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Abstract.  This paper presents an experimental study to evaluate the effect of palm oil on the selected basic physical-chemical
and geotechnical properties of kaolin. The experimental findings are further compared with literature outcomes investigating
similar properties of fine grained soils subjected to contamination by different types of oils. To this end, palm oil was mixed
with oven dried kaolin samples—aiding oil’s interaction (coating) with dry particles first, in anticipation to emphasize the effect
of oil on the properties of kaolin, which would be difficult to achieve otherwise. Oil content was limited to 40% by dry weight of
kaolin, supplemented at intervals of 10% from clean kaolin samples. Observations highlight physical particle-to-particle bonding
resulting in the formation of pseudo-silt sized clusters due to palm oil’s interaction as evinced in the particle size distribution and
SEM micrographs. These clusters, aided by water repellency property of the oil coating the kaolin particles, was analyzed to
show notable variations in kaolin’s consistency—measured as liquid and plastic limits. Furthermore, results from compaction
tests indicates contribution of 0il’s viscosity on the compaction behavior of kaolin — showing decrease in the maximum dry unit
weight (yamax) and optimum moisture content (W) Values with increasing oil contents, while their decrease rates were directly
and inversely proportional in ygmax and Wop: Values with oil contents respectively. Comparative study in similar terms, also
validates this lower and higher decrease rates in yqmax and wqg Values of the fine grained soils respectively, when subjected to
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contamination by oil with higher viscosity.
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1. Introduction

Rising demand for palm oil and related products over
the recent decades has enthused higher production,
processing, transport, and storage of crude palm oil
globally. Malaysia and Indonesia are two major producers
accounting to 81.7% of the total global production during
2004 - 2013 (FAO 2016, MacNeill 2016). Increased milling
and post-production process for this purpose in anticipation,
and following few reported cases, result in severe
geoenvironmental concerns due to accidental spills,
improper disposal practices, uncontrolled milling and others
(Lim et al. 2016, Mohammadi-Sichani ef al. 2018). Some of
the recent reports of accidental palm oil spills observed
during its transportation (Yu 2017) and seven other
instances on the British waters (Mowat 2018) are the typical
examples of such concerns. Not limiting to these, multiple
cases of persistent oil spills on ground or soil at milling
sites have been frequently reported in Malaysia and
Indonesia (Mohammadi-Sichani et al. 2018, Olafisoye ef al.
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2017, Soleimaninanadegani and Manshad 2014). One such
possible case of contamination in mills is during the
processing and/or disposal of the palm oil mill effluent
(POME). POME contains an estimated 500-700 mg/l of
residual palm oil (MPOB 2017, Olafisoye et al. 2017),
which most likely accumulates in the soil’s structure—either
by physically adhering to the soil particles and/or
accumulating within the voids, when spilled or contained on
soils. Palm oil spills on the ground surface hypothetically
affects the soil’s surface characteristics aided by the
impermeable film of oil formed, which limits, sometimes
curtails the interaction of surface water with soil. This
convincingly suggests another likely case wherein the
presence of oil within the soil matrix potentially alters the
water-soil interaction in the soil mass.

Literature over the past decade evince the influence of
oil, generally referred to as oil contamination, on this water-
soil interaction, where the interaction is commonly
measured in terms of varying basic physical-chemical
properties of the soils. These include, but not limited to
visual identifications, thermal behavior, micro-structure or
texture, particle size distribution, consistency limits, and
compaction behaviors. Soils generally favor attraction to
both hydrophilic and hydrophobic pore fluids, mainly due
to their negatively charged surface characteristics (Zbik and
Horn 2003). These characteristics though justifies the
physical adhesion of oil onto the dry soil particles, the same
behavior with moist particle surface is rarely encountered
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(Rimmer et al. 1996). Which basically demarks the process
of oil’s interaction with wet or moist soil particles due to
water’s hydrophobic nature which is believed to further
dictate the complex soil particle-water-oil interaction.

Particle size distribution has been predominantly used as
a tool to study the effect of increasing oil on the gradation
of the soil samples (Chang and Cho 2014, Trzcinski et al.
2015). Notwithstanding this, the results also highlight the
clogging of pore spaces due to excessive oil accumulation,
despite varying initial packing and particulate structure. The
presence of oil within the pore space, particularly in clays
and fine-grained soils, result in large pseudo-silt sized
particles (for example see Ijimdiya 2012). The formation of
these pseudo-silt sized particles in clays in presence of oil
can be related to the depleting double layer thickness due to
the relatively lower dielectric constant of oils (Mitchell and
Soga 2005). This increase in particle size results in
increased pore diameter altering the density and the porous
structures. Discussion on the standard compaction behavior
in the literature show decreasing trends of the maximum dry
density of clayey soils with increasing oil content due to
additional lubrication offered by the oil (Meegoda et al.
1998; Nasehi et al. 2016; Saberian and Khabiri 2018). This
lubrication effect is believed to aid in improving the particle
packing via the particle-particle attraction because of the
surface adhesive van der Waals forces (Lai et al. 2015).
Furthermore, oil introduces soil-water repellency causing
reduction in the interfacial tension allowing particles to
slide over each other (Takawira et al. 2014). This perhaps
justifies the decreasing amount of water required to reach
the maximum dry density despite significant reduction in
the fraction of available pore space within the compacted
soil samples.

On the other hand, utilization of various industrial
wastes and by-products to ensure eco-friendly utilization of
these wastes and/or their effect on the basic soil properties
has been the key focus of various research project recently
(example Yu et al. 2016; Mohanty ef al. 2017). In general,
the consistency limits (or Atterberg limits) are one amongst
the basic soil properties which have been traditionally used
to assess the soil-water interaction, based on the consistency
of soil. Literature present such attempts to also discuss the
effect of oil content by utilizing the Atterberg limits as a
tool. As examples, Khosravi ef al. (2013) studied the effect
of gas oil contamination on kaolin which reported an
inverted parabola-shaped trend in the liquid limit (wr)
curves with increasing oil content. Similar trends were
reported by other researchers including Kermani and Ebadi
(2012), Khamehchiyan et al. (2007), Ijimdiya (2012) and
Rahman et al. (2010) mainly focusing on the field samples
contaminated with crude, gas and motor oils respectively.
Contrarily however, the findings presented by Pandey and
Bind (2014) showed a gradual decrease in w; with
increasing engine oil contents, unlike the parabolic trends.
Authors in general, justify these trends as a result of oil, a
non-polarizing fluid, eventually causing reduction in the
thickness of water film around the clay minerals. Similar
behavior or trends were reported for the plastic limits (w))
with increasing oil contents. Literature discussing on the
shrinkage limit (wy) however were very scare. Nonetheless,
inconsistent results encountered at various instances during
the literature review cautioned our limited understanding of

the oil’s influence on the behavior of clays, particularly
with changing oil amount, type, and properties. Moreover,
only fewer literatures investigate the effect of palm oil on
the engineering properties of clays, with not all the crucial
properties required to explain the water-oil-soil interactions
being discussed in detail. This therefore led to the research
question—which trend and behavior available from the
literature suffice to explain the behavior of clays
supplemented with palm o0il? Should a similar inverted
parabolic trend be observed in the properties of clay with
palm oil, what is the oil content associated with this
inflexion point?

On the other hand, rapid developments in infrastructure
and connectivity to the palm plantations or mills, and other
potential sites exposed to increasing palm oil contents,
perhaps mandates for a detailed and engineered
understanding on the basic physical-chemical interaction
and engineering (or soil) properties of the palm oil mixed
clays. The main focus of this study therefore is to address
this issue and answer the above research questions.
Selection of clay for this study was in relation to the natural
soil deposit mostly encountered in the palm plantations
and/or mills in Malaysia and Indonesia. The geological
surveys and reports from the Southeast Asian regions
though highlights a range of soil types, the abundance of
kaolinite mineral in these soil types was a common
observation (Liu ef al. 2012). Thus it was felt appropriate to
use a controlled kaolinite rich soil sample (referred to as
kaolin hereafter) in contrast to using natural soil deposits—
owing to its varying material characteristics. Therefore, the
main aim of this paper is to evaluate the effect of increasing
palm oil content on the basic physical-chemical and soil (or
geotechnical) properties of kaolin using a series of
laboratory experimentation. The discussions in this paper
mainly focusses on comparing the measured response of
increasing palm oil contents in kaolin with the observation
from literatures using other types of oils and attempt to
generalizing the effects of oil on clays. The paper concludes
with details on the material characterization of palm oil
mixed kaolin (POMK) samples and elaborating their basic
soil properties in comparison with the existing knowledge.

2. Materials

Commercially available kaolin and refined palm oil was
used in this study. The refined oil instead of field samples of
either POME or palm oil was used to limit the interaction of
any impurities—as the study aims to evaluate the effect of
palm oil only. The POMK samples were prepared by hand
mixing palm oil with the oven dried (at 105°C for 24 hours)
clean kaolin sample (Koo). Oil was further supplemented at
increments of 10 (Kio), 20 (K20), 30 (K30) and 40 (Kao) per
cent measured by the weight of dry kaolin. The samples
were then sieved through a 0.2 mm opening sieve to
exclude any clogs and lumps of POMK samples. The
samples were later stored in air-tight plastic bags for about a
week to facilitate stabilization and/or surface charge
equilibration. The oil content in the POMK samples were
ensured by periodically testing the samples using the
hexane solvent oil extraction method—see Urum et al.
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Fig. 1 Flow chart showing the experimental program
used in this study

(2006) for detailed procedure. The addition of palm oil to
the pale white colored kaolin particles showed visually
evident physical changes, including the color and texture—
formation of aggregates, clogs and lumps. The POMK’s
showed increasing reddish-orange color with increasing oil
content, which typifies the overlapping or coating of
carotenoids—red fat-soluble pigments present in the palm oil
(Nagarajan et al. 2017, Goh et al. 1985). Fig. 1 shows the
image of the POMK samples from this study. The figure
also summarizes the flow and details of the experimental
program adopted in this study.

3. Experimental methodology

The thermal gravimetric analysis (TGA) of the POMK
samples was conducted using a TGA Q50 V20.10 Build 36
analyzer to investigate the behavior of the palm oil in the
soil with temperature. The outcomes from TGA was
anticipated to evaluate any temperature restrictions to be
adapted in the laboratory tests on the POMK samples. Test
procedure involved a constant temperature increase at
10°C/min from an ambient temperature of 25°C up to 800°C
aided by nitrogen purging at a rate of 20 and 40 1/min as
balance and sample gasses respectively. Test samples
included 2-5 g of fine portions of the air dried POMK
sample, spread on a platinum pan. The TGA outcomes are
presented as the variation of mass loss and their first
derivative with temperature. The surface microstructure of
the kaolin before and after supplementing palm oil was
observed using Hitachi SU8000 high resolution field
emitting scanning electron microscope (SEM) operated at
5-15kV and working pressure of 50-70 a. The POMK
samples were initially coated using platinum to enable
conductance and then placed on the aluminum holders of 12
m diameter using carbon tapes. The specific surface area
(Sa) of POMKs was estimated using the BET method.
Approximately 0.1-0.2 of POMK sample was placed in the
glass sample tube of an accelerated surface area and
porosimetry equipment. The S, values thus estimated were
averaged based on three trails, which showed less than 2%
variation in the results.

Soil water repellency was studied using the water drop
penetration time (WDPT) and static contact angle

Table 1 Basic properties of POMK samples

Description ~ Units  Procedure Ko Kio Kz Kz Ko

BET surface N Brunauer et
area, S, / al. (1938) 6.76 7.00 4.03 2.76 148
Water droplet Doerr et al
penetration time, s (20060)“' 1 684 1148 2824 3652
WDPT
o Doerr et al.
Contact angle, o (2000) <90 106.7 1094 112.3 128.0
Specific gravity, ASTM D854- 244 218 191 182 171
Gs 10
AU ASTM
0,
Liquid limit, w, % D4318-10 64 71 67 55 31
Lo ASTM
0,
Plastic limit, wp % D4318-10 41 36 28 22 14
Shrinkage limit, ASTM
s % D4943-02 6 17 20 18 13
Plasticity index, ASTM
I % D4318-10 24 34 39 37 17
Activity 1.7 20 32 51 26
Maximum dry
unit weight,  kN/m? AST]\g7D698- 13.3 128 119 11.7 112
Yd.max
Optimum
moisture % ASTI\g7D698- 240 11.7 86 79 64

content, Wop

measurements. For this purpose, 50 g air dried POMK
sample was levelled in a petri-dish. Using a hypodermic
needle attached to a 20 ml syringe, 3 pl drops (spherical
droplet about 1 mm radius) of distilled water was gently
deposited onto the soil surface in an air environment. Static
contact angle measurements were carried out using a Ramé-
hart model goniometer. Images of the droplet were obtained
by a digital camcorder with 10x optical and 120x digital
zoom and analyzed for the contact angles using an image
tool software. In the WDPT test, a 3 pl droplet of distilled
water was placed on the horizontal surface of the samples,
and the time taken for the water drop to infiltrate or move
completely into the soil was recorded, as longer durations
suggests higher water repellency. Repeatability and any
error due to heterogeneity at micro levels was ensured with
five test trials conducted at different positions on the
sample’s surface.

Table 1 tabulates the laboratory tests conducted to
evaluate the basic geotechnical properties of the POMK’s.
The table also details the standard procedure followed in the
laboratory tests and their outcomes. However, one major
modifications from the standard practice (ASTM D2216-
10) was in the water content measurements for the POMK
samples. This modification primarily relates to the presence
of oil forming a four phase (soil-oil-water-air) system
now,which otherwise should have been a traditionally used
three phase (soil-water-air) system. To this end, the relation
suggested by Khamehchiyan et al. (2007) shown below, is
used to estimate the water content values of all the samples
in this study.

my
w= [(1+mn)—]—(1—m) (1)
mp
where, m is the wet mass of oil-mixed soil, m; is the dry

mass of oil-mixed soil, and m and » are the oil content in
the soil samples before and after drying. Main reason using
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Fig. 2 Comparison of POMK samples response to increasing temperature

the relation proposed by Khamehchiyan et al. (2007) was
the close comparison in the evaporation behaviors of the oil
at higher temperatures in oven drying observed in this
study. The trend of evaporation curve shows an inverse
correlation of oil loss with increasing oil content, explaining
the possibility of higher effort required to break the bonding
between the oil and soil as stated by Khamehchiyan et al.
(2007). The oil content was measured using the hexane
solvent oil extraction method (Urum et al. 2006).

4. Results and discussion

Oil properties in general are sensitive to the temperature
(T). Sensitivity for example ranges from varying physical
properties—viscosity, evaporation etc. at moderate T of
40°C-100°C, to complete decomposition at higher
temperatures (greater than 100°C). Thermal analysis of
POMK’s in this study initially focused to map AT
associated with the traditional oven drying method (ASTM
D2216-10), that is at T < 105°C. Nonetheless, TGA was
later considered appropriate as to contemplate oils’ fate not
only at T < 105°C, but also when exposed to higher T
values, though impractical in normal operational conditions.
Fig. 2 shows the results of TGA in this study. Fig. 2(a)
adopts the derivative thermo-gravimetric weight (DTG)
replacing the conventional weight loss in the analysis to
capture even minor changes in the sample weight.
Relatively lower weight loss with DTG of 0.004-0.014%/°C
was observed at 40°C—100°C, which basically relates to the
structural reorganization in POMK samples—water
molecules and fatty acids responding to increasing
temperatures (de Souza et al. 2014). The next peak at
around 293°C is associated with the degradation of
unsaturated fatty acids and low-molecular weight
triglycerides present in palm oil, which is generally reported
to degrade between 190°C and 310°C (Santos ef al. 2014).
Further peaks at 400°C to 440°C most likely marks
completion in decomposition of triglyceride in POMK
samples (Santos et al. 2014).

Fig. 2(b) magnifies the TGA curves limiting to T values
at 105°C, as to address its purpose in this study. It should be
noted that the Koo sample is not considered for the analysis
due to absence of oil in it. Observations highlight distinct
peaks at 35°C-40°C which perhaps depicts the release of
physically absorbed water molecules. Despite the boiling

point for water close to 100°C, vaporization is even
expected at lower temperatures following the low activation
energy — at 43.5kJ/mol required for the vaporization of
water (Holt ef al. 1962). However, in the POMK samples
the pore fluid consists of both water and palm oil, hence
vaporization of the palm oil also needs to be considered for
T < 105°C. Tan et al. (2001) estimates the activation energy
required to oxidize the lipid constituents in palm oil as
89.3+0.3kJ/mol, which is clearly 2-folds for that of water.
Although this observation tends to rule-off the possibility of
the vaporization of palm oil fraction in the POMK’s, it
should be noted that this inference in this study is limited to
a constant heating rate of 10°C/min as per the procedure
followed in the TGA measurements. This means the test
samples were exposed to a certain temperature only for only
a minute before the T was increased by another 10°C.
Nonetheless, duration of exposure at a given temperature
also plays an important role. The oil in general, has shown
to have evaporated with increasing evaporative exposure —
function of mass transfer coefficient under prevailing wind
conditions, gas constant, and environmental temperature, as
demonstrated in Stiver and Mackay (1984). For examples,
Stiver and Mackay (1984) justified possible evaporation of
crude oil samples at temperatures as low as 0°C. Similar
evaporation behavior of the palm oil is thus anticipated in
this study. In-spite of the degradation temperature of palm
oil at around 293°C, vaporization of palm oil from the
POMK samples was observed, rather sensed, during oven
drying at 105°C for 24 hours (ASTM D2216-10) in this
study. Observations presented here were based on the strong
essence of palm oil felt (smell) in the laboratory when the
POMK’s were subjected to overnight drying in oven. These
discuss strongly substantiates the possible evaporation or
loss of oil during drying, and thereby our choice of using
the method proposed by Khamehchiyan et al (2007) to
estimate the water content of POMK samples in this study.
Palm oil by its physical nature is a viscous fluid. Its
interaction with clay particles is mostly dominated with
adhesion at micro- and macro-structural levels, associated
with low and high oil contents respectively. SEM
micrographs were attempted to study and discuss possible
interaction of palm oil with the kaolin particles at the micro-
structural level. The noticeable hexagonal shape forming
vermicular stacks varying sizes with low crystal width-to-
thickness ratio and sharp-edged profiles are amongst the
most general particulate characteristics of kaolinite samples
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Fig. 3 SEM image of Ko and K49 samples. Image of the K4 sample highlights the smooth-fluidic surface and the clusters
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Fig. 4 Particle size distribution curves for POMK samples

(Murray 2000), which were also observed from the SEM
micrographs for Koo samples. However, SEM analysis in
this study was mainly attempted to obtain a visual detection
of the oil’s presence in the micro-structure of the POMK'’s.
Fig. 3 shows the SEM images captured using Kjo and Kio
samples. The SEM images for the K49 sample is believed to
highlight the presence of a layer of oil. In comparison to the
typical SEM features of oil coated kaolin particles discussed
in literature (Khosravi ef al. 2013; Liu et al. 2015; Murray
2000), observations in this study also highlights the
formation of clay clusters. This clearly relates to the
physical adhesion of palm oil traces attracting clay particles
to form clusters, as discussed in the literature. The SEM
images and observations from this study also showed
several such irregularly arranged clusters with diameters
ranging between 0.05 mm and 0.075 mm. The SEM image
for the Kuo in Fig. 3 highlights one such cluster (diameter ~
0.05mm) embarked within the solid white line. However a
unique, yet distinct feature from the figure is the adulated
smooth fluidic surface with clay particles adhered to it
(highlighted by broken line), which can be visualized as the
layer of palm oil. Multiple efforts to confirm this, and
ensure repeatability, was not successful in this study due to
oil traces which very observed to be unstable when exposed
to the working conditions of the SEM equipment.
Nonetheless the cluster formation or aggregation of the clay
particles with palm oil was observed in most of the SEM
trials signifying the role of oil in adhering the particle-to-
particle and coating the clay particles.

In addition to the surface morphologies, corresponding
elemental weight compositions of each POMK sample were
determined using the Energy Dispersive X-Ray (EDX)

spectroscopy. Clean kaolin followed the typical form of
kaolinite with aluminosilicate together with higher
concentrations of Al and Si peaks. The oxides of these
elements basically accounted to over 90 per cent of the total
mass of the sample analyzed perhaps. The EDX spectra for
samples with increasing palm oil content showed low signal
of noise ratio — based on the observed disturbed spectra.
Since oil coating impedes elemental quantification of the
samples, the quantification of the elements in this study was
believed to be vastly affected in samples with higher oil
content. It was in this way the layer observed in Fig. 3 was
determined as a layer of oil. Nonetheless due to limited
repeatability of tests being achieved-related to the
instability of oil under the working conditions of SEM
apparatus, further investigations are advised to establish a
more precise determination of oil’s presence in the micro-
structure of clays.

Kaolin particles generally are hydrophilic and oleophilic
(Saada et al. 1995), which was also observed in the
laboratory when dry kaolin samples were mixed with water
and oil separately in this study. However, palm oil traces
coating the clay particles are likely to affect the wettability
of the particles and the flow due to the water repellency
offered by the oil. Thus, presence of water in kaolin induces
oleophobic surface behavior perhaps preventing oil from
attaching onto the surface of kaolin particles. It is for this
reason palm oil was mixed with oven dried kaolin to
prepare POMK samples in this study—as to study the effect
of oil on kaolin. Table 1 shows the solid-liquid contact
angle (o¢) and the water drop penetration time (WDPT)
measurements for the POMK samples. The measured o
values for samples mixed the oil content (as less as 10%)
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was > 90°, which clearly describes the non-wettable surface
of the samples. The wettability, generally expressed using
water repellency, is well explained based on the varying
surface tension at the water-air interface, oil-air interface
and oil-water interface, which were 72.7 mN/m, 32.7
mN/m, and 31.3 mN/m respectively for palm oil in this
study. It is unlikely in many trials to obtain a planar soil
surface that readily allow @ measurements to define
wettability. It is for this reason that the WDPT
measurements were adopted henceforth to explain water
repellency. The average time for the WDPT increased
linearly with increasing palm oil content with coefficient of
determination (r?) of 0.94. According to the classification
system by Dekker and Ritsema (1994), the control sample
Koo was classified as wettable with very low WDPT time (<
1s). Based on these evidences, the POMK samples (Ko -
Kao) were classified as extremely hydrophobic with WDPT
> 600s, thereby proving possibility of intrinsic
hydrophobicity in POMKs with increasing oil content.

Fig. 4(a) shows the particle size distribution (PSD)
curve for POMK samples — only the best fit lines drawn to
the experimental data. In comparison to clean kaolin (Koo),
the PSD for POMK’s show a distinct reduction in per cent
fines with increasing palm oil content. This reduction
certainly relates to the formation of pseudo-silt sized
particles due to the adhering palm oil and adjacent particles
or cluster formation as discussed above. Virtually it can be
hypothesized that the palm oil sleeks to wrap around the
kaolin forming larger particles due to surface forces and
adhering adjacent particles henceforth. Similar observation
and explanation was presented by Ijimdiya (2012) and

Trzcinski et al. (2015) discussing on motor oil
contaminated soil. In addition, Williams et al. (2004)
discussed the contribution of the upper end of the PSD
curve to aggregation or flocculation. Hence to track the
possible increase in the particle sizes due to any of the
above-mentioned conditions, the particle diameter of Ky
and the POMK samples are separately plotted using particle
sizes (diameter) at 10% (Dio), 50% (Dso), and 90% (Doo)
finer from Fig. 4(a). Fig. 4(b) shows the variation of these
particle sizes with increasing oil content. Observations from
the estimated values show an increase in particle sizes
ranging up to 65-75% of the Ko samples. The PSD data
however is limited to particle shape being considered as
spherical unlike as expected in kaolin particles — generally
hexagonally shaped and flaky with high width-to-thickness
ratio and other assumptions in the procedure (ASTM D422-
63). However, the decreasing S, values (area per unit gram
of the POMK samples) with increasing palm oil content
(see Table 1) is an added information to justify this
formation of pseudo-silt sized particles or clusters.

The formation of cluster, varying pore fluid
(emphasizing on the presence of oil in pore unlike the ideal
condition of water alone) and other possible interaction of
palm oil with clay particles is certainly expected to also
influence the consistency of the remolded POMK samples.
For this purpose, the basic limits suggested by Atterberg -
liquid limit (wz), plastic limit (wp), and shrinkage limits
(ws), are used in this study. Fig. 5(a) quantifies the influence
of palm oil on the w;, wp, and ws values of the POMK
samples. Observations in general shows an initial increase
in the w; and ws values up to around 10% and 20% oil
contents respectively, followed by decrease with further



Effect of palm oil on the basic geotechnical properties of kaolin 185

increasing oil content. While wp linearly decreases with
increasing oil content. The minor increase observed in wy, -
ranging to about 8.5% of the w; for Koo may relate to the
adhesive force from the palm oil bonding the clay particles.
Hence a slightly higher amount of water being required for
the POMK samples to flow on its own weight when tested
using Casagrande’s apparatus/method (ASTM D4318-10).

While with increasing oil content the bonding tends to
get weaker either due to a thick film of oil coating the
particles or clay particles weakly adhering to thick, smooth
and fluidic surface of palm oil as demonstrated in the SEM
images in this paper (see Fig. 3). The presence and
increasing oil and its lubricating effect perhaps makes the
soil softer and thereby a relatively lower pore water to reach
its liquid limit and the decreasing wp values. The variation
of ws is basically independent of the soil’s plasticity
characteristics (Sridharan and Prakash 1998). At lower oil
contents (< 20% by weight of kaolin) the cluster formation
and flocculation effect is believed to allow larger pore
space, thereby increasing the ws (from about 6% to 20%).
On the other hand, palm oil being relatively a viscous (see
Table 1) fluid occupies additional space within the void
thereby limiting the pore space for water in the soil skeleton
at higher oil contents.

Owing to the evaporation of both pore water and palm-
oil in the conventional oven drying method as per the
discussions presented above with TGA data in this paper,
the effect of evaporating oil was captured during the
calculation of water content (using Eq. (1)). In addition to
this, the values of w;, wp, and ws were also calculated based
on the per cent evaporation of palm oil measured in the
laboratory at 105°C for 24 hours. Fig. 5(b) shows the
evaporation of oil expressed as per cent by initial weight of
oil in POMK samples used in the calculations. The w was
then calculated by subtracting the total weight of water lost
with the estimated weight of oil evaporated in the process.
However, no significant differences in the values of wz, wp,
and ws was observed. Nonetheless the wp, and ws values for
K4 was observed to coincide with each other (see Fig.
5(a)). This perhaps marks as the limiting value of palm oil
in POMK samples that can be tested using the standard
laboratory geotechnical testing procedure to determined
Atterberg limits as per ASTM D4318-10.

Fig. 6(a)-6(c) compares the w; and wp values from this
study with the values from the literature. The comparison
was extended over 4 different types of oils including palm
oil from this study, diesel, gas and crude oils from the
literature. The literature selected were limited to fine
grained soils that were classified predominantly under the
clay of low plasticity (CL), silt of high plasticity (MH), and
silt (ML) categories based on the Unified Soil Classification
System (USCS). The w; and wp values were further
normalized with the w; and wp values of the clean soil
samples (zero oil content) respectively for the purpose of
comparison. The observation from Fig. 6(a) and 6(b) shows
a good comparison in the trends of both w; and wp curves
respectively. Irrespective of the type of oil and/or the soil
used, the curves show an initial increase followed by a
decrease in the values of w; which perhaps suggests the
presence of oil to significantly influence the consistency of
the soil sample. Same conclusion can also be drawn based
on the variation of wp curves. To further strengthen the
discussion, the plasticity index (/p) values for the data from

current study and the literature are calculated. Fig. 6(c)
presents the variation of Ip with oil content. Although
observations show random distribution of curves, for
discussion, the variation of the soil samples with palm, gas
oil and diesel can be visualized to be similar, that is an
initial increase followed by dropping Ir values with
increasing oil contents, while the results with crude oil
showed continued decrease in /p values with increasing oil
content. Hence based on the comparison and the discussion,
it is suggested that a further elaborate investigation
considering different types of oil, their physical and
chemical properties is essential.

Reducing /p due to increasing oil content is likely to
promote better compaction because oil potentially alters the
soil’s structural arrangement (Meegoda et al. 1998).
Standard Proctor compaction tests were therefore conducted
on POMK samples to determine the influence of increasing
palm oil content on the molding dry unit weight (y;) and
optimum moisture content (w,) of kaolin. Fig. 7 presents
the compaction curves for POMK samples. The compaction
curve developed for clean kaolin sample (Kop) were
determined from three independent trials, highlighting a
maximum unit weight (Jame) of 13.2 kKN/m? at wey, of
24.7%. The figure also shows tangential lines based on the
Gs of kaolin (2.44) cutting across the compaction curves
which represents the different degree of saturation (S) of the
specimen. A low S observed for the Koo samples prepared at
dry of optimum is a result of relatively large pore spaces
filled with air, due to the irregular soil-particle arrangement
(Yoshinaka and Kazama 1973). Increasing the S through
addition of water in Ky softens the particles by means of
absorption and forms a thin double-layer water film
(Lawton et al. 1992; Sridharan and Jayadeva 1982). Water-
film lowers the resistance to deformation and allows
particles to slide over one another during compaction
(Delage et al. 1996) resulting in a reduction of the void ratio
(e) with increasing w up to wey. Further addition of w
collapses the structure as the water film comes in contact
with adjacent water film layers (Sridharan and Jayadeva,
1982). Collapse of kaolin structure in samples prepared at
wet of optimum form flat edge-to-edge structure in a two-
dimensional arrangement (Yoshinaka and Kazama 1973).
Therefore, samples compacted at wet-of optimum observed
an increase in e and S. Above all, it is important to
comprehend the distribution of voids under wet-of optimum
condition is significantly different to dry-of optimum in
relation to arrangement of particles.

Increasing the palm oil content from 0 to 40% decreased
the y4mex of POMK samples by 16% to about 11.2kN/m3,
The wep to attain ygmex for POMK samples reduced by a
greater margin with increasing palm oil content. For
example, the reduction in wopt for an increase in 10% palm
oil content was observed close to 51%. Subsequent increase
in palm oil content up to K sample revealed 73%
reduction in the required wo, to attain ygma. The reduction
in the compaction characteristics can be associated to the
degree of flocculation of the clay aggregates (Lambe 1958)
due to increasing palm oil. This is also demonstrated from
the overall reduction observed in y; for POMK samples in
comparison with Koo across the molding w. Furthermore,
increasing oil content significantly reduce the pore spaces
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within the soil sample. This further reduced the available
spaces for water in the soil skeleton, thereby reduced the
wopt for psmax of samples with increasing palm oil content.
It can also be argued that the reduction in OMC is a
consequence of reduced capillary forces due to oil-water
repellency (Abousnina ef al. 2015). The results also suggest
the higher viscosity of palm oil (77.2mPa.s) in comparison
to water (1.0mPa.s) may provide better lubrication to
facilitate clay particles sliding over each other. Hence, a
denser packing arrangement of kaolin perhaps require lower
molding w with increasing palm oil content.

Fig. 8(a) and 8(b) compare the yim« and w,, values
from this study with that presented in the literature. The
comparison was extended over three different types of oils
including palm oil — limited to 20% oil content from this
study, and gas and crude oils from the literature. The
literature selected were extended across different soil types
that were classified with in CL, MH, ML, silty sand (SM)
and poorly graded sand (SP) categories from the literature.
The yimar and wep; values were normalized with the
respective yqmax and wyy values of clean soil samples for
comparison. Observation from the figures show good
comparison in the trends for both y4me and wyy. Literature
focusing on crude oil unlike other oil types show higher
Yamax and w,,, values of cleans soils in comparison to oil
mixed soils. Though increasing oil content reduced the
compaction behavior of fine grained soils, a consistent
variation however was noted with other oil types which is
believed to relate with the higher viscosity values of the
crude oil. The reduction in normalized ygm. Of soil with

increasing gas oil (up to 20%) is twice that for crude oil. On
the contrary, the order of oil type is reversed for the wy,, for
the soils respectively. This certainly relates to the
differences in viscosity for the oil type in consideration —
gas oil (1.7-2.0 mPa.s), palm oil (77.2 mPa.s) and crude oil
(20.5-424.0 mPa.s). Lower viscosity of oil tends to show
higher rate of decrease in y4mar, While comparatively lower
rate of decrease in the w,, for fine grained soils used in this
study for comparison. Based on the comparison, it is
apparent that the viscosity of oil perhaps has a major role
dictating the compaction characteristics of oil supplemented
fine grained soils.

5. Conclusions

Following the experimental results and discussions
aided by comparison with literature, it can be concluded
that the supplementation of oil in soil, generally referred to
as oil contamination, pose a significant influence on the
basic properties of fine grained soils. The physical adhesion
of palm oil traces on the particles as estimated in this study
based on the SEM images, which eventually brings the clay
particles together leading to the formation of pseudo-silt
sized clusters. These pseudo-silt sized clusters, in
collaboration with the water repellency nature of oil coating
the clay particles, pose notable variation in the consistency
of the kaolin samples as measured by the variations
observed in Atterberg limits. The consistency limits from
this study further showed good comparison as observed in
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the trends with oil contamination of fine grained soil from
the literature. This evince that the oil coating the soil
particles is most likely to dominate the influence. Results
from the compaction tests signifies the contribution of oil’s
viscosity to influence the compaction behavior of the soil,
owing to decreasing maximum dry unit weight (y4ma) and
optimum moisture content (w,y) values observed in the
experimental results for palm oil and kaolin. Lower
viscosity of oil tends to show higher rate of decrease in
yamax Unlike lower decrease rates in the wopt values for fine
grained soils used in this study for comparison. To this end,
the current experimentation was limited to the condition
where oil interacts with the dry soil particles first (oil
coating soil particles), while it is convincingly true that the
behavior may change when oil interacts with the wet soil —
owing to the oleophilic nature of the kaolin particles, which
certainly requires further consideration and in-depth study.
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