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'e design of landfill liners of waste disposal to reduce migration of leachate containment, low swelling, and shrinkage and ensure
sufficient shear strength to resist bearing capacity and instability of the landfill has been a major challenging task to landfill engineers.
Over the last decade, there has been an increase in research on the stability of substitute materials as liners that are environmentally
friendly, cost-effective, and socially beneficial due to the growing cost of traditional landfill liners. In this regard, geotechnical tests
were conducted on shale samples treated with 0–12% (increment of 2%) of palm kernel shell ash (PKSA) and pulverized palm kernel
shell (PPKS) to evaluate their suitability as alternative landfill liners using West African Standard (WAS) and Modified AASHTO
Standard (MAS) for compactive energy.'e shale hasmore percentage of finer fractions, thus classified as poorly graded soil (A-7-5).
'e Atterberg limit tests show that liquid and plastic limits decrease with an increase in plasticity index as the percentage of addition
of PKSA and PPKS content increases.'e results also established that themaximum dry density (MDD), volumetric shrinkage strain
(VSS), and hydraulic conductivity significantly decrease, while the optimum moisture content (OMC) increases as the content of
PKSA and PPKS increases at both compactive efforts.'emaximum strengths of 380.30 and 448.70 kPa were obtained at 4% of both
stabilizers. From the results, it can therefore be concluded that the treated compacted shale meets the condition of the suitability of
landfill liners. Furthermore, with the use of industrial and agricultural wastes such as palm kernel shells as replacementmaterials with
natural soils used as liners, significant social, economic, and environmental impact of landfills and reduction in wastes can be
achieved. 'e research results can provide a reference for similar conditions of landfill liners worldwide.

1. Introduction

To date, there is a global increase in waste generation as a
result of growth in population and income, changing life-
styles, increase in industrialization and use of disposable
materials, excessive packaging of items, and consumer’s
habits. Daily, domestic and industrial wastes are generated in
large quantities and the safe disposal of these waste materials
is increasingly becoming a major concern around the world.
Currently, waste is becoming more serious than ever as there
are lots of environmental problems related to its management.

Further, landfilling of wastes has been the final stage of
many municipal wastes in many countries [1, 2]. It confines
the waste to the available area, thereby reducing the waste to
the minimum practical volume. Despite that, the problem of
waste management is still a big social and environmental
issue complying with the shortage of landfill capacity, a
result of doubt to the environmental soundness of landfills
and reject to unpleasant landfills [3], mainly because the
waste in a landfill often reacts to release leachate, which
poses a threat to the surrounding environment and humans
[3]. Hence, the environmental impacts of landfills are
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numerous, including the contamination of surface water and
groundwater by leachate, pollution of soil by direct contact
with wastes or leachate percolation, spreading of diseases
and foul odours in landfill areas, and uncontrolled release of
methane by anaerobic decomposition of deposited wastes
[4, 5].

To overcome these problems, waste disposal of landfills
should be packaged and placed in an underground vault
surrounded by thick liners to provide a certain degree of
redundancy for leachate containment [1]. In particular,
Kayabaly [6] and Cazaux and Didier [7] reported that liners
are required to minimize pollutant migration over the long
term, low swelling and shrinkage, and resistance to shearing.
As a matter of fact, landfill liners must have a large atten-
uation capacity to prevent seepage of leachate into the
surrounding groundwater and subsequent contamination of
the groundwater system [7].

For these reasons, liners must be designed to accom-
modate the landfill settlement, lower the hydraulic con-
ductivity, and have sufficient shear strength to resist bearing
capacity and slope failure [8]. Over the last decades, com-
pacted clay liners, bentonite, or bentonite-bearing mixtures
have been used extensively in constructing landfills due to
their cost-effectiveness and large capacity of attenuation
[6, 8]. In spite of that, these barriers contain appreciable
swelling clay minerals, e.g., smectites; thus, they have high
shrinkage and high expansive potential causing instability
problems [9]. Additionally, geosynthetic clay liners, geo-
membranes, geonets, and geotextiles are often used to
construct liners in developed countries, even though they are
more expensive [10–12].

From the above discussions, it can be said that the sus-
tainability of clay liners may be significantly affected by their
long-term sealing capabilities, resulting from the hydraulic
conductivity after compaction, swell-shrinkage characteristics,
resistance to cyclic drying and rewetting, and desiccation
cracking [1]. Notwithstanding, the aforementioned liners are
very uncertain in the design of landfills in low- and medium-
income countries, such as Nigeria, mainly because there might
be a possibility of social unacceptability and lack of techno-
logical know-how to achieve the desired purposes. 'erefore,
the stabilization of natural soils used as liners with recycled or
waste materials, such as oil palm ash, shell and clinker, rice
husk ash [13], coconut shells [14], iron ore tailings, and blast
furnace slags [15], has been a way to forward alternative so-
lutions in the landfill engineering to ensure the significant
social, economic, and environmental impact of landfills,
consequently ensuring that the high mechanical strength,
impermeability to water, stability, and great durability of the
landfills are also achievable.'erefore, the investigations of the
stabilizing potential of industrial and agricultural waste in soils
have become the focus of research globally. Hence, the need for
the use of palm kernel shell, which is relatively inexpensive and
readily available locally through the burning and grinding of
palm kernel shell as a stabilizing agent to enhance the me-
chanical properties of natural soils used as landfill liner, has
become very significant [16].

In Nigeria, approximately 64% of palm kernel shell is
generated as waste per year [17]. 'e palm kernel shell is

regarded as waste from oil processing, which is either burnt
to supply energy at palm oil mills or left in piles to compost.
'is in turn pollutes the environment. 'us, it is greatly
required to consider the use of palm kernel shell in im-
proving the engineering properties of natural soil liners in
landfill sites. 'us, the main aim of this study is to evaluate
the suitability of compacted shale treated with palm kernel
shell ash (PKSA) and pulverized palm kernel shell (PPKS) as
an alternative material for landfill liners. 'e hydraulic
conductivity, swell-shrink characteristics, and geotechnical
properties of the compacted shale samples treated with the
two selected stabilizers were examined using West African
Standard (WAS) and Modified AASHTO Standard (MAS)
for compactive efforts to ascertain their potential usage as an
engineered barrier in waste containment applications. 'is
approach can also serve as an alternative disposal means of
palm kernel shells in Nigeria.

2. Environmental Issues of Open Dumping
Site in Nigeria

Over the decades, prevention, reuse, recycling, recovery, and
disposal of waste in the practice of collecting, treating, and
managing waste in Nigeria have been a challenging task as a
result of the unchecked rapid growth of urban population,
unplanned urbanization, changing lifestyles, increase in the
use of disposable materials, lack of training in modern solid
waste management practices, lack of awareness on the
dangers of unsustainable waste management practices,
poverty, illiteracy, and poor government policies [1, 18]. In
Nigeria, the generation, disposal, or management of waste
has proved to be a major environmental and public health
issue. Waste is often dumped on the major streets and
several open spaces and left unattended for long periods
(Figure 1), which encroach on the roads, thereby limiting
road users access, generate serious air pollution issues,
constitute a significant nuisance when blown over by the
wind, and distort the aesthetic view of the metropolis [19].
Environmental and health issues arising from the unsus-
tainable management of those open dumping waste sites
have consequently resulted in runoff of toxic compounds
into surface water and groundwater, which contaminates the
water due to the percolation of leachate [20]. To overcome
this problem, there is a need for sophisticated landfill
technology to ensure that the waste is disposed of in a
landfill, which is the simplest, cheapest, and most cost-ef-
fective method of disposing of waste [21]. 'us, the utili-
zation of waste such as palm kernel shells to stabilize natural
soil used as landfill liners is a priority because it is not only a
cost-effective and already available material but also an
alternative disposal means of palm kernel shells in Nigeria.

3. Geological Characteristics of the Study Area

'e study area is located at Nguzu Edda in Afikpo South
Local Government Area, Ebonyi State. Geographically, the
area is bounded by longitude 7°49′ E to 7°54′ E and latitude
5°45′ N to 5°50′ N, as depicted in Figure 2. 'e area lies
within the Afikpo Subbasin, which is regarded as the
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Figure 1: Picture of the open dumping site at Nguzu Edda.
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Figure 2: Geological map of the study area.
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southeastern depression of the Anambra Basin [22].
Stratigraphically, the study area is predominantly composed
of the sediments of the Upper Campanian-Maastrichtian
identified as the Afikpo sandstone, Nkporo, and Mamu
Formation [23], which consists mainly of fine to very coarse
ferruginized sandstone and shale with intercalations of
sandstone and shale and laterite.'e shale is soft and there is
a precipitate of ironstone and sandstone interbeds on the
shale. It has a thick pile of clay minerals, most likely to be
kaolinite. 'e laterite of the area has been used for con-
struction purposes mostly as fillings, both as subgrade for
road and pavement construction and as filling in roads,
buildings, and dam fillings.

4. Materials and Methods

'e shale employed for this study were taken along Nguzu
Edda road within longitude 7°50′ 38.3″ E and latitude
5°45′48.29″ N using both disturbed and undisturbed sam-
pling methods at a square meter of 3× 3 at 1m depth. 'e
palm kernel shells (PKS) were sourced from the local milling
farm at Ugwuegu village. It was sorted and air-dried suffi-
ciently. To generate palm kernel shell ash (PKSA), some of
the palm kernel shells were burnt in a blast furnace to about
900°C, whereas others were grounded as pulverized palm
kernel shell (PPKS). 'e air-dried samples were sieved
through a sieve aperture of 4.76 µm, while the palm kernel
shell contents were sieved through a sieve aperture of 75 µm.
Index properties of both the natural and shale-palm kernel
shell mixtures were determined in accordance with British
standard BS 1377 [24]. Two compaction energy levels, West
African Standard (WAS) and Modified AASHTO Standard
(MAS), were used for comparison purposes.'e engineering
tests such as optimum moisture content (OMC), maximum
dry density (MDD), volumetric shrinkage strain (VSS),
compressive strength, and hydraulic conductivity (k) were
carried out at the Soil Laboratory, Department of Geology,
Federal University of Technology, Akure, Nigeria, to de-
termine the suitability of the treated samples as landfill
liners. 'e Atterberg limits, grain size distribution test,
specific gravity, and natural moisture content tests were
carried out on the natural shale samples at the laboratory of
the Civil Engineering Department, University of Ibadan.'e
sieved air-dried soil samples were batched using 0, 2, 4, 8,
and 12% PKSA and PPKS by dry weight. Rigid wall per-
meameter under falling head condition was used for hy-
draulic conductivity, the samples for compressive strength
test were cured for 3 days prior to the test, while the samples
for drying shrinkage test were cured for a day, thereafter,
extruded, and cured for a period of 30 days. 'e mea-
surements of diameters and heights for each specimen were
taken with the aid of a vernier caliper of accuracy of
±0.03mm.

5. Results and Discussion

5.1. Analysis of the Index Properties of the Untreated Shale.
'e results of index tests such as Atterberg limits (liquid and
plastic limits), particle size distribution, natural moisture

content, specific gravity test, compressive strength, hydraulic
conductivity, and volumetric shrinkage strain carried out on
the shale sample are presented in Table 1 for comparison
with the treated shale samples as described in the later
sections. Figure 3 shows the grading curve of the particle size
distribution of the shale. As can be seen from Figure 3, there
is clear evidence that the shale had more fine fractions than
the coarse fractions. From Table 1 and Figure 3, the results
showed that the shale samples have more percentage of finer
fractions that pass 0.075mm sieve, <35% with LL of 56.60%
and PI of 21.29%. Overall, the shale has significant constituent
materials, mainly clay, silty, gravel, and sand. From this point
of view, the shale was classified as poorly graded soil (A-7-5)
and MH according to the American Association of State
Highway Transportation Officials (AASHTOM145) [25] and
Unified Soil Classification System (USCS), respectively.
Figure 4 shows the Casagrande chart of the shale, which
indicates that the samples are widely distributed in the region
of high plasticity below the A line of the Casagrande chart.
'e high plasticity could be explained by the presence of the
fine fraction, which tends to reduce the interconnected pores.
Consequently, the high plasticity index can reduce hydraulic
conductivity, implying that the shale can withstand volu-
metric shrinkage on drying and exhibit a low to medium
swelling potential when wet. It is worth noting that the fine
fractions are expected to help in the workability, while the
coarse fractions enhance the mechanical strength of the shale.
Hence, the shale is expected to resist an increase in hydraulic
conductivity that may be caused by the contaminant and also
retard the migration of contaminants through sorption [26].

5.2. Atterberg Limits Test. Atterberg limit tests were con-
ducted to determine the liquid limit (LL), plastic limit (PL),
and plasticity index (PI) of shale treated with 0, 2, 4, 8, and
12% of palm kernel shell ash (PKSA) and pulverized palm
kernel shell (PPKS) by dry weight of the samples. Figure 5
shows the effects of the addition of PKSA and PPKS on the
Atterberg limits of the samples. From Figure 5, it is observed
that LL and PL decrease, whereas PI increases almost linearly
with an increase in the percentage of addition of PKSA and
PPKS content. 'is demonstrates that the palm kernel shell,
either in ash or pulverized, has similar effects on the
Atterberg limits of the shale sample.

It can be seen from Figure 5 that the liquid limit (LL)
decreases slightly from 56.6 to 53.43% and 56.4% at 0–12% of
PPKS and PKSA, respectively. 'e plastic limit (PL) also
decreases slightly from 35.31 to 32.39% and 32.1%, with a
corresponding increase in PI from 21.29 to 23.31% and
21.44% at 0–12% of PPKS and PKSA, respectively. 'e re-
duction in the LL and plastic limit (PL) of the shale could be
explained by the cementitious properties of PKSA and PPKS
content, which resulted from the initial flocculation ag-
glomeration between the clay particles present in the shale-
PKS mixtures. 'ese aggregation and cementation proper-
ties of the shale-PKSA and PPKSmatrix lead to the closure of
interconnected pores, thereby decreasing the void ratio.

As seen in Figure 5, the results demonstrate that the
values of LL and PL of the treated shale sample are higher
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Table 1: Geotechnical properties of the untreated shale.

Parameters Values
Natural moisture content (%) 20.00
Specific gravity (g) 2.24
Liquid limit, LL (%) 56.60
Plastic limit, PL (%) 35.31
Plasticity index, PI (%) 21.29
AASHTO classification A-7-5
Unconfined compressive strength, UCS (kPa) 375.10a, 426.20b

Hydraulic conductivity (m/s) 5.24×10−7a, 0.43×10−7b

Volumetric shrinkage strain, VSS (%) 14.93a, 16.03b

Maximum dry density (Mg/m3) 1.45a, 1.51b
aResults from West African Standard (WAS). bResults from Modified AASHTO Standard (MAS).
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than LL≥ 30% and PL≥ 15% as recommended by TCEQ
[27]. Significantly, the plasticity index of the treated shale
sample is also higher than 7%, therefore meeting the con-
dition of the suitability of soils as landfill liners (Hamdi and
Srasra [28].

5.3. Compaction Characteristics. Figure 6 shows the maxi-
mum dry density (MDD) of shale samples containing 0%,
2%, 4%, 8%, and 12% of PPKS and PKSA. As can be seen
from Figure 6, there is clear evidence that MDDs of the soil-
PPKS and PKSA matrix compacted at the MAS and WAS
compactive efforts decrease almost linearly with an increase
in the percentage of addition of the stabilizers. Significantly,
the MDD of each stabilizer falls within a small range for each
compactive energy. In the case of MAS compactive energy,
the MDD at 0% of PKSA and PPKS content was 1.51Mg/m3,
which increased to 1.53 and 1.51Mg/m3 (at 2% of both
stabilizers), respectively, and then decreased constantly as
the content of PKSA increases. Conversely, the MDD of the
treated shale decreases constantly with an increase in the
stabilizer content for WAS compactive energy. Figure 7
shows the relationship between the optimum moisture
content (OMC) and PKSA and PPKS of the compacted shale
samples. From Figure 7, it can be seen that the results
exhibited general trends of increase in OMCwith an increase
in the percentage of addition of PPKS and PKSA for both
compactive energies. 'e optimum moisture content
(OMC) for WAS ranges from 20.7 (at 0% of the stabilizers)
to 33.3 and 26.0% at 12% of PKSA and PPKS, respectively,
whereas the OMC forMAS ranges from 19.92% (at 0% of the
stabilizers) to 24.68 and 24.51% at 12% of PKSA and PPKS,
respectively. However, WAS compactive effort shows a more
pronounced increase in OMC for both stabilizers.

As described above, the initial increase in MDD could be
attributed to the pozzolanic effect of the stabilizers and
probably due to the initial flocculation and agglomeration of
shale particles caused by a possible cation exchange reaction
between the shale-PKSA and PPKS matrix. 'us, these
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effects lead to an increase in volume and a decrease in dry
density. 'e constant decrease in MDD after 2% addition of
the stabilizers is owing to the effects of coating the shale
sample with PKSA and PPKS, which consequently increases
the voids and density, as confirmed by Ako and Yusuf [16]. It
was also possible due to the low specific gravity of PKSA and
PPKS of 1.19 and 1.22, respectively, which may have
substituted the high absorption rate of the soil and the
addition of finer particles, which requires more water to
hydrate [29, 30].

'e corresponding increase in OMC could be a result of
an increase in the surface area of particles caused by an
increase in the volume of PKSA and PPKS content in the
mixture, which required more water to lubricate the entire
mix matrix to enhance compaction, due to hydration re-
actions of the matrix as explained by Ako and Yusuf [16].
'e increase in OMC and its corresponding decrease in
MDD with the increase in the percentage of addition of the
stabilizers have significant geotechnical effects as compac-
tion can easily be achieved with wet shale. Consequently,
there is less need for the shale to be dried to lower moisture
content prior to compaction in the landfill. However, a
mixture of 2% of the stabilizers, mostly at MAS compactive
effort, satisfied the criteria for landfill liner as Amadi et al.
[31] and Tuncan et al. [32] recommended soils with MDD
≥1.50Mg/m3 to be applied as landfill liner.

5.4. Hydraulic Conductivity (k). It is well known that when
clay-shale soil is used as liners subjected to water pressure in
the landfills, it causes an increase in hydraulic conductivity
as time passes, which in turn may lead to instability as a
result of the excessive expansion. For this reason, the choice
of adequate natural soil with a hydraulic conductivity of the
order of 10−7–10−9ms−1 for attenuation is needed for the
construction of a landfill [1]. 'erefore, the hydraulic
conductivity of the shale samples treated with PKSA and
PPKS compacted using the WAS and MAS compactive
energy was determined based on ASTM D5084-1991 pro-
cedures as described by Hamdi and Srasra [28]. 'e hy-
draulic conductivity k was calculated using the following
equation:

k � 2.303
aL

At
log

h1

h2
, (1)

where k is the hydraulic conductivity (ms−1), A is the cross-
sectional area of the specimen (m2), a is the cross-sectional
area of the standpipe (m2), L is the length of the specimen
(m), and h is the head difference (m), at time t.

Figure 8 shows the relationship between the hydraulic
conductivity of compacted shale samples and varying
percentages of PSKA and PPKS content. As presented in
Table 1, the hydraulic conductivities of the untreated sample
compacted by WAS and MAS compactive energy were
5.24×10−7m/s and 2.43×10−7m/s, respectively. In contrast,
the hydraulic conductivity of the shale samples treated with
PKSA ranged from 1.51× 10−7 at 2% to 1.25×10−7m/s at
12% under WAS and 3.91× 10−7 at 2% to 9.91× 10−8m/s at
12% for MAS. In contrast, the hydraulic conductivity of the

compacted shale samples treated with PPKS varies from
2.05×10−7 at 2% to 1.18×10−7m/s at 12% for WAS and
1.64×10−7 at 2% to 8.47×10−8m/s at 12% for MAS.

As shown in Figure 8, the hydraulic conductivity of the
samples treated with PPKS decreases gradually with an
increase in the percentages of the stabilizer content. 'e
decrease in the hydraulic conductivity could be explained by
reducing the pore size. Conversely, the hydraulic conduc-
tivity of the samples treated with PKSA stabilizer increased
slightly higher than that of untreated shale sampled at 2% for
MAS and 4% for WAS. 'ese slight increases may result
from the porous nature of the PKSA particles, which in turn
lead to a high specific surface, consequently resulting in the
adsorption of a large number of hydrated cations and water
molecules, thereby contributing to the increase in hydraulic
conductivity. Moreover, the excessive PKSA content can
change the soil matrix, which also can cause an increase in
flocculation, as established by Osinubi and Eberemu [15]. It
can also be seen that the treated sample (Figure 8) has lower
values of hydraulic conductivity than those of the untreated
sample, as presented in Table 1. As seen in Figure 8, the
results demonstrate that the hydraulic conductivity of
treated samples with 4% of the PPKS stabilizer and above
falls within ≤1× 10−7ms−1 [1]; therefore, it meets the con-
dition of the suitability of soils as landfill liners. 'is proves
that the addition of PKS to the soil used as a landfill liner will
resist an increase in the hydraulic conductivity caused by
contaminants, as it positively influences the suitability of the
soil as a landfill liner. Moreover, it functions as an atten-
uating layer enabling the leachate to percolate slowly
downwards, simultaneously undergoing attenuation by
precipitation, adsorption, and exchange processes within the
landfill [26].

5.5. Compressive Strength of the Treated Shale. 'e standard
uniaxial compression tests were performed on shale samples
containing 0%, 2%, 4%, 8%, and 12% of PPKS and PKSA
cured for 3 days to determine the compressive strength of the
treated shale using West African Standard (WAS) and
Modified AASHTO Standard (MAS) compactive energy
level. 'e relationship between the compressive strength of
the shale and the percentage of addition of PPKS and PKSA
content is shown in Figure 9. Figure 9 shows that the
strength of the compacted shale was enhanced by adding 4%
of PKSA and PPKS contents and a further increase in the
addition of PPKS and PKSA contents beyond 4% tends to
reduce the strength of the compacted samples steadily. It is
also observed, in Figure 9, the strengths of the treated shale
compacted at MAS were generally 50 times greater than
those of the WAS. 'erefore, it is noted that the maximum
strengths of 380.40 and 448.70 kPa were recorded at 4% of
PKSA with MAS and WAS compactive efforts, respectively.
'e subsequent increase in the strength of the treated shale
at 4% can be attributed to the pozzolanic effect of the PKSA
and PPKS in which the lime provides a conducive envi-
ronment for the dissolution of silicates and aluminates in the
soil, hence reacting with Ca+2 cations to form the ce-
mentation process through the hydration process [33]. 'e
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decline in the strength by a further increase in the addition of
PPKS and PKSA contents is owing to the dilution influence
of the stabilizers on the shale, which reduces the pozzolanic
reactions. In a related study, the use of a PKSA has proved to
be highly effective for cementitious application in the soil, as
reported by Ako and Yusuf [16]. Significantly, the result
showed that the strength of the treated shale at both
compactive efforts is greater than 200 kPa, maximum
bearing strength of a landfill liner as proposed by Daniel and
Wu [34]; therefore, it satisfied the condition of the suitability
of soils as landfill liners.

5.6. Volumetric Shrinkage Strain (VSS). In landfill engi-
neering, it is essential to understand the shrinkage char-
acteristics of liner material in order to control cracks.
Desiccation cracking is often a problem in landfills, which in
turn can cause an increase in hydraulic conductivity [35].
'erefore, it is essential to prevent excessive shrinkage
cracking due to changes in moisture content that occur
during the lifetime of the landfill. 'is is mainly because the
presence of cracks in landfill cover provides potential
pathways for water infiltration, increasing the generation of

waste leachate and eventually increasing the risk of soil and
groundwater contamination, as demonstrated byMiller et al.
[35]. To overcome this problem, there is a need to ensure
sufficient strength for the stability of engineering projects
worldwide [36], including landfills during their construction
and operation stage [37].

Consequently, the drying shrinkage test was performed
on shale samples with the addition of containing 0%, 2%, 4%,
8%, and 12% of PPKS and PKSA contents. Prior to the test,
the shale-PPKS and PKSA matrix were cured for a day,
thereafter, extruded from the compaction molds, and then
allowed to air-dry for a period of 30 days in the laboratory to
assess the effect of desiccation-induced shrinkage on the
material used as a landfill liner. 'e volumetric shrinkage
upon drying was measured by extruding cylindrical speci-
mens and then compacted using the WAS and MAS energy
levels. Measurements of diameter and heights for each
specimen were taken with the aid of a vernier caliper ac-
curate to ±0.03mm. 'e average diameter and heights were
used to compute the volumetric shrinkage strain.

Figure 10 describes the effect of PKSA and PPKS as
cementitious material on the drying shrinkage of the mix-
ture at 0, 5, 10, 15, 20, 25, and 30 days, respectively. It can be
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Figure 8: Hydraulic conductivity versus PKSA and PPKS for the treated shale at MAS and WAS methods.
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Figure 9: Compressive strength of the treated shale samples at MAS and WAS compactive efforts.
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seen that there is a sharp increase in VSS within the first five
to fifteen days of drying, mostly with WAS compactive
energy level. 'ereafter, the trends of increment become
more or less constant with time. Figure 11 shows

correlations between mass of the shale-PPKS and PKSA
matrix and time at 30 days. As shown in Figure 11, the mass
of the treated shale decreases gradually as PKSA and PPKS
contents increase with time of drying. 'e decreases in the
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Figure 10: Volumetric shrinkage strain with time.
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trends of mass are similar for each compactive energy level.
Clearly, drying shrinkage is proportional to the molding
water content.

'e relationship between VSS and varying percentages
of PKSA and PPKS for the two compactive efforts was shown

in Figure 12. From Figure 12, it can be observed that the
shrinkage of the shale decreases with the rising content of
PKSA and PPKS. Although the decreasing trends were more
clear for MAS compactive effort, the decrease in drying
shrinkage is owing to the finer particles of PKSA and PPKS,
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Figure 11: Relationship between the mass of the treated shale and time.
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which act as a filler and interlocked the pores, which con-
sequently slow the rate of shrinkage in the treated shale.
According to Tay et al. [37], shrinkage decreases as the
amount of cement replacement material (such as ash), which
builds up themechanical interlocking in the pores, increases.

6. Conclusions

'is study determined the mechanical properties of com-
pacted shale treated with varying percentages of palm kernel
shell ash (PKSA) and pulverized palm kernel shell (PPKS)
using West African Standard (WAS) and Modified
AASHTO Standard (MAS) for compactive efforts to as-
certain their stability as landfill liners barrier in waste
containment applications. 'us, the following conclusions
were drawn from the study:

(1) From the grain size analysis and the Atterberg limit,
the shale was classified as A-7-5, with percentage
finer grains, which constituted materials, mainly
clay, silty, and sand. 'e Atterberg limit tests
revealed that the liquid limit (LL) and plastic limit
(PL) decrease with an increase in plasticity index (PI)
as the percentage of addition of PKSA and PPKS
content increases.

(2) 'e results also revealed that an optimum moisture
content (OMC) value increases, whereas the maxi-
mum dry density (MDD) and hydraulic conductivity
decrease with rising in the percentage of addition of
PKSA and PPKS content for both compactive efforts.

(3) 'e drying shrinkage of the treated shale samples
reduced with an increase in the percentage of ad-
dition of PKSA and PPKS content. Overall, the
experimental results infer that the blend of the
compacted shale-PPKS matrix, mostly 4% of the
stabilizer at MAS compactive effort, satisfied the

condition of the suitability of soils as landfill liners
for both compactive energy levels. 'erefore, it can
be concluded that the addition of 4% of PPKS to the
compacted shale sample is the optimum replace-
ment. Moreover, the addition of palm kernel shells to
the compacted shale used as landfill liners can also
serve as alternative means of reducing wastes gen-
erated from the local milling industry to ensure the
significant social, economic, and environmental
impact of the waste.
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