the type of contaminant and the liner minerals. Regarding their content, toxicity, or persistence, the most
representative leachate contaminants include potassium, ammonium, dissolved organic molecules, and heavy metals such as
chromium, nickel, and zinc. All clays examined are beneficial for reducing leachate contaminants in environmentally responsible
landfills.
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Even though they have a relatively high potential to pollute the environment, landfills remain one of the most common waste
disposal methods. This is even though unlined landfill sites have the potential to create a variety of environmental and health
problems due to the generation of leachates from the wastes that are dumped over them, which is why the liners that are provided
to them are so important after that comes the question of whether or not the liner materials are suitable and choosing them, since
the beginning of the 1980s. Therefore, ongoing monitoring of landfills is necessary to detect and classify the risks that landfills
provide to the surrounding ecosystem.

The most important future directions for studying landfill linings are summarized as follows:

1y  Tracing the leachate flow at the pressure of municipal solid waste; this trace is made by placing sensors to measure
the water content and temperature for distinct levels in a laboratory landfill for both rainy and dry seasons. The
generated leachate will be sampled and monitored regularly.

2)  Aninvestigation of the variables that influence the value of water content, such as the state of stress in the soil, the
kinds and quantities of clay minerals that make up the soil, and the types (species) and concentrations of the solutes
that are present in the pore water

3)  Studying the effect of clay liner layers as a barrier for decreasing the permeability rate in soil models. Experiments
shall be carried out on soil models without geosynthetic clay liner layers. Then, the penetration experiments will be
repeated with water and leachate on condensed soil models with geosynthetic clay liner layers.

This review paper on the existing literature demonstrates the importance of identifying knowledge gaps and laying the
groundwork for developing a more comprehensive landfill risk assessment system. Studies are being conducted on this topic,
and many people are still looking for the most effective solution, so putting it into practice would be more straightforward.
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