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This research investigates the geotechnical enhancement of
bagasse ash modified sand-bentonite mixtures (SBMs) for
application as sustainable landfill liner materials. With increasing
concern over the environmental degradation caused by leachate
migration from landfills and the limitations of conventional liner
systems under heavy metal exposure, the study explores the
potential of incorporating sugarcane bagasse ash a pozzolanic
agro-industrial by-product into SBMs to enhance their
geotechnical performance. Laboratory tests were conducted to
assess index properties, compaction characteristics, shear
strength, and bearing capacity. Results indicated that the specific
gravity of the mixtures generally decreased from 2.64 to 2.54 with
increasing bagasse ash content, although minor intermediate
fluctuations were observed. Atterberg limits showed a progressive
increase in plasticity index, suggesting improved sealing and
moisture retention. Compaction tests revealed increasing
optimum moisture content (9.44-25.80%) and a decrease in
maximum dry density from 1.85 to 1.51 Mg/mé, reflecting lighter
but more moisture-demanding materials. Shear strength
parameters demonstrated a non-linear response: initial additions
of bentonite and bagasse ash reduced shear resistance, but higher
proportions promoted recovery and stabilization due to
pozzolanic gel formation. The CBR values decreased from
11.95% to 1.20%, indicating a functional shift from structural
support to hydraulic barrier The optimum balance between shear
resistance, deformability, and low bearing capacity suitable for
landfill barriers was observed at a mix containing 10% bentonite
and 12.5% bagasse ash. The findings highlight bagasse ash as a
viable, eco-friendly additive that improves contaminant retention,
reduces permeability, and enhances the integrity of engineered
barrier systems.

1. INTRODUCTION

Municipal solid waste (MSW) is increasing worldwide due to rapid urbanization,
industrialization, and population growth. Global waste generation is projected to exceed 2.2
billion tonnes per year by 2025 (Hoornweg & Bhada-Tata, 2012). Landfilling remains the
most common disposal method, especially in developing countries, because it is practical
and cost-effective (Zhang, Tan, & Gersberg, 2010). However, poorly engineered landfills
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produce leachates that often contaminate surrounding soil and groundwater, creating serious
environmental and public health concerns (Rowe, 2017). To reduce these risks, sand—
bentonite mixtures (SBMs) are frequently used as liners, as bentonite provides low
permeability and swelling capacity that limit leachate migration (Joseph & Varghese, 2017).
Bentonite liners, however, are associated with certain limitations. Their relatively high cost
makes arge-scale use challenging in resource-constrained settings, while exposure to heavy
metals and other chemical contaminants can increase hydraulic conductivity and
compromise sealing performance (Ajitha & Sheela Evangeline, 2019; Wang et al., 2019).
These challenges have led to growing interest in supplementary stabilizers that are both
affordable and environmentally sustainable, with industrial and agricultural by-products
showing considerable promise in recent research (Chowdhury, Mani, & Rahman, 2019).

Sugarcane bagasse ash (BA), a by-product of sugarcane processing, is one such material.
Rich in silica and alumina, it possesses pozzolanic properties that improve soil plasticity,
reduce permeability, and enhance long-term stability through cementitious reactions (Latifi
et al., 2019; Jha & Sivapullaiah, 2021). Prior studies have confirmed its potential in soil
stabilization and landfill liner applications (Amu, Ogunniyi, & Oladeji, 2011; Afolayan,
Oyekanmi, & Ogundele, 2021). This study evaluates the effect of BA on the geotechnical
characteristics of SBMs, with the aim of establishing its suitability as a sustainable additive
for landfill liner design and promoting the beneficial reuse of agricultural waste in civil
engineering.

2. MATERIALS AND METHODS

2.1 Materials

Sand: The sand used in this study was collected from Ekhei Girls Road in Auchi, Etsako
West Local Government Area of Edo State, Nigeria, located between latitude 7°07'N and
longitude 6°16'E. The tools used for the collection of samples for the purpose of this project
was shovel, hand auger, sample bag/sack and measuring tape.

Bentonite: The bentonite used in this study was in powdered form, representing the typical
type commonly available for construction works. Its fine texture, swelling ability, and ease
of mixing make it suitable for various engineering applications such as soil stabilization and
barrier formation, ensuring consistency in laboratory testing and practical use.

Bagasse Ash (BA): The bagasse ash used in this study was obtained from sugarcane residue
collected at local processing centers in Auchi. This ash, produced as a byproduct of
sugarcane milling and combustion, is lightweight, rich in silica, and has potential pozzolanic
properties, making it useful for construction-related applications and laboratory
investigations.

2.2 Methods

Sample Preparation

To study the effect of varying BA content, six SBM mixtures were prepared with constant
sand content (100%) and varying bentonite (0-10%) and bagasse ash content (0-12.5%).
All mixtures were homogenized manually in the laboratory to ensure uniform distribution
of components before geotechnical testing.

This study employed a series of geotechnical tests to characterize the index, compaction,
and strength properties of sand—bentonite mixtures (SBMs) stabilized with bagasse ash
(BA). All procedures were carried out in accordance with BS 1377 (1990) standards unless
otherwise specified.
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Index Property Tests

Particle Size Distribution (Sieve Analysis): This test was carried out to determine the
gradation of the sand samples and to provide a basis for soil classification. It gives insight
into the proportions of different particle sizes, which influence soil behavior and suitability
for construction purposes.

Specific Gravity: The specific gravity of the soil solids was determined using the
pycnometer method. This parameter provides information on the relative density of the soil
particles, which is essential in understanding soil strength and stability.

Atterberg Limits: The liquid limit, plastic limit, and plasticity index were measured to assess
the consistency and plasticity characteristics of the soil. These limits help define the soil’s
behavior under varying moisture conditions, which is critical for engineering applications.
Linear Shrinkage: The linear shrinkage test was conducted to evaluate the soil’s volumetric
stability when dried. This property indicates the potential for cracking and shrinkage, which
affects soil performance in construction works

Compaction Characteristics

The Standard Proctor Compaction Test was carried out to determine the Optimum Moisture
Content (OMC) and Maximum Dry Density (MDD) of the soil mixtures. These parameters
are essential for evaluating soil compaction behavior and ensuring stability in engineering
applications.

Strength Tests

The Direct Shear Test was performed to establish the shear strength parameters of the soil,
specifically cohesion (c¢) and angle of internal friction (¢), under different normal stresses.
In addition, the California Bearing Ratio (CBR) test was conducted to assess the load-
bearing capacity of the soil and its overall suitability for use in landfill barrier systems and
related geotechnical works.

3. RESULTS AND DISCUSSION
The results encompass index properties, compaction behavior, shear strength parameters
and California Bearing Ratio (CBR),

Index Properties

The index properties of the sand and its modified mixtures are critical for understanding the
soil’s behavior, workability, and potential application in landfill liners. The properties
evaluated include Particle size Distribution, Specific gravity, liquid limit, plastic limit,
plasticity index, and linear shrinkage.

Particle Size Distribution (PSD): The soil was classified as A—3 under AASHTO and as
SP (poorly graded sand) under USCS, indicating silty or fine sands with low plasticity and
poor binding qualities. The gradation curve confirmed poor particle distribution, high
permeability, and weak cohesiveness, making the soil unsuitable for landfill liners. The
effective particle size range (0.07—2.00 mm) aligns with natural sandy soils found in riverine
and aeolian environments, but the absence of fines and clay prevents water retention and
plastic behavior required for low-permeability barriers.
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Table 2: Summary of the Index Properties Results of Soil and Its Mixtures

SAMPLES

TEST | I i v \ VI
Specific 2.64 258 2.57 2.60 251 254
Gravity

Liquid 17.60 19.09 22.05 2451 26.87 31.04
Limit

Plastic 1229 16.72 1576  19.75 18.32 19.48
Limit

Plasticity 531 237 6.29 4.76 8.55 11.56
Index

Linear 400 250 4.00 3.00 450 6.50
Shrinkage

The results presented in Table 2 show clear variations in the index properties of the sand
and its mixtures. The specific gravity decreased from 2.64 to 2.54, indicating lighter
mixtures, while the plasticity index increased from 5.31 to 11.56 and linear shrinkage from
4.00% to 6.50%, showing improved consistency, moisture retention, and sealing capacity.
These findings confirm the effectiveness of bagasse ash and bentonite in enhancing soil
properties for landfill liner applications.

Compaction Characteristics
The compaction characteristics of the mixtures were determined using the Standard
Proctor Test in line with BS 1377: Part 4 (1990).

Table 3: Summary Table for Trend Analysis

Sample %Bentonite %Bagasse Ash  OMC (%) MDD (Mg/md)

I 0 0 9.44 1.85
I 2 2.5 14.80 1.80
i 4 5.0 15.50 1.75
v 6 7.5 18.63 1.67
\% 8 10.0 22.07 1.58
VI 10 12.5 25.80 1.50

The results presented in Table 3 show clear variations in the compaction properties of the
sand and its mixtures. The Optimum Moisture Content (OMC) increased from 19.44% to
25.80% with higher bagasse ash content, while the Maximum Dry Density (MDD)
decreased from 1.85 Mg/m3 to 1.50 Mg/mg3. This trend indicates reduced soil density and
greater moisture demand, which is consistent with the findings of Komine (2004).

Shear Strength: Direct shear tests were conducted to assess the strength parameters of the
mixtures, particularly cohesion (c) and internal friction angle (¢).

Table 4: Direct Shear Box Test Result

Sample %B + %BA Cohesion Angle of

(KN/m2) Internal
Friction (°)

| 0+0 0.95 43.73
I 2+25 0.77 37.83
i 4+5.0 0.79 38.38
\Y] 6+7.5 0.61 31.36
\Y 8+10.0 0.91 42.38
VI 10+ 125 0.91 42.38
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Seinpde

Fig 1: Variation of Cohesion and angle of internal friction with sample composition

The results in Table 4 and Figure 1 show that adding 2-5% B + BA (Samples Il and 11I)
reduced cohesion and friction angle due to bentonite’s lubricating effect, consistent with
Mitchell and Soga (2005). At higher contents (Samples V and VI), both parameters
improved, reflecting pozzolanic reactions and soil densification. The overall trend indicates
an initial strength loss followed by recovery, underscoring the importance of proper mix
proportions and curing in achieving effective landfill liner materials.

California Bearing Ratio (CBR)
The California Bearing Ratio (CBR) test is a penetration test used to evaluate the

strength of subgrade soils and their suitability for use in pavement and foundation
applications.

Table 5: California Bearing Ratio (CBR) Test Results of Sand and Its Mixtures

Sample % Bentonite % Bagasse CBR Value

Ash (%)

I 0 0 11.95

1 2 2.5 8.70
i 4 5.0 2.20
v 6 7.5 1.85
\% 8 10.0 1.35
VI 10 12.5 1.20
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(CBR Values of Soil Mixtures

Fig 2: Variation of California bearing ratio (CBR) values with sample ID in sand
mixture

The CBR results (Table 5) show a steady decline from 11.95% in the natural soil to 1.20%
at 10% B + 12.5% BA. This reduction reflects the weakening effect of bentonite and bagasse
ash, shifting the soil from load-bearing to compressible behavior. Mixtures with CBR of 2%
or less (Samples IV-VI) are most suitable for landfill liners, with Sample VI performing
best. These findings are consistent with Komine (2004), who highlighted the suitability of
bentonite-based mixtures for barrier systems, and with Latifi et al. (2019), who observed
that pozzolanic additives enhance sealing properties at higher replacement levels.

4 CONCLUSION

This study investigated the geotechnical characteristic of sand-bentonite mixtures (SBMs)
stabilized with bagasse ash (BA) for use in engineered landfill barrier systems. Based on
laboratory evaluations of index properties, compaction, shear strength, and CBR, the
following conclusions are drawn:

I.  The incorporation of bagasse ash (BA) into sand-bentonite mixtures (SBMs)
significantly modified the soil’s geotechnical properties in ways favorable for
landfill liner applications.

ii.  Index properties showed a slight reduction in specific gravity (2.64-2.54), with
increases in plasticity index and linear shrinkage, indicating improved consistency,
sealing capacity, and moisture retention.

iii.  Compaction results revealed higher Optimum Moisture Content (OMC) (19.44—
25.80%) and lower Maximum Dry Density (MDD) (1.85-1.50 Mg/m3), reflecting
lighter, more moisture-demanding mixtures.

iv.  Direct shear tests indicated a non-linear strength response: initial reductions in
cohesion and friction angle at low BA contents, followed by recovery at higher
contents due to pozzolanic gel formation and densification.

v. CBR values dropped from 11.95% (control) to 1.20% (10% B + 12.5% BA),
confirming a transition from load-bearing to compressible barrier behavior, with
mixtures containing >6% bentonite and >7.5% BA most suitable.

vi.  The study validates BA as an effective and sustainable additive that enhances SBM
performance, reduces reliance on expensive conventional liners, and supports waste
valorization in line with sustainable engineering practices.

NOMENCLATURE
OMC - Optimum Moisture Content
MDD — Maximum Dry Density
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CBR - California Bearing Ratio
SBM - Sand-Bentonite Mixture
BA — Bagasse Ash

ABBREVIATIONS

MSW — Municipal Solid Waste

BS — British Standard

USCS — Unified Soil Classification System

AASHTO — American Association of State Highway and Transportation Officials
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