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ABSTRACT: This study investigates the effectiveness of bentonite-amended flyash (BAF) liners as barriers against
infiltration in municipal solid waste (MSW) landfills. Laboratory experiments were conducted to evaluate the compaction
properties and hydraulic conductivity (HC) of the BAF liners with varying mix proportions. Flyash, a byproduct of coal-
fired power plants, amended with bentonite was utilized as a cost-effective alternative to conventional clay liners. Bentonite,
a highly expandable clay mineral, was incorporated to enhance hydraulic performance. Standard Proctor compaction tests
were performed to determine optimal compaction properties of different BAF mixes. Further, BAF specimens with different
mix proportions were prepared by compacting at maximum dry density (MDD), and optimum moisture content (OMC). HC
tests were performed on the compacted samples using a flexible-wall (triaxial) permeameter apparatus following ASTM
standards. Compaction test results revealed that a mix ratio of 80:20 (Flyash: Bentonite) resulted in highest MDD and lowest
OMC. Results also revealed a significant reduction in HC upon the addition of bentonite to the BAF liner. As the bentonite
content increased, the HC decreased, indicating improved barrier properties. The optimal performance was achieved with a
bentonite content of 20-30%, resulting in good compaction properties (high MDD and low OMC), and a HC below the
regulatory limit of 10”7 cm/s, rendering the mix proportion optimal for barrier application. Overall, this study highlights the
potential of BAF liners as efficient and cost-effective barrier systems for MSW landfills. The significant reduction in HC
because of bentonite amendment, and excellent heavy metal and nutrient adsorption capabilities of flyash renders BAF
effective for application as a barrier material in landfills.

RESUME: Cette étude examine l'efficacité des revétements de cendres volantes modifiées par de la bentonite (BAF) comme
barri¢res contre l'infiltration de lixiviat dans les décharges de déchets solides municipaux (MSW). Des expériences en
laboratoire ont été menées pour évaluer les propriétés de compactage et la conductivité hydraulique des revétements BAF
avec différentes proportions de mélange. Les cendres volantes, un sous-produit des centrales électriques au charbon,
modifiées avec de la bentonite, ont été utilisées comme alternative rentable aux revétements en argile conventionnels. De la
bentonite, un minéral argileux hautement expansible, a été incorporée pour améliorer les performances hydrauliques. Des
tests de compactage standard Proctor ont été effectués pour déterminer les propriétés de compactage optimales de différents
mélanges BAF. De plus, des échantillons de BAF avec différentes proportions de mélange ont été préparés par compactage
a une densité séche maximale (MDD) et a une teneur en humidité optimale (OMC). Des tests de conductivité hydraulique
ont été effectués sur les échantillons compactés a I'aide d'un appareil a perméamétre a paroi flexible (triaxial) conformément
aux normes ASTM. Les résultats des tests de compactage ont révélé qu'un rapport de mélange de 80:20 (Flyash: Bentonite)
entrainait un MDD le plus élevé et une OMC la plus faible. Les résultats ont également révélé une réduction significative de
la conductivité hydraulique lors de I'ajout de bentonite au revétement BAF. A mesure que la teneur en bentonite augmentait,
la conductivité hydraulique diminuait, ce qui indique des propriétés de barriere améliorées. Les performances optimales ont
été obtenues avec une teneur en bentonite de 20 a 30%, ce qui se traduit par de bonnes propriétés de compactage (MDD
¢élevé et faible OMC) et une conductivité hydraulique inférieure a la limite réglementaire de 10 a 7 cm/s, rendant la proportion
de mélange optimale pour application de barrie¢re. Dans I’ensemble, cette étude met en évidence le potentiel des revétements
BAF en tant que systémes de barriére efficaces et rentables pour les décharges de DSM. La réduction significative de la
conductivité hydraulique due a 'amendement bentonite et aux excellentes capacités d'adsorption des métaux lourds et des
nutriments par les cendres volantes rendent le BAF efficace pour atténuer la migration des lixiviats et minimiser les risques
de contamination de l'environnement.
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1 INTRODUCTION

Landfilling, with its aim of safeguarding the
environment from potential harm due to waste
disposal, addresses the critical challenge of managing
the municipal solid waste (MSW). MSW, if not
properly contained, poses severe risk of contaminating
surface water, groundwater, soil, and air, thereby
directly or indirectly affecting human health (Freeman,
1989; USEPA, 1989; Qasim and Chiang, 1994). A
typical engineered landfill consists of three essential
components: the top soil cover system, waste layer,
and a bottom liner system (Sharma and Reddy, 2004).
The bottom liner layer plays a crucial role in restricting
the infiltration of leachate to groundwater. Acting as
pivotal barriers, liners play an important role in
effectively preventing the migration of harmful
leachate substances into underground aqueducts and
aquifers (Sharma and Reddy, 2004). The soil liner
layer, functioning as a barrier generally consists of
compacted fine-grained soil, which must adhere to
specific criteria, including HC (<1077 cm/s), sufficient
strength (Unconfined compressive strength (UCS) -
200 kPa), the absence of shrinkage/desiccation cracks,
the absence of lumps/clods in compacted clay, and an
adequate thickness of compacted clay (>100 cm), as
outlined by Central Pollution Control Board (CPCB,
2001), and United States Environmental Protection
Agency (USEPA, 1989).

Constructing liners for landfills becomes a
formidable task when obtaining large quantities of
low-permeable materials near the site proves
challenging. In instances where suitable clayey
materials are not locally available, project costs can
escalate significantly due to the necessity of importing
materials from external sources (Mishra and Ravindra,
2015). In addition, the high swelling characteristic of
bentonite and some other low permeable clays often
results in the development of desiccation cracks after
several wetting and drying cycles (Gahlot et al., 2022).
Nevertheless, leveraging the superior rheological and
adsorption properties of bentonite, in combination
with other non-plastic materials, offers a promising
approach to meet the criteria of strength and
permeability for effective liner materials (Daniel and
Wu, 1993; Al-Badran et al., 2017; Mukherjee and
Mishra, 2020; Raviteja et al., 2024).

Flyash is recognized as a potential material suitable
for use as a liner when combined with bentonite or
low-permeable clay. The particles of flyash exhibit a
spherical shape and comprise solid spheres,
cenospheres, irregular-shaped debris, and porous
unburnt carbon (Buragohain et al., 2018). Past
research has indicated that flyash can be effective in
adsorbing a wide range of contaminants making it
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suitable as a component of landfill liners. However,
flyash as a standalone barrier material, owing to its
high permeability and non-plasticity, will not satisfy
the requirements of a liner system. Hence, it is required
to amend flyash with a low-permeable clayey material
like bentonite in order to be employed as a barrier
material. Hence, the aim of the current study is to
evaluate the compaction properties and HC of different
proportions of flyash and bentonite to identify the
optimal mix of these materials to be employed as a
landfill liner material.

2  MATERIALS AND METHODS

2.1 Flyash

In this study, class-F flyash sourced from Charlotte,
NC, situated in the South-Eastern part of the USA, is
utilized. Table 1 provides an overview of the physio-
chemical and geotechnical properties of the flyash in
accordance with ASTM standards. According to the
Unified Soil Classification System (USCS), the
material is classified as ML. The MDD and OMC of
the flyash are observed to be 1.3 g/cm® and 19.1%,
respectively. The saturated HC (SHC) is reported as
8.79%107 cm/s, indicating the highly porous nature of
the material.

Table 1. Geotechnical and physio-chemical properties of
bentonite and flyash used in this study.

Property Bentonite Flyash
Specific Gravity 2.49 2.27
Grain Size Distribution
Coarse fraction 14.4 11
Silt fraction (<0.005 mm), % 30 82
Clay fraction (<0.005 mm), % 70 7
Mean diameter (D5()), mm 0.002 0.034
Liquid Limit (LL), % 371.7 -
Plastic Limit (PL), % 42.2 -
Plasticity Index (PI), % 329.4 NP
USCS Classification CH ML
Moisture-Density Relationship
OMC, % 39.0 19.1
MDD, g/cm® 1.24 1.30
Free Swell, ml/2g 24 -
SHC, cm/s 1.20x 10° 8.79x 107
pH 9.60 7.57
Oxidation Redox Potential (ORP),
mV 70.3 110.0
Electrical Conductivity (EC), 1369 1325
uS/cm
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2.2  Bentonite

To attain the targeted low HC levels, the utilization of
bentonite as a liner material is crucial. Bentonite is
composed of clay particles characterized by high
plasticity and strong bonding ability. In this research,
commercial sodium bentonite VOLCLAY® SOIL
SEALANT CP-200, sourced from Colloid
Environmental Technologies Company (CETCO),
USA, is employed. Table 1 provides an overview of
the physio-chemical and geotechnical properties of the
bentonite. It is observed that the MDD and OMC of
the bentonite are 1.24 g/cm® and 39%, respectively.
The SHC is noted as 1.2x10” cm/s, significantly lower
than that of flyash.

2.3 Compaction testing

To ensure HC and strength characteristics remain
within safe limits for geomaterials employed in liners,
it is crucial to identify the appropriate range of
compaction parameters, including water content and
dry unit weight, as emphasized by Younus and
Sreedeep (2012). The desired HC was successfully
achieved in both compacted and non-compacted
bentonite-flyash mixes at proportions of 40-60% and
70-30%, as reported by Rashid et al. (2021). This
underscores the significance of compaction in
minimizing the HC of the mixed proportion. In the
current research, the compaction properties of various
bentonite-flyash mixes, ranging from 0-50%, were
investigated. Standard proctor compaction tests as per
the procedures stipulated in ASTM D698 (2021) were
performed to determine the OMC and MDD of
different bentonite-flyash mixtures.

2.4 Hydraulic conductivity testing

The HC of various proportions of bentonite and flyash
were then determined at the optimum compaction
conditions (OMC and MDD). Pre-compaction, the
materials mixed with water, to achieve OMC, were
kept in moisture desiccators at room temperature for
24 hours to achieve moisture equilibrium. The
materials were then compacted at the predetermined
MDD using a Harvard miniature compactor. Tests
were conducted using triaxial flexible-wall
permeameter at different mix proportions using
cylindrical samples with 3.3 cm diameter and 7.1 cm
height. Figure 1 shows the test setup for the HC
determination. The HC of the compacted samples is
determined using constant head method as per the
procedure stipulated in ASTM D5084 (2016). The HC
of the sample is determined after ensuring full
saturation (Skempton’s pore pressure coefficient —
0.986).
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Figure 1. Flexi-wall triaxial setup used for hydraulic
conductivity testing.

3 RESULTS AND DISCUSSION

3.1 Compaction testing results

A series of compaction tests were conducted on the
BAF mix with proportions of bentonite varying from
5-50%. As shown in Figure 2, it is observed that the
MDD has increased from 1.36 g/cm?® to 1.47 g/em?
with an increase in bentonite content from 5 to 20%,
and has decreased with further increase in bentonite
content. The OMC has decreased from 23.2% to
19.6% with increase in bentonite content up to 20%
and increased with further increase in bentonite
content.

Compaction with different bentonite contents
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Figure 2. Influence of bentonite content on the maximum dry
density (MDD) and optimum moisture content (OMC) of

flyash.

It can be noted that the highest value of MDD and
lowest OMC was observed at 80% flyash and 20%
bentonite mix proportion. The initial increase in MDD
values can be attributed to the improved compaction
and packing of the soil particles due to the presence of
bentonite, leading to greater dry density. Beyond a
certain threshold (20%), the continued addition of
bentonite may lead to excessive plasticity, hindering
effective compaction. Beyond this point, the OMC
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may increase, and MDD may decrease as the excess
bentonite becomes more difficult to compact
effectively.

The scanning electron microscopy (SEM) analysis
carried out on the optimum flyash-bentonite mix (80F-
20B) is shown in the Figure 3. The large spherical
solids are cenospheres and other particles of flyash.
Cenospheres are composed primarily of silica,
alumina, and iron oxide, which can help in adsorption
of inorganic pollutants. The smaller particles adsorbed
onto the surface of flyash particles are the particulate
matter of bentonite. As observed in the SEM image,
the bentonite particles not only bonded with flyash
particles, but they also helped in forming flocs of
flyash particles. This flocculated structure of BAF
particles can be the possible reason for excellent
compaction achieved, with highest value of MDD, for
80-20 mix.

;;, ) 100 pm
Figure 3. Scanning electron microscopy image of 80%
flyash and 20% bentonite mix.

3.2 Hydraulic conductivity testing results

The HC tests were conducted at bentonite proportions
varying from 10-50%. The results of the HC tests are
presented in Figure 3. It is seen that for the mix pro-
portion containing 0-10% bentonite, the HC is far
higher than acceptable value of 10”7 ¢m/s. This is pri-
marily due to the highly porous nature of flyash, which
dominates the HC of the mix. The porous structure of
flyash facilitates the movement of water, leading to
higher HC. However, with further increase in benton-
ite content the HC has reduced. For a bentonite content
0f' 20% to 30% and more, the HC has reached accepta-
ble levels. The combination of bentonite with flyash
aids in reducing HC by establishing a robust bond
through pozzolanic reaction and clogging the pore
spaces in flyash with swollen bentonite (Rashid et al.,
2021).
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The results suggest that the specific combination of
70-80% of flyash and 20-30% bentonite, by weight,
provides an effective balance between the porous
nature of flyash and the low permeability of bentonite.
The bentonite content at this ratio sufficiently reduces
the overall HC of the mixture, making it suitable for
landfill liner applications.
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Figure 4. Influence of bentonite content on the hydraulic
conductivity of flyash.

Past studies conducted to assess the performance of
BAF for liner applications has resulted in similar
outcomes. The optimal percentage of flyash that can
be mixed with bentonite is determined to be up to 70%
to ensure workability and maintain the quality of the
liners as observed by Younus and Sreedeep (2012). A
study conducted by Murat and Yilmaz (2001)
examined the behavior of a mixture of flyash and
bentonite, concluding that a combination of flyash
with 20% bentonite is suitable as a liner and cover
material at waste disposal sites.

4 CONCLUSIONS

Current study investigated the effectiveness of BAF as
a low-permeable barrier material for application in
covers/liners of MSW landfills. Laboratory
experiments evaluated HC under varying conditions.
Specimens with different flyash and bentonite mix
proportions were prepared and compacted to optimal
density. The following observations are made from the
study:

e Optimal performance, in terms of compaction
properties, of the proposed liner material was
achieved with a bentonite content of 20% and
80% of flyash resulting in high MDD of 1.47
g/em®,

e Scanning electron microscopy (SEM) analysis
of the optimal mix (80F-20B) revealed large
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spherical solids as cenospheres of flyash and
bentonite particles adhering to flyash.

e The pozzolanic reaction and the formation of a
C-S-H gel matrix likely resulted in effective
bonding between flyash and bentonite particles,
and also resulted in a flocculated structure of
particles resulting in effective compaction.

e A significant reduction in HC was observed
with increased bentonite content from 0-50%.

e Bentonite content of 20-30% resulted in
acceptable levels of HC for barrier applications.

Overall, this study highlights the feasibility of

using BAF as efficient and cost-effective barrier
material for MSW landfills. Although HC
requirements can be satisfied using BAF, further
studies regarding compatibility with various
contaminants that can be found in landfill leachate are
needed for application as a liner. Further,
microstructural and chemical component analyses can
help in understanding the interactions between
bentonite and flyash particles at different mix
proportions. In addition, field scale testing is required
to assess the performance of the same in the presence
of actual leachate containing diverse range of
contaminants.
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