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ABSTRACT

Variations based on the effects of curing time and environmental exposures on the geotechnical characteristics of
some crude oil contaminated soils were investigated. 2 to 10% by weight of crude oil was added to soils as a
simulation of contamination. The contaminated soils were cured under room temperature (unexposed) as well as
outside in the open air (exposed) for 21, 63 and 189 days. Geotechnical, geochemical and mineralogical analyses
were carried out on the contaminated and uncontaminated soil samples. Results indicate that for the unexposed soils,
the LL and PL increased as crude oil concentration (COC) increased up to 4%, above which both decrease. But the
reverse was the case for Pl after curing for 21 days. With increasing curing time to 63 and 189 days, LL and PL both
increased with increase in COC while Pl decreased. The UCS increased with increase in oil content up to 4%, but
decreased as oil content increased above 4%. Furthermore, UCS decreased with increase in curing time. Across all
curing periods, MDD increased upon addition of crude oil up to 4%, thereafter it decreased with increase in COC. The
hydraulic conductivity decreased with increase in COC and curing time. For the exposed soils, LL, PL and PI all
increased upon addition of crude oil up till 4% before decreasing as the amount of oil increased above 4% for the
curing duration of 21 days. For 63 and 189 days, LL and PL decreased while PI increased. Maximum dry density
(MDD) showed same variation trend in exposed soils similar to that shown by the unexposed soils. Hydraulic
conductivity increased with increase in COC and curing time. Thus, crude oil is observed to be capable of altering the
geotechnical properties of soils exposed to it. Furthermore, contaminated soils exposed to the open air and longer

curing time were significantly modified than the unexposed variant and with reduced exposure time.
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INTRODUCTION

Hydrocarbon pollution of soil can occur in several ways,
from natural seepage in areas where petroleum is found
in shallow reservoirs, to accidental spillage of crude oil.
Nigeria experiences a high frequency of oil spills in
different parts of the country, and most of the cases of
crude oil contamination in Nigeria especially in the Niger
Delta region are caused by sabotage and negligence
(Otunyo, 2010). According to lloeje and Aniago (2016),
crude oil has been implicated as a major source of
contamination resulting in building failure owing to the
reduction in some critical geotechnical properties of the
contaminated soil. Yaji et al. (1997) reported that the
failure of three industrial buildings in India was due to
large settlements of soil caused by accidental spillage.
Furthermore, the presence of crude oil contaminated
layer under footings results in decrease in bearing
capacity ratio (CBR) and increase in settlement.

Several research efforts to investigate the effects of
hydrocarbon on the engineering characteristics of soils
have been undertaken. Evgin et al. (1992) performed a
series of triaxial tests on contaminated and

uncontaminated clean sands with results showing that
the oil-saturated samples drastically reduced the friction
angle for loose and dense samples while it apparently
increased the volumetric strain. These findings also
suggested that settlement of footing would increase as a
result of oil contamination. Shin et al. (1997) studied the
load capacity for oil partially saturated sand at oil
content up to 6% with results indicating drop in load
capacity with increase of oil content. Investigations into
the effect of crude oil on geotechnical properties of
sandy soil and clay by Khamehchiyan et al. (2007)
showed that the Atterberg limits decreased with the
increase in oil percentage while increase in oil content
also caused decrease in maximum dry density, optimum
water content, porosity and shear strength. Adejumo
(2012) studied the effects of crude oil contamination on
the geotechnical properties of soft clay soils of Niger
Delta region of Nigeria. The laboratory investigations
carried out on the soil — crude mixtures indicated that
the crude oil caused 17.9% increase in the Liquid limit,
6.9% increase in the plastic limit and 37.5% increase in
the plasticity index. A corresponding increase in bulk
density with increase in sorption time was observed.
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However, the porosity, and swelling pressure of the
contaminated soils decreased with increase in both
sorption time and crude oil content, while the undrained
shear strength of the soils fluctuated. Ojuri and Ogundijo
(2012) worked on ‘Modeling Used Engine Oil Impact on
the Compaction and Strength Characteristics of a
Lateritic Soil'. Their study simulated an oil contaminated
site by mixing 2, 4, 6, 8 and 10% of used engine oil by
dried weight of the soil with lateritic soil samples
collected in Akure, Southwestern Nigeria. The oil
contaminated soils indicated lower Maximum Dry
Density (MDD), Optimum Moisture Content (OMC),
Unconfined Compressive Strength (UCS) and California
Bearing Ratio (CBR) compared to the uncontaminated
soil. Regressive models for the estimation of compaction
and strength characteristics for this type of ferrallitic
lateritic soils were established. Jonathan (2013) also
carried out a laboratory based experiment to find out the
effect of light crude oil contamination on the
geotechnical properties of kaolinite clay soil. The
contaminated soil was prepared by adding different
percentages of the light crude oil (2%, 5%, 8%, 10%,
15% and 20%) measured by weight of the dry soll
sample and thoroughly mixed until a uniform state of
mixture was achieved. The classification results showed
that crude oil contamination caused an increase in linear
shrinkage, liquid limit, plastic limit and plasticity index
between 0% to 20% contaminations. The compaction
result showed that there was an increase in maximum
dry density while the optimum moisture content
decreased between 0% and 15% of crude oil
contamination. It was observed that the soil could not
compact at 20% contamination and above. Also, the
coefficient of permeability increased with increase in the
percentage of crude oil contamination while the
coefficient of consolidation value (Cv) increases with
increase in the percentage of contamination. There was
a decrease in the cohesion value and the frictional angle
due to the introduction of the crude oil into the soil.
Ukpong et. al., (2015) studied the effects of oil spills on
the geotechnical properties of lateritic soils in Okorete
town, eastern Obolo Local Government Area of Akwa
Ibom state, Nigeria. They collected soil samples from

both the normal soil and contaminated area where there
was oil spillage using hand auger. The samples were
oven dried, and several geotechnical tests such as
compaction, sieve analysis, California Bearing Ratio and
Atterberg limits were carried out. They found out that
there was a reduction in the percentage of fines with
increase in the oil content. This was due to the oil which
clogged to the different particles and prevents them from
successfully passing through each stack of sieve. The
optimum moisture content (OMC) and the Maximum dry
density (MDD) reduced from 11.40%, 1.989/cm3 to
9.50%,1.81g/ cm® respectively. This was believed to
have been caused by the crude oil content in the soil
which coats and agglomerates the lateritic soil particles
thereby reducing the specific surface area. This in turn
leads to the reduction in the bonding strength of the soil.
It was also observed that the liquid limit (LL) of the
contaminated soil reduced from 29.00 to 16.04 and this
was attributed to the alteration of the cohesive bonds
and forces that exist between the particles of the soil.
Similarly, there was a reduction in the California Bearing
Ratio (CBR) values of the contaminated soils samples
compared with the uncontaminated samples.

However, despite studies already undertaken by several
researchers, not much has been done to understand the
effects of curing time (ageing), curing environment
(exposure) as well as variation in oil content (quantity)
on the geotechnical properties of the oil contaminated
soils. Therefore, this study investigates the variations in
geotechnical characteristics of crude oil contaminated
soils under different curing and environmental conditions
in addition to the quantity involved.

MATERIALS AND METHODS

Clay soil samples were collected from Omi-Adio,
southwestern Nigeria at 1.0m depths in trial pits
established for that purpose (Fig. 1). Index properties
including consistency limits, grain size distribution and
specific gravity of the soils were determined using BS
1377 (1990) standard test procedures. Furthermore,
compaction, unconfined compressive strength (UCS),
and permeability (using falling head permeameter) tests
were also carried out prior to contamination of the soil.
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Fig. 1: Map of the study area

The contaminant (crude oil) used for this study was
obtained from Bodo West field, Okrika, Rivers state,
Nigeria. The physiochemical properties of the crude oil
are presented in Table 1. The contaminant is classified
as light crude according to the America Petroleum
Institute (2011) since it has an API gravity value of

Table 1: Properties of crude oil (Oyediran and Enya, 2020)

37.78. America Petroleum Institute (2011) classified
crude oil samples greater than 31 as light crude. Crude
oil sample are classified as sweet if its sulphur content is
less than 0.5% and as sour if its sulphur content is
greater than 0.5%. With reference to the sulphur
content, the contaminant is sweet crude

Contaminant Specific Viscosity at Sulphur Content API Gravity Pour
Gravity 40°c (cst) (%wt) (gm/ml) Point (°c)
Crude oil 0.8359 25 0.139 37.78 0.91

2, 4, 8 and 10 percent by weight of crude oil was mixed
thoroughly with the soil samples as a simulation of
spillage and allowed to cure for 21, 63 and 189 days in
order to determine its long term effects on the soil. A set
of twelve contaminated samples was cured in the open
(exposed) to atmospheric conditions, while the second
set (12) was cured under room temperature
(unexposed) in the laboratory under room temperature.

The mineralogical and chemical compositions of the soil
were determined using the X-ray diffraction (XRD) and
X-ray fluorescence (XRF) methods respectively at XRD
Analytical and consulting cc, South Africa. After milling,
the material was prepared for XRD analysis using a
back loading preparation method. It was analysed with a
PANalytical EMPyrean diffractometer with PIXcel
detector and fixed slits with Fe filtered Co — Ka radiation.
The phases were identified using X’pert Highscore plus

software. The relative phase amounts (weight %) was
estimated using the Rietveld method.

RESULTS

Summary of the results of the analyses carried out on
the uncontaminated soil are presented in Table 2, while
details of the contaminated soils (exposed and
unexposed) can be found in Appendix 1 and 2.

GRAIN SIZE DISTRIBUTION (GSD)

The uncontaminated soil is a well graded soil consisting
of gravel (1.09%), sand (16.88%), silt (28.03%), clay
(54.0%) and high amount of fines (82.03%).

CLASSIFICATION

The uncontaminated soil properties (Table 1.) Show
that the soil is an inorganic clay soil of high plasticity
(CH), while based on AASHTO classification the soil
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falls under the A-7-5 group. The soil is well graded with
high amount of fines.

SPECIFIC GRAVITY AND NATURAL MOISTURE
CONTENT

The soil possesses specific gravity of 2.77 making it a
potentially durable construction material, with a natural

moisture

Table 2: Summary of Uncontaminated soil Properties

content

Characteristics Parameter Uncontaminated
Soil
Gravel 1.09
Sand 16.88
Grain Size Distribution (%) Silt 28.03
Clay 54.00
Fines 82.03
Liquid Limit 54.00
Consistency Limits (%) Plastic Limit 29.90
Plasticity Index | 24.10
Natural Moisture Content (%) 21.88
Specific Gravity 2.77
Classification USCS OH
AASHTO A-7-5
Compaction OMC (%) 20.50
MDD (gm/cc) 1.56
Permeability K (cm/s) 9.73x10”
Strength UCS (KN/m°) 4.15
SiO, 40.23
TiO, 1.00
AlO, 26.89
Fe,O; 15.06
MnO 0.05
MgO 0.17
Major Elements (% g/g) CaO 0.13
Na,O 0.11
K,O 0.07
P,O5 0.03
Cry,05 0.03
SO, <0.01
LOI 15.32
Cu 50.6
Ni 11.51
Trace Elements (mg/kg) Pb 137
Zn 814
Quartz 4.83
Mineralogical Composition Hematite 5.72
(%) Kaolinite 93.42
Anatase 0.29

Consistency limits

The presence of crude oil in the unexposed soil after
curing for 21 days resulted in an increase in liquid limit
(LL) and plastic limit (PL) with increase in crude oil
content (COC) up to 4%, after which, both limits
decreased. Meanwhile, the plasticity index (PI)
decreased with addition of crude oil up to 4%, after
which it increased as COC increases. With increase in
curing time to 63 days, the LL and PL increased further
with increase in COC while the PI decreased.

of

21.88%.

Furthermore, the LL and PL increased as the oil content
increased while the Pl decreased as the curing time
reached 189 days (Fig. 2). In the exposed samples (Fig.
3), the LL, PL and PI after 21 days generally increased
as crude oil were initially added to the soil. However,
above 4% COC, the LL, PL and Pl decreased. After
curing for 63 days, the LL and PL decreased as COC
increased while the PI increased at all percentages of
contamination. A similar trend was observed as the
curing time reached 189 days
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Fig. 2: Variations in Consistency limits of the unexposed soils
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COMPACTION CHARACTERISTICS

The addition of crude oil up to 4% resulted in an initial
increase in MDD across all curing periods, after which it
decreased upon further addition of crude oil (8-10%).
This trend was noticed for both the unexposed (Fig. 4a)
and exposed soils (Fig. 4b). Generally, at each
percentage of contamination, the MDD tends to increase
as the curing time increased. For the first curing period
of 21 days for the unexposed soil, at 2 and 4% COC, the
MDD increased at OMC of 18.3% and 19.3%
respectively. As COC increased to 8 and 10%, there
was a drop in MDD at OMC of 18.7% and 14.3%
respectively. Similarly, as the curing period increased to
63 days, with 2% and 4% crude oil added, the MDD
increased at OMC of 23% and 19.5% respectively. With
increase in oil content (8-10%), MDD decreased at OMC
of 20.7% and 21.3% accordingly. For 189 days, the

MDD at 2 and 4% COC also increased with OMC of
22% and 25% respectively. However, further increase
in COC (8 — 10%) resulted in a decrease in MDD with
OMC of 24.4% and 20.2% respectively. For the exposed
samples, MDD increased with OMC of 21% and 23% at
2% and 4% COC after 21 days of curing. Thereafter, it
decreased at 8% and 10% COC with OMC of 21.6% and
21.3% respectively. With increase in curing time up to
63 days, MDD increased with OMC of 21.3%, and
13.7%, but later decreased with OMC of 21.7% and
20.3% respectively when 8% and 10% more of crude
was added. Furthermore, as the oil-soil contact time
reached 189 days, with 2% and 4% COC, MDD
increased with OMC of 19% and 17.3% respectively. It
then decreased upon further addition of crude oil (8%-
10%) with OMC of 23% and 21% respectively.
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PERMEABILITY CHARACTERISTICS concentration of crude oil and curing time (Fig. 5a). But
The permeability or hydraulic conductivity (HC) of the increased as the curing time and oil content increased in
unexposed soils decreased with increase in the exposed soils (Fig. 5b).
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Fig. 5: Variations in Hydraulic conductivity of a) unexposed soils b) exposed soils

STRENGTH CHARACTERISTICS decreased as the curing duration increased (Fig. 6a).
The UCS of the unexposed samples increased with For the exposed soils, UCS increases with increase in
increased COC up till 4%, after which it decreased with COoC and curing time (Fig. 6b).

further increase in the COC. Furthermore, the UCS
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MINERALOGY most abundant clay mineral in the soil. This composition
Due to their mode of formation, clay minerals strongly makes the soil less reactive compared to soils
reflect the character of their parent or source materials composed of montmorillonite minerals (Broderick and
and the climatic conditions that existed during Daniel, 1990). However, the addition of crude oil to the
weathering (Friedman and Sanders, 1997). In terms of soils brought about changes in the mineralogy of the
composition, the soil contains Quartz, Hematite, soils. Figure 8 shows representative diffractograms of
Kaolinite and Anatase (Fig. 7). Kaolinite (93.42%) is the unexposed and exposed contaminated  soils.
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Fig. 8: Representative diffractograms of unexposed and exposed contaminated soils
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CHEMICAL COMPOSITION

The XRF analyses show SiO, (40.23%g/g), AlO;
(26.89%4/g), and Fe,03 (15.06%g/g) as the abundant
major elements while trace elements including Cu
(50.6mg/kg), Ni (11.51mg/kg), Pb (13.7mg/kg), and Zn
(81.4mg/kg) are also present in the soil.

DISCUSSION

The plastic property of clayey soils is controlled by the
orientation of water around the clay particles (Das,
1994). The presence of hydrocarbon, which is a non—
polarized liquid, acts like adsorbed water (i.e. with
electrostatic effect and possible chemical interactions)
and causes the reduction in the thickness of water film
around clay minerals. Oluremi et al. (2017) mentioned
that the addition of crude oil to the soil caused micro
structural transformation of the soil, which leads to inter
layer expansion within the clay minerals. According to
Akinwumi et al. (2015), the increase in the LL of the soil
is due to the presence of crude oil, which might have
enveloped both the clay minerals of the soils and the
adsorbed water bonded to its surfaces resulting in
increase in LL and PL.

Furthermore, the increase in LL is attributable to the
dispersion of clay particles. Rao and Mathew (1995)
stated that clay particles become dispersed when they
interact with chemicals. Due to the dispersion and
deflocculation of clay particles, the geotechnical
properties of clays are significantly changed, hence the
increase in the consistency limits of the soils. Meegoda
and Ratnaweera (1994) also reported that fluid viscosity
can affect the Atterberg limits of soils. Crude oil has
higher viscosity than water; this high viscosity and
surface tension would promote retention of oil between
soil particles, hence the change in consistency limits
values. Moreover, increase in PL could have been as a
result of organic particles being absorbed on mineral
surfaces of the soil thereby modifying both the
properties of the soils and the organic material itself
(Mitchel, 1976). According to Jonathan (2013), increase
in LL and PL is accounted for by exchangeable or bond
cations on the surface or inter — layer of clay particles
due to the contamination. The presence of crude oil
reduces amount of water and enhances cohesion. The
extra cohesion provided to the clay soil by the crude oil
also contributed to the increase in the liquid limit. The
increase in PL also implies that the addition of crude oil
into the soil altered the pore fluid chemistry and caused
the replacement of cations resulting in physiochemical
interactions between the soil particles. But as the
percentage of crude oil increased above 4%, the soil
samples appear aggregated, resulting in decrease in the
PL and LL observed after curing for 21 days. Jesna and
Hari (2015) also suggested that the decrease in PL is
due to the alteration of the cohesive bonds and forces
that exist between the particles of the soils. Moreover,
the Pl initially decreased with addition of crude oil up to
4% after 21 days. However, further addition of crude oil
(8 and 10%) resulted in increase in the PI of the soils. In
addition, as the curing period increased to 63 and 189
days, PI also decreased further. The decrease in Pl is
thought to be indicative of the problematic nature of clay
soils.

In the exposed soils (Fig. 4), the LL, PL and PI after 21
days generally increased upon initial addition of crude oil
to the soil. However, above 4% COC, the LL, PL and PI
decreased. After curing for 63 days, the LL and PL
decreased as COC increased while the Pl increased at
all percentages of contamination. A similar trend was
observed as the curing time reached 189 days. Arasan
(2010) noted that the definition of the geotechnical
properties of clays at laboratory temperature is far from
mimicking in-situ conditions. Besides the effect of the
crude oil; exposing the soils to adverse weather
conditions with ingress of sun, rainfall and excessive air
also contributed to the variations in the consistency
limits of the contaminated soils. Kurt et al. (2007)
indicated that the LL of clayey soil decreased with
increasing concentration and temperature of NaCl and
KCI salt solution. These observed variations in response
of the consistency limits in the exposed samples may
also be attributable to effect of evaporation and moisture
variation resulting from the rise and fall in the
temperature of the environment and distribution of
rainfall.

Moore and Mitchell (1994) attributed increase in shear
strength of soil specimens contaminated by organic
chemicals to the decrease in dielectric constant of the
pore fluid. The initial increase in the strength of the soill
samples is tied to agglomeration of the soil particles
bonded together by oil film to form a larger but weakly
bonded soil matrix which initially resisted the impact of
the loading but thereafter failed with increase in oil
content which has weakened the interstitial force of
cohesion between the soil particles (Oluremi et al.,
2015). Crude oil is rich in hydrogen, and when in contact
with soil particles there may be an exchange of divalent
ions of the soil particles by monovalent hydrogen ions of
the crude oil, which may weaken the soil, giving rise to
decrease in unconfined compressive strength.
Ratnaweera and Megoda (2006) further attributed the
observed reduction in shear strength and stress-strain
behaviour of clay soils to a combination of two
mechanisms; (a) reduction in frictional properties at
particle contacts resulting from changes in mineral-pore
fluid-mineral interactions which might be due to the
lubrication occurring at particle contacts leading to
reduction in maximum post consolidation pressure, (b)
changes in the physiochemical interaction which results
from changes in the dielectric constant of the pore fluid.
According to Gens (2001), with increasing amount of oil
in the soil, the degree of pore fluid saturation increases,
leading to reduction in soil strength. Between the
particles of cohesive soils, are inner cohesive forces
responsible for their shear strength. It has been noted
that the presence of sand particles in cohesive soils
inhibit the cohesiveness of the Kaolinite plate resulting in
weakly developed structure which gets weaker in
strength (Resende et al., 2005).

Viscosity, surface tension and dielectric constant of oil
are factors affecting the compaction characteristics of
oil-contaminated soils (Meegoda et al. 1998). The initial
increase in MDD is attributed to the lubricating effect of
the oil. The viscosity of the crude oil is higher than that
of water; therefore as the pore fluid changes from water
to crude oil, it tends to lubricate the soil. During
compaction, high viscous fluids provide good lubrication
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for the soil particles, which was used to overcome the
inter-particle forces and slide against each other to
produce better compaction characteristics. Increase in
MDD is due to the lubricating action resulting from the
addition of crude oil into the soil, which facilitates
compaction and reduces the amount of water needed to
reach MDD (Al-Sanad et al., 1995). However, the
lubricating effect ebbed out at oil content above 4%
when the soil particles were fully coated with oil, which
occupied the void spaces hindering the compaction
process. This indicates that too much oil is already
present in the soil to achieve effective compaction.
Jonathan (2013), opined that the crude oil covered the
points of contact on the clay molecules that were
frequently taken up by water molecules with more stable
ions thereby affecting the engineering performance of
the soil and reducing the desire of clay for dissociating
water molecules, thus resulting in increase in the time it
will take for clay soils to compact, and the soil will
require more compactive effort to reach its desired
compaction. Furthermore, the decrease in MDD is
attributable to the lower dielectric constant of crude oil
compared to water. Different soil structures are formed
when soils are contaminated with organic liquids. This is
due to the physico-chemical interactions of soil-liquid
system. With lower dielectric constant of a pore fluid, a
weaker physico-chemical interaction is established
which causes soils to exhibit dispersed structure which
reduces the dry density of the soil (Rasheed, 2014).
Khamehchiyan et al. (2007) stated that increase in oil
content reduces the contact of soil particles and water
thus reducing the capillary tension force. This results in
a decrease in the MDD of the soil. In addition, Al-Rawas
et al. (2005) suggested that oil contamination and
presence of water caused separation of voids, resulting
in reduction in MDD. Moreover, Akinwumi et al. (2014)
tied the drop in MDD to the hydrophobic nature of crude
oil. The oil coats itself around the individual clay
particles, restricting the contact between particles in soll
and water, thereby reducing the density of the soil.
Furthermore, Ukpong and Umoh (2015) aligned the
reduction in MDD with the absorption of higher
molecular weight components into the soil, which
caused wettability to change from water-wet to oil-wet.
This created an adsorbed layer around the soil particles
that is not water soluble and not displaced by water. The
oil coats and agglomerates the soil particles thereby
reducing the specific surface area and in turn reduces
the MDD. Oluremi et al. (2015) also mentioned that
alteration of the morphological state of the clay minerals,
which act as binding medium in the soil due to presence
of organic fluids results in a dispersed structure
responsible for the drop in MDD of the soil.

Pore clogging and high viscosity of oil are possible
reasons for the decrease in hydraulic conductivity of
contaminated soil (Park et al., 2006). It is believed that
as the curing time increased the viscosity of the oil also
increased resulting in reduction in the pore volume of
the soils due to trapped crude oil within the soil particles.
In addition, the continuous interaction between the soils
and crude oil may have brought about shifts in pore
shapes and size distributions due to dynamic kneading
resulting in reduced connected voids. Dragun (1998)
and Rao and Mathew (1995) also attributed the
decrease in HC to dispersion and deflocculation of clay.
Furthermore, Mitchell (1993) indicated that the HC of

clays can be strongly influenced by the clay-fluid system
interaction. The thickness of the diffused double layer
(DDL) is an important controlling factor for the structural
development, hydraulic conductivity and other physico-
chemical and mechanical properties of the soil (Fukue et
al.,, 1999). Van Olphen (1963) opined that the thickness
of the DDL around clay particles is controlled by the
concentration of salt and type of cation(s) in the soil
water. Arasan (2010) also noted that the thickness of the
DDL might be influenced by some factors including the
dielectric constant of the medium, cation valence,
concentration of electrolytes etc. According to the Gouy-
Chapman theory, the thickness of the DDL decreases as
the ion concentration increases, resulting in flocculation
of the clay particles and larger pore channels through
which flow can occur (Gleason et al., 1997 and Kaya
and Durukan, 2004).

Furthermore, in the double layer theory, Mitchell (1993)
maintained that a decrease in fluid’s dielectric constant
decreases the thickness of the double layer. Therefore,
the increase in permeability may be attributed to the
reduction or shrinkage of the double layer surrounding
the clay particles, which is caused by the reduced
dielectric constant of crude oil, compared to that of
water. As the soil shrank, micro pores and cracks were
formed, giving rise to increase in HC of the soils.
Bowders and Daniel (1987) further suggested that
reduction in the thickness of DDL as a result of
contamination causes the soil skeleton to shrink,
resulting in a decrease in repulsive forces, flocculation of
clay particles and dehydration of interlayer zones of
expandable clay that becomes gritty or granular. As the
repulsive forces decreased, the soil particles tends to
flocculate and form aggregates due to attractive forces
among particles, leading to a net increase in the
effective flow area (Kaya and Fang, 2000). Badv and
Omidi (2007) explained that increase in permeability
may be due to the contraction of double layer and
increased pore spacing resulting from the adsorption of
divalent cations into the soil matrix. Compaction of the
soil may have engendered cracking of the weak
substrate of the soil resulting in the formation of new
macro pores with high permeability (Oyediran and
Olalusi, 2017). Also, the dissolution of clay minerals in
the soil by crude oil as the pore water is replaced by
crude oil may also have led to increase in pore spaces,
hence increase in

The variation of Quartz and Kaolinite in the presence of
crude oil in the soil resulted in an inverse relationship.
As the quartz content increased, the Kaolinite content on
the other hand decreased. The samples with the highest
concentration (10%) of crude oil suffered the largest loss
in Kaolinite content with a corresponding largest
increase in Quartz content. Resende et al. (2005)
opined that the presence of sand (which is associated
with Quartz) particles in cohesive soils inhibit the
cohesiveness of the Kaolinite plate resulting in weakly
developed structure which gets weaker in strength.
Therefore, the inverse relationship between Quartz and
Kaolinite as observed in this study supports the trend of
variation in the unconfined compressive strength (UCS)
of the studied soils where samples with high quartz and
low kaolinite content tend to exhibit lower UCS values
compared to those with low Quartz and high Kaolinite.
The oxide composition indicates that the SiO, content
accounts for the quartz and sand size fraction present in
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the soil while the Fe,O3 may not be unconnected with
hematite. Kostecki and Calabrese (1991) noted that
crude oil contains a number of heavy metals such as
nickel, vanadium, zinc, lead etc. that may form new
compounds when in contact with soil minerals leading to
changes in the thickness of the diffused double layer of
the soil. The alteration in mineralogical and chemical
composition of the soil is believed to have contributed
immensely to the varied responses observed in the
geotechnical properties of the studied soils

The most abundant mineral in the soil is Kaolinite. This
is attributable to weathering of aluminium silicate
minerals like feldspar in parent materials. The
abundance of Kaolinite in the soil implies that the clay
will exhibit low to moderate shrinkage on drying and low
to moderate expansion on wetting (Oyediran and
Olalusi, 2017). Furthermore, high Kaolinite content in the
soil may be associated with well-drained environment
and low swelling potential. Mesida (1985) mentioned
that the amount and type of clay minerals present in
soils affect their geotechnical properties. High swelling
clays such as the smectites are more prone to mineral
transformation and collapse than mixed clay mineral
assemblages and the low swelling lllite and Kaolinite
clay groups (Batchelder and Cressey 1998). Quartz is
known to be resistant to chemical weathering, its
presence accounts for the sand content of the soil while
the occurrence of hematite in the soil may not be
unconnected with the environment of deposition of the
soil.

CONCLUSIONS

Variations in the geotechnical properties of crude oil
contaminated Lateritic clay soils with emphasis on the
effects of curing environment and time have shown
varied responses which are attributable to the different
mineralogical and chemical compositions of the soil, the
lubricating effect of the oil, expansion of the diffused
double layer of the soil, and replacement of the soil pore
fluid by crude oil. This is in addition to the increased
contact time of the oil with the soil.

For the unexposed samples, the LL, and PL increases
as COC increased up to 4%, above which both
decrease, but the reverse was the case for Pl after
curing for 21days. With increase in the curing time to 63
and 189 days, LL and PL both increase with increase in
COC while Pl decreased. The UCS increase with
increase in oil content up to 4%, but decreased as oil
content increased above 4%. Furthermore, UCS
decreased with increase in curing time. Across all curing
periods, MDD increased upon addition of crude oil up to
4%, thereafter it decreased with increase in amount of
oil. The hydraulic conductivity decreased with increase
in crude oil concentration and time.

For the exposed soails, LL, PL and PI all increased upon
addition of crude oil up till 4% before decreasing as the
amount of oil increased above 4% for the curing duration
of 21days. For 63 and 189 days, LL and PL decreased
while Pl increased. UCS increased with increase in
amount of oil and time. Maximum dry density (MDD)
showed same trend of variation as the unexposed
samples. Hydraulic conductivity increased with increase
in amount of crude and curing time.

The study attempted to mimic and simulate field
situation/condition while comparing it with laboratory

situation to ascertain the influence of environmental
factors and oil-soil contact time on a contaminated soil.
The results of this study will be useful to engineers who
may want to consider reuse or application of crude oil
contaminated soils for any construction purpose as it is
unsafe to use such soils without understanding the
alterations that have taken place in their engineering
properties. The geotechnical properties of crude oll
contaminated unexposed clays (confined to room
temperature) is far from mimicking in-situ conditions and
hence results obtained must be carefully considered.
Conclusively, crude oil is capable of modifying the
geotechnical properties of soils in contact with it.
Furthermore, contaminated soils exposed to the open air
and longer curing time are significantly modified than the
unexposed soils.
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Appendix 1: Details of geotechnical, chemical and mineralogical parameters for unexposed contaminated soils

Characteristic Parameters Contaminated
Sample type
Yo 2% 4% 8% 10%
Days 21 63 189 21 63 189 21 63 189 21 63 189
GSD (%) Gravel 1.41 2,18 1.61 161 1.68 0.66 0.93 0.79 0.07 1.3 119 0.75
Sand 17.91 1228 14.77 14.16 11.42 7.5 14.01 13.74 13.71 17.83 9.86
Silt 53.55 58.69 74.51 65.18 56.4 70.74 64.56 64.79 54.22 6037 53.65 68.72
Clay 2713 26.82 9.11 29.05 30.5 211 20.5 17.68 32 20.5 3531 19.54
Fines 82.46 85.51 83.62 84.23 86.9 91.84 85.06 8247 86.22 80.87 88.99 86.26
NMC (%) 17.44 11.89 2.73 19.79 14.16 5.45 21.08 19.27 1133 21.85 2177 18.25
SG 2.75 271 2.59 2.74 2.63 2.57 2.58 2.54 2.46 251 2.5 24
CS (%) LL 56 72 62 56 57 64 54 52 53 62 61 60
PL 353 43 62 3713 35 64 24 31 53 27 35 60
PI 20.7 29 35 18.87 22 299 30 21 235 24 28 28.7
Compaction OMC (%) 183 23 22 19.3 19.5 203 18.7 20.7 244 14.3 213 202
MDD (gm/cc) 1.578 1.614 1.57 1.574 1.603 1.557 1.528 1.5 1.473 1.526 1.5 1.454
Permeability K (emis) 2.79x10°° 2.19x10° 6.76x10° 5.78x10°  6.56x10 1.64x10° 6.99x10° 7.71x10°  3.78x10° 2.86x10°  3.55x10° 1.39x10°
Strength UCS(KN/m:) 17.04 5.47 531 24.62 4.41 9.79 21.14 3.56 4.62 13.96 3.06 10.11
Si0, 36.45 36.15 38.45 40.45 39.45 41.05 41.13 40.13 41.73 40.19 40.2 411
TiO, 0.77 0.79 0.89 0.97 0.97 0.77 0.88 0.97 091 0.98 0.96 0.56
AlO; 25.84 26.74 26.73 28.49 29.9 29.92 27.86 27.8 285 2133 2133 21.93
Fe,05 21.27 20.27 22.77 14.01 1421 17.71 10.55 12.53 11.83 18.03 18.01 18.91
MnO .14 .17 .14 .0 0.04 .03 .03 .03 .03
Major elements MgO .27 .24 .24 .15 0.16 .19 .19 7 .07 .07
(% g/g) CaO . .44 .34 3. 0.1 .12 .12 .09 .07 .07
Na,0 . . 3 . . .1 .02 .01 .01 .07 .05 .02
K0 X . X .05 .06 .06 .06 .06 .06 )4 .06 .08
P,05 . .25 .25 .16 .16 .16 .02 .03 .03 .03 03 .03
Cry0y .05 . .| .04 .04 .04 .03 .03 .03 .05 .06 .06
SO, <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Lot 12.81 11.81 12.01 14.65 14.6 14.7 17.77 16.87 1537 16.8 16.8 15.8
Trace elements Cu 28.9 27.9 219 44.4 41.4 40.4 36.1 30.1 20.1 89.2 89.2 82.2
(mg/kg) Ni 84.7 843 82.3 100 98.9 90.9 87.8 87.6 70.6 117 11.19 11.19
Pb 50.9 50.5 515 50.5 10.6 30.6 69.8 68.8 28.8 192 19.4 18.4
Zn 125 12.2 16.2 84.9 84.5 80.5 61.7 62 60 115 116 10.6
Mineralogy composition Quartz 2.55 4.25 4.95 2.58 211 317 7.96 7.01 7.56 18.78 1551 17.18
Hematite 8.52 9.09 9.92 3.83 3.63 3.77 4.32 331 43 6.79 4.89 5.19
Kaolinite 86.39 87.18 86.19 93.58 94.21 93.18 86.66 89.16 87.46 73.41 78.77 78.4
Anatase 0.54 0.5 0.55 0 0 0 1.06 0.52 1 1.03 0.83 113
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Appendix 2: Details of geotechnical, chemical and mineralogical parameters for exposed contaminated soils

Characteristic Parameters Contaminated
Sample type

Yo 2% 4% 8% 10%
Days 21 63 189 21 63 189 21 63 189 21 63 189
GSD (%) Gravel 1.49 0.99 0.04 0.2 1.83 0.33 0.64 0.52 0.85 1.81 1.14 1.92
Sand 18.5 17.89 19.68 14.25 12.33 15.84 13.34 14.93 16.52 17.35 15.87 20.69
Silt 53.47 54.58 65.18 54.05 56.34 69.73 64.92 67.01 62.09 47.84 60.45 52.85
Clay 26.54 26.54 15.1 315 295 14.1 21.1 17.54 16.54 33 22.54 24.54
Fines 80.01 81.12 80.28 85.55 85.84 83.83 86.02 84.55 78.63 80.84 82.99 77.39
NMC (%) 33.19 40.77 23 35.78 38.49 1.68 39.61 3511 4.33 37.21 37.22 7.59
SG 2.68 2.76 2.66 2.59 2.51 2.56 247 2.76 277 2.59 2.68 2.78
CS (%) LL 90 54 51 60 47 57 62 52 53 63 55 54
PL 45.65 29 32 38.1 25 42.6 26 25 16.1 30.6 23 315
PI 4435 25 19 219 22 14.4 36 27 36.9 324 32 225
Compaction OMC (%) 21 21.3 19 21.6 13.7 17.3 213 21.7 23 16.7 203 194
MDD (gm/cc) 1.574 1.599 1.593 1.53 1.699 1.644 1.546 1.58 1.481 1.61 1.56 1.64
Permeability K (cm/s) 1.37x10° 4.16x10° 1.28x10° 5.79x10°  1.37x10° 1.6x10°  6.29x10°  4.02x10° 7.05x107 6.99x10°  4.91x10° 1.55x10°
Strength UCS (KN/m?) 6.46 0.3 9.03 6.73 0.71 8.35 2.49 1.42 15.03 2.03 0.72 27.15
i0, 37.07 37 36 39.85 39.85 39.65 38.67 38.68 38.44 3829 38.22 36.62
0.81 0.8 0.81 1 1 1.1 1.06 1.07 1.37 1.06 1.44 1.24
30.05 31.06 30.06 28.22 28.22 28.02 26.88 26.78 26.18 25.36 25.56 25.16
16.63 15.63 15.92 14.72 14.79 14.79 17.21 17.31 17.11 19.82 19.42 19.82
0.1 0.11 0.11 0.03 0.03 0.03 0.03 0.03 0.03 0.05 0.04 0.04
Major elements 0.67 0.47 0.47 0.84 0.74 0.74 0.2 0.1 0.4 0.16 0.14 0.14
(% g/g) 0.11 0.1 02 0.13 0.15 0.25 0.25 0.26 0.26 0.13 0.16 0.16
0.12 0.14 0.14 <0.01 <001 <0.01 0.15 0.17 0.15 0.09 0.09 0.05
0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.07 0.07 0.06 0.06 0.06
0.03 0.05 0.05 0.02 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
0.04 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.05 0.05 0.05
<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
13.55 12.55 12.65 13.61 13.54 13.94 13.62 13.62 14.33 13.34 13.34 13.34
Trace elements 29.5 29 23 22.5 23.5 21.5 60.1 61.5 60.5 66.5 65.2 61.2
(mg/kg) 81.3 81.5 82.5 73.2 73.2 75.2 109 10.14 11.14 123 12.73 11.73
36.4 36.4 46.4 154 25.2 21.2 127 12.7 16.7 216 213 20.3
109 10.4 17.4 128 12.2 17.2 91.6 92.3 90.3 127 12.4 11.4
Mineralogy composition Quartz 0.97 0.89 1.48 2.69 2.48 2.64 4.37 4.37 4.87 6.13 6.54 6.83
Hematite 2.79 2.48 3.39 4.17 3.78 4.37 4.97 3.97 4.93 8.8 8.02 8.92
Kaolinite 96.24 96.63 339 93.14 93.74 4.37 90.31 91.15 493 84.27 84.83 8.92

Anatase 0 0 0 0 0 0 0.33 0.15 0.61 0.8 0.61 0.25




