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Abstract: Due to urbanization and population growth, the
redevelopment of contaminated areas has become popular.
Engine oil, used for lubricating various engines, absorbs addi-
tional components from wear. Although used oils can be
recycled if collected properly, they are often dumped, leading
to groundwater and soil contamination. When incorporated
into natural soils, these materials deteriorate environmental
quality and adversely impact the geotechnical performance
of the soil. This study investigates the impact of waste engine
oil (EO)-contaminated kaolin (0, 3, 5, and 9%) on its physical
and engineering behavior and evaluates the effectiveness of
stabilization using fly ash at 0, 10, 25, and 45%, as well as
nano-graphene at 0.04, 0.08, and 0.12%. The influence of con-
tamination duration on these properties was thoroughly
examined, and the optimal proportions of mineral additives
and nanoparticle materials were identified through Gray
Relational Analysis, ensuring enhanced precision in perfor-
mance optimization. The results show that EO contamination
increases the liquid limit due to the reduced water absorption
capacity and increases the plastic limit to a greater extent,
leading to a decrease in the plasticity index. The addition of
fly ash (FA) and nano-graphene affects the physical properties
differently based on the contamination levels. The water con-
tent of the contaminated kaolin decreased, while the dry unit
weight increased. EO contamination reduces the unconfined
compressive strength (UCS), and higher contamination degrees
result in greater reduction. The inclusion of fly ash (FA) sig-
nificantly enhances the UCS, with pronounced improvements
observed at higher replacement ratios. The peak UCS enhance-
ment occurred with the incorporation of 0.08% nanographene.
However, both the degree of contamination and the addition of

nanographene contributed to the increased brittleness of the
soil matrix. The optimal gradation for maximum UCS was
found to be 0.12% nanographene with 25% FA at 5% waste
engine oil contamination. For the brittleness index, 10% FA
and 0.04% nanographene are recommended for 3% engine
oil contamination. The study concludes that the addition of
mineral additives and nanoparticle materials can improve
the geotechnical properties of contaminated soils, with fly
ash and nano-graphene being effective additives.
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1 Introduction

Urbanization and population growth have increased the
interest in redeveloping contaminated areas. Human activ-
ities like mining, metal industries, and oil extraction are
the main sources of pollution, degrading soil quality [1] and
altering geotechnical properties [2]. Soil susceptibility to
contaminants depends on factors such as mineral compo-
sition, particle size, interparticle bonding, and ion
exchange capacity. The contaminants can be retained
through chemical adsorption, capillary forces, or by
forming liquid pools on the clay and silt lenses. As a result,
the properties and behavior of infrastructure soils vary,
influenced by changes in pore fluid characteristics and
soil interactions [3–5]. Investigating these effects and devel-
oping engineering solutions for contaminated sites pro-
vides both economic advantages and sustainable outcomes
for infrastructure development.

Due to the rapid developments in the petroleum and
automotive industries, environmental pollution has
become a significant concern. Petroleum and its products,
such as gasoline, diesel, motor oil, and kerosene, are exten-
sively used in transportation and industry. Motor oil, used
for lubrication in various engines, accumulates additional
components (lead, chromium, naphthalene, chlorinated
hydrocarbons, and sulfur) from engine wear. As the oil
viscosity changes over time, proper disposal of used oils
is essential. Unfortunately, they are often improperly
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discarded, contaminating the soil and groundwater. When
mixed with natural soils, they negatively impact engi-
neering properties, including mechanical and filtration
parameters, plasticity, and swelling [2,6,7]. Moreover, oil-
contaminated soils exhibit reduced shear strength,
increased compressibility, and significant settlement issues
under load, which compromise the stability and longevity
of foundations and pavements. Contaminants can weaken
interparticle bonds, alter the soil’s water retention and
permeability characteristics, and cause differential settle-
ments or bearing capacity failures. These behaviors not
only degrade geotechnical performance but also increase
the risk of structural distress in infrastructure systems [8].
This discharge leads to hydrocarbon contamination,
polluting the air, soil, and groundwater with toxic and
mutagenic polycyclic aromatic hydrocarbons [9–13]. Con-
taminated areas pose environmental and health risks and
create engineering challenges for establishing infrastruc-
ture systems, resulting in financial losses and premature
mechanical failures. To address these issues, global studies
aim to design more stable infrastructure systems with high
bearing capacity.

The redevelopment of contaminated areas during
rapid urbanization also involves the use of marginal soils
with low strength and high deformation characteristics
[14,15]. Clay soils, known for their high volume change
potential, are frequently used as impermeable elements
or protective layers in various engineering structures
such as soil embankments, road fills, waste disposal site
liners, and nuclear power plants. However, these soils can
cause permanent damage to structural elements due to
problems such as swelling, shrinkage, settlement, and
heaving resulting from changes in water content over
time [16–20].

During engineering applications, clay soils used in
infrastructure experience changes in water content due
to applied loads and environmental factors like climate
change. These variations affect the liquid limit of clay soils,
which have a high volume change potential. The strength
of clays with different plasticity characteristics depends on
their structural properties and consistency limits [21–24].
When these soils are contaminated, their geotechnical
properties change due to physicochemical interactions
with the contaminant [25,26]. Chemical interactions dom-
inate for highly plastic clay soils. The dielectric constant
plays a vital role in changing the thickness of the diffuse
double layer, with lower values favoring clay floccula-
tion [12,27].

Singh et al. [25] studied different soil types, including
low-plasticity clay (CL), high-plasticity clay (CH), and
poorly graded sand (SP), contaminated with motor oil at

various rates. It was observed that volume change proper-
ties, including consolidation settlement and swelling beha-
vior, increased with higher levels of contamination in
clayey soils (CL and CH). Higher contamination rates led
to more settlement and greater sensitivity to volume
changes. Liu et al. [28] examined kaolin clay contaminated
with diesel oil at different ratios. They observed that
increased contamination reduced the liquid and plastic
limit values, as well as the unconfined compressive
strength of the clay.

Studies have shown the harmful effects of petroleum
and refinery products on soil, but these studies have been
developed independently. Stabilizing clay soils with che-
mical and mineral additives is a well-researched topic.
Mineral additives like cement, lime, fly ash, silica fume,
and rice husk ash are commonly used to stabilize proble-
matic soils with large volume change behavior due to sea-
sonal water content variations [29–34]. Some literature
studies have examined the use of mineral additives in con-
taminated areas regarding soil biobeneficiality, environ-
mental quality, and health [35–37]. However, geotechnical
property studies in this context are limited.

Recent advances in nanotechnology have led to the
extensive use of clay minerals to create nanocomposite
materials by modifying their surface chemistry with che-
micals and polymers [38–40]. Nanomaterials, with dimen-
sions smaller than 100 nm have unique structures and
extremely high specific surface areas and surface activ-
ities. Initially used by physicists and chemists, geotechnical
engineers and researchers have started utilizing nanoma-
terials in soil improvement for sustainable and environ-
mentally friendly environments [5,41–43]. Nanotechnology
has revolutionized soil stabilization by allowing materials
to be designed at the atomic level. Geotechnical engineers
have long dealt with nanoscale dimensions and materials,
especially concerning the clay structure and water mole-
cules influencing soil plasticity and cohesion. In recent
times, nanotechnology and nanomaterials have been
used in geotechnical engineering primarily for stabiliza-
tion and remediation purposes. Excitingly, recent research
has demonstrated that using a small amount of nanopar-
ticles (less than 1% of the dry weight of the soil) can lead to
significant improvements in the soil properties. This effi-
cient use of materials is crucial for prolonging the lifespan
of our depleting natural resources and ensuring sustain-
ability. Among carbon-based nanomaterials, nanogra-
phene stands out due to its exceptional surface area,
mechanical strength, and chemical stability, which enable
it to enhance the interaction with mineral binders like fly
ash. While other nanomaterials, such as carbon nanotubes
and nano-silica, have been studied, their high cost, lower
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dispersibility in soil media, or lesser compatibility with
certain binders limit their field application. The synergistic
effect of fly ash and nanographene provides both pozzo-
lanic reactivity and nanoscale reinforcement, making them
a suitable and sustainable choice for improving oil-con-
taminated soils [44].

The urgency to address this contamination is particu-
larly evident in rapidly growing urbanization and infra-
structure development projects. As oil pollution poses ser-
ious threats to both human health and ecosystems, it has
become imperative to reclaim polluted areas and develop
sustainable infrastructure systems. In this context, the
need for effective and sustainable soil remediation solu-
tions to mitigate the negative effects of kaolin from oil
pollution remains urgent. This study aims to investigate
the physical properties and engineering behaviors of
kaolin clays contaminated with different ratios of waste
engine oil, along with the impact of the duration of con-
tamination, mineral additives, and nanoparticle materials.
It addresses the often overlooked factor of contamination
duration on kaolin clay’s properties when contaminated
with waste engine oil. Additionally, the study explores
the use of nanoparticles for soil improvement, an area
with potential scientific quality and innovation due to
the challenges in finding suitable materials for specialized
applications. The study’s comprehensive examination of
both the geotechnical properties of contaminated soils
and the use of nanoparticles for improvement holds sig-
nificance and innovation potential for geotechnical engi-
neering. The combination of these factors in the study fills

a gap in the literature, contributing to the study’s origin-
ality and unique value.

2 Materials and methods

2.1 Materials

2.1.1 Soil

The kaolin clay used in this study is a type of clay com-
posed of a significant amount of feldspar minerals and
layers of silica and aluminum [45]. Kaolin clays constitute
a large proportion of the naturally occurring clays in
Turkey. Due to their sensitivity to water and resulting
reduction in strength, these clays are generally classified
as soft clays. Although kaolinite-rich soils are relatively
stable and exhibit lower water absorption capacity com-
pared to montmorillonitic or illitic clays, their engineering
properties may still degrade upon moisture ingress. There-
fore, their behavior under varying moisture conditions,
particularly in contaminated environments, requires
further investigation [17]. The complex and unpredictable
behavior of such soils has led to their recognition as pro-
blematic soils in construction projects, and as a result,
studies have focused on this type of clay. Over the years,
due to urban development and increasing construction
trends, land use policies have attempted to build on var-
ious soils, including low-strength soils such as kaolin clay.

Figure 1: Clay deposits map in Turkey [46].
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The high occurrence of natural kaolin clays in Turkey
and their decreased strength due to the effect of water
are among the most important reasons for using kaolin
clays in this study. Turkey is among the countries with
significant kaolin reserves worldwide (as presented in
Figure 1).

The kaolin clay used in the experiments was obtained
from Northwest Anatolia, specifically Balikesir province in
Turkey. The properties of the clay are presented in Tables 1
and 2.

2.1.2 Waste engine oil

The rapid development of the oil and automotive indus-
tries has led to increased environmental pollution, espe-
cially from used engine oils. These oils, which contain
harmful components such as lead and hydrocarbons,
can contaminate the soil if not disposed of properly. Oil
contamination negatively affects the soil’s mechanical
properties, filtration ability, plasticity, and swelling,
leading to environmental degradation. Therefore, proper

disposal and the development of stable infrastructure
systems are essential to prevent further soil and ground-
water contamination. In this study, the Helix hx5
diesel 10w-30 engine oil waste obtained from the Elazig
industry site, as depicted in Figure 2, was chosen as the
contaminant.

The components in the waste engine oil were deter-
mined by performing ICP-MS analysis at the Eastern
Anatolia High Technology Application and Research
Center (DAYTAM) at Atatürk University in Erzurum. The
results of the ICP-MS analysis are given in Table 3.

2.1.3 Mineral additive: Fly ash (FA)

Fly ash is commonly used in soil stabilization because of its
strength-enhancing properties and cost-effectiveness.
Studies on materials such as lime, cement, and fly ash
have demonstrated their effectiveness in neutralizing oil
contamination in soil. Fly ash, in particular, has proven to
be an accessible and economical solution for stabilizing
contaminated soils [50–53]. Considering the issues related
to soil contamination, this study focuses on the stabiliza-
tion of kaolin soils contaminated with engine oil using fly
ash. As shown in Figure 3, Class-F fly ash, obtained from the
Bursa (in Turkey) power plant, was used to stabilize the
contaminated kaolin in this study. The chemical com-
pounds of the fly ash are presented in Table 4.

Table 1: Summary of the properties of kaolin

Properties Value ASTM
Standard

Grain size* (μm) D50** <10 μm <2 μm
1.3 97.1% 60.8%

Specific gravity 2.65 [47]
Atterberg limits LL PL PI [48]

26.15% 17.10% 9.05%
Compaction
parameters

γkmax wopt [49]
16.5 kN/m³ 18.32%

*Grain size distribution based on laser diffraction, **D50 indicates
median size.

Table 2: Summary of the chemical properties of kaolin

Chemical Content Humidity pH

SiO2 Al2O3 Fe2O3 TiO2 0.37% 6.83
58.40% 37.74% 1.86% 0.63%

Figure 2: Waste engine oil.

Table 3: The results of the ICP-MS analysis of the waste engine oil

Elements Al Cr Co Ni Cu Zn As C Pb

Concentration (ppm) 13826.144 2320.268 119.664 1301.132 9700.507 949258.24 45.716 19730.723 1902.468
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2.1.4 Nanoparticle additive: Nanographene

Graphene, a one-atom-thick layer of carbon atoms, is
notable for its high mechanical strength and thermal and
electrical conductivity, making it valuable for various engi-
neering applications. Graphene nanopowder, made of nan-
ometer-sized graphene plates, is widely used in numerous
fields. The nanographene (NG) used in this study was pro-
vided by ALGI LAB and employed for stabilizing the con-
taminated kaolin. Fly ash was used as a binder because
nanographene alone does not possess binding properties.

The physical properties of the nanographene, as depicted
in Figure 4, are presented in Table 5.

2.2 Experimental program

The aim of this study was to assess the impact of fly ash and
nanographene on the physical and mechanical properties
of kaolin clay contaminated with waste engine oil. The
contaminated samples were prepared by introducing
varying ratios (0, 3, 5, and 9 wt%) of waste engine oil into
the kaolin clay. Stabilization of the contaminated kaolin
was achieved by incorporating different ratios (0, 10, 25,
and 45%) of fly ash and (0.04, 0.08, and 0.12%) nanogra-
phene. Because nanographene lacks inherent binding
properties, it was combined with fly ash during the sample
preparation. Unconfined compression tests (UCS) were
conducted to evaluate the strength characteristics of the
contaminated kaolin samples treated with fly ash and
nanographene. The experimental program details are pro-
vided in Table 6.

In this study, the specific gravity of the mixtures
(Gmix) was calculated using the weighted average method,
based on the specific gravities and proportions of the indi-
vidual components. This approach is widely adopted in the
literature and has been recommended by Mir and
Sridharan [54] for geotechnical applications.

The pure kaolin sample (S1) exhibited the highest spe-
cific gravity value of 2.650. The incorporation of EO alone,
even at low percentages, resulted in a notable decrease in
Gmix. For instance, adding 3, 5, and 9% EO reduced Gmix
from 2.650 to 2.515, 2.432, and 2.282, respectively (S2–S4).
This trend can be attributed to the relatively low specific
gravity of waste engine oil, which, as a light hydrocarbon-
based fluid, lowers the overall density of the mix. When FA
was introduced alongside EO, a further decline in Gmix
was observed. In the EO-fixed mixtures (S5–S10),
increasing the FA content from 10 to 45% led to a sys-
tematic reduction in Gmix, indicating the cumulative den-
sity-reducing effect of fly ash, which itself has a lower
specific gravity compared to kaolin. For example, Gmix
decreased from 2.475 (S5) to 2.418 (S6) and 2.347 (S7) as
the FA content increased from 10 to 45% at constant EO

Figure 3: Class-F fly ash.

Table 4: The chemical compounds of the fly ash

SiO2 Al2O3 Fe2O3 CaO MgO

Class-F fly ash (%) 48.53 24.61 7.59 9.48 2.28

Figure 4: Nanographene powder used in the study.

Table 5: Properties of the NG

Purity Size Surface area Diameter

NG 99.9% 3 nm 800m2/g 1.5 μm
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(3%). Furthermore, mixtures with higher EO content (e.g.,
9%) demonstrated even lower Gmix values when com-
bined with FA, reaching as low as 2.143 for the 45% FA
mix (S13). This confirms the compounding effect of EO
and FA in reducing the unit weight of the blend.

In contrast, the addition of NG in small dosages
(0.04–0.12%) had a negligible impact on Gmix. Across all
NG-modified samples (S14–S22), the specific gravity
remained almost constant for a given EO-FA composition,
with changes observed only in the fourth decimal place.
This indicates that the low dosage and high surface area of
NG contribute insignificantly to the bulk density of the
mixtures.

2.2.1 Sample preparation

The contamination and stabilization procedures of the
kaolin samples were conducted following the methodology
outlined below:

(i) The desired level of contamination was achieved by
mixing the calculated weight percentage of the
engine oil waste into the kaolin in predetermined

proportions (0, 3, 5, and 9%). The kaolin–waste
engine oil mixture was manually pulverized and
thoroughly mixed in a sealed tray for 1 h (Figure 5a).

(ii) The mixture was then placed in a sealed container
and allowed to equilibrate for a specified period,
enabling the waste engine oil to distribute evenly
within the kaolin.

(iii) Water was added to the kaolin–engine oil mixtures with
varying degrees of contamination based on the optimum
water ratios determined through Proctor tests.

(iv) Dry fly ash (10, 25, and 45%) was incorporated into
the kaolin–waste engine oil mixtures at the predeter-
mined weight ratios after specific contamination
levels and times.

(v) Water was added according to the optimum water
content determined by Proctor tests for the contami-
nated kaolin samples containing fly ash.

(vi) The mixtures were sealed in plastic bags for 24 h,
after which the water content was rechecked before
molding the samples.

(vii) For the addition of nanographene, the same steps as
items (i)–(iv) were followed. A fixed amount of 25%
fly ash was added, and the samples were prepared.

Table 6: The experimental program

No Sample ID Material percentage (wt%) Gmix* Contamination degree Tests

Kaolin EO FA NG

S1 Pure kaolin 100 0 0 0 2.650 0, 7 UCS
S2 K + 3% EO 97 3 0 0 2.515 Physical tests

SEM-EDXS3 K + 5% EO 95 5 0 0 2.432
S4 K + 9% EO 91 9 0 0 2.282
S5 K + 3% EO + 10% FA 87 3 10 0 2.475
S6 K + 3% EO + 25% FA 72 3 25 0 2.418
S7 K + 3% EO + 45% FA 52 3 45 0 2.347
S8 K + 5% EO + 10% FA 85 5 10 0 2.395
S9 K + 5% EO + 25% FA 70 5 25 0 2.342
S10 K + 5% EO + 45% FA 50 5 45 0 2.275
S11 K + 9% EO + 10% FA 81 9 10 0 2.250
S12 K + 9% EO + 25% FA 66 9 25 0 2.203
S13 K + 9% EO + 45% FA 46 9 45 0 2.143
S14 K + 3% EO + 25% FA + 0.04% NG 71.96 3 25 0.04 2.419
S15 K + 3% EO + 25% FA + 0.08% NG 71.92 3 25 0.08 2.418
S16 K + 3% EO + 25% FA + 0.12% NG 71.88 3 25 0.12 2.417
S17 K + 5% EO + 25% FA + 0.04% NG 69.96 5 25 0.04 2.343
S18 K + 5% EO + 25% FA + 0.08% NG 69.92 5 25 0.08 2.342
S19 K + 5% EO + 25% FA + 0.12% NG 69.88 5 25 0.12 2.341
S20 K + 9% EO + 25% FA + 0.04% NG 65.96 9 25 0.04 2.203
S21 K + 9% EO + 25% FA + 0.08% NG 65.92 9 25 0.08 2.202
S22 K + 9% EO + 25% FA + 0.12% NG 65.88 9 25 0.12 2.201

*Gmix represents the specific gravity of the mixtures and is calculated using the weighted average of the specific gravities of the individual
components, according to the following expression: Gmix = Gkaolinx(Kaolin ratio) + GEOx(EO ratio) + GFAx(FA ratio) + GNGx(NG ratio).
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The fly ash content was fixed at 25% by weight of the
total binder in all nanographene-treated mixtures,
based on preliminary optimization studies and pre-
vious literature reports, which indicated that this
level of replacement provides a good compromise
between strength development and durability per-
formance when combined with nanomaterials.

(viii) A solution containing nanographene was prepared
by mixing specific proportions of nanographene
with the required amount of water using a mixer
for 30–45 min (Figure 5b). To ensure uniform distri-
bution of nanographene (NG) in the soil matrix and
to minimize agglomeration, a mechanical mixing

method was adopted. The required amount of NG
was mixed with the calculated amount of water
using a mechanical stirrer for 30–45 min (see
Figure 5b). This process helped to disperse the NG
particles evenly within the liquid medium and
reduce clustering tendencies. The resulting NG sus-
pension was then used as the mixing water in the
Proctor tests (Step ix), and gradually added to the
kaolin–waste engine oil–fly ash mixture in Step (x).
Immediate and thorough manual mixing was con-
ducted to ensure homogeneous distribution of the
nanographene within the soil matrix and to further
minimize the risk of re-agglomeration.

Figure 5: Preparation of the soil samples. (a) the kaolin-waste engine oil mixture, (b) nanographene solution, and (c) contamination process and test
specimens.
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(ix) Proctor tests were performed using the solutions pre-
pared for the kaolin–waste engine oil–fly ash mix-
tures, and water was added according to the
optimum water content determined.

(x) The samples were prepared by incorporating nanogra-
phene into the kaolin–waste engine oil–fly ashmixture,
with the nanographene added in proportions estab-
lished based on the water content obtained.

(xi) The samples were then kept for specified durations
of 0 and 7 days after contamination, and subse-
quently molded (Figure 5c).

2.2.2 Unconfined compression strength test (UCS)
procedure

Determining the UCS of soils is crucial for addressing
significant engineering issues such as bearing capacity,
stability, and foundation design of structures. In order to
evaluate the mechanical properties, UCS tests were con-
ducted on kaolin samples contaminated with waste engine
oil and stabilized with fly ash and NG. The UCS test was
conducted in accordance with the ASTM D2166 [55] stan-
dards. The UCS of the samples was measured using a
triaxial test machine at the Soil Mechanics Laboratory,
Civil Engineering Department, Faculty of Technology, Firat
University. A strain rate of 0.760 mm per minute was
applied to apply the load on the specimens. The loading
process was repeated until either the specimen failed or
the strain reached 20% (as illustrated in Figure 6).

All soil specimens were prepared as 38 mm diameter
and 76mm high columns. The waste engine oil content was
varied at different ratios based on the dry soil weight. The
mixtures were compacted into three layers. The procedure

for preparing the specimens and an overall view of the test
machine are presented in Figures 5c and 6, respectively.

2.2.3 Microstructural analysis (SEM-EDX images)

The examination of the microstructural properties in soils
requires the use of a crucial tool known as the scanning
electron microscope (SEM) with the Thermo dispersive
X-ray spectrometer (EDX), which offers high-resolution
imaging capabilities. The advantages of SEM in the analysis
of soil microstructure have led to its widespread applica-
tion in the study of clays [56,57]. The microstructural ana-
lyses in this study were conducted at Marmara University’s
Nanotechnology and Biomaterials Application and
Research Center. Scanning electron microscope images
were obtained using the Zeiss EVO MA10 device available
at the university (Figure 7). The soil samples were indivi-
dually processed into powder form and then packaged.
Images were captured at different magnification levels
using the SEM device. Additionally, EDX analysis was per-
formed on the same samples.

3 Results and discussions

3.1 Effect of fly ash and nanographene on
the physical properties of kaolin
contaminated with waste engine oil

The physical properties of kaolin clays can undergo
changes when contaminated with waste diesel engine oil,
including reduced water holding capacities, plasticity, and
optimum water content. However, the extent of these

Figure 6: Unconfined compression strength (UCS) testing performed using a triaxial apparatus.
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changes can vary depending on the amount of waste oil
and the specific properties of the kaolin clay. To complement
the understanding of how contamination alters the mechan-
ical behavior of kaolin, Figure 8 presents the stress–strain
behavior of pure and EO-contaminated kaolin specimens.
As seen in the figure, the addition of waste engine oil leads
to a notable reduction in unconfined compressive strength
(UCS) and a shift in peak strain, indicating a loss in stiffness
and strength with increasing oil content. This mechanical
degradation highlights the necessity for stabilization using
materials such as fly ash and nanographene, which are dis-
cussed in the following section.

The alterations in the physical properties of kaolin
clays, influenced by different degrees of contamination
and the addition of various types and ratios of additives,
are illustrated in Figure 9. The contamination of kaolin clays
with waste diesel engine oil typically results in certain

changes in their physical properties. The physical properties
tests were conducted on samples that followed the 0-day
contamination- that is, the tests were performed immediately
after mixing the kaolin soil with the designated percentages
of waste engine oil. The liquid limit of contaminated kaolin
clays tends to increase, primarily due to the reduction in the
water absorption capacity caused by the presence of waste
oil. Consequently, the contaminated clays require more water
to reach their liquid limit, leading to an increase in this para-
meter. In addition, the plasticity of kaolin is generally reduced
when contaminated with waste diesel engine oil. This
decrease in plasticity can be attributed to the decreasedwater
absorption capacity of the clay caused by the waste oil. As a
result, the contaminated clay exhibits a diminished ability to
change shape and lower plasticity.

The physical properties of kaolin clays contaminated
with waste diesel engine oil can vary depending on various
factors. However, overall, there is typically a decrease in
values such as moisture holding capacity and plasticity due
to the reduction in water absorption capacity caused by the
presence of waste oil in the kaolin clays. Previous studies
have shown that the addition of fly ash has a notable
impact on the compaction characteristics of contaminated
kaolin clays [58–60]. A study by Ahmed [61] also demon-
strated a decrease in wopt values of soil up to the addition
of 15% fly ash, followed by an increase.

Additionally, the maximum liquid limit (LL) value was
observed at 10% fly ash addition for soil samples

Figure 7: Scanning electron microscope.

Axial strain, %

0 1 2 3 4

aPk ,S
C

U

0

40

80

120

160

200

240

280

Pure kaolin
Kaolin+3% EO
Kaolin+5% EO
Kaolin+9% EO 

Figure 8: Stress–strain behavior of kaolin clay with varying content of
contamination.

0

5

10

15

20

25

30

S2
S3

S4
S5

S6
S7

S8
S9

S10
S11

S12
S13

S16
S19

S22

PI
wopt

γk max
GS

LL

Va
lu

e

Sa
mple

 N
o

Physical property

PI (%)

wopt (%)

�kmax (kN/m
3
)

Gs

LL (%)

Figure 9: Changes in the physical properties of kaolin clays with varying
degrees of contamination and the addition of different types and ratios
of additives.

Nano-graphene enhanced stabilization of engine oil-contaminated soils  9



contaminated with 3% waste engine oil, the maximum plastic
limit (PL) value was observed at 5% waste engine oil, and the
maximum plasticity index (PI) value was observed at 9%
waste engine oil. Furthermore, the maximum LL and PI
values at 25 and 45% fly ash addition were determined for
soil contaminated with 5% waste engine oil.

On the contrary, the introduction of nanographene to
kaolin clays contaminated with waste diesel engine oil
leads to alterations in certain physical properties of the
material. The incorporation of nanographene enhances
the mechanical properties of the material, particularly its
compressive strength. These modifications may differ
depending on the amount of nanographene used and the
level of oil contamination present. Furthermore, when
nanographene was added, the maximum values for LL
and PI were attained in soils contaminated with 9% EO.

Consistent outcomes were observed in the soil con-
taminated with waste engine oil, primarily because of
the structural transformation of the used kaolin clay. The
absorption capacity of kaolin clay contaminated with
waste engine oil was found to be satisfactory, with no sig-
nificant changes in values occurring with the inclusion of
additional materials in the kaolin clay.

3.2 Effect of fly ash and nanographene on
the compaction characteristics of kaolin
contaminated with waste engine oil

The compaction behavior of soils plays a significant role in
determining their suitability for engineering applications,
especially in cases involving contamination. In this study,

standard Proctor compaction tests were performed on
pure kaolin, oil-contaminated kaolin, and contaminated
kaolin stabilized with fly ash (FA), nanographene (NG),
and their combinations. The influence of waste engine oil
(EO) contamination and the subsequent amendments on
the maximum dry density (MDD) and optimum moisture
content (OMC) was systematically investigated.

As shown in Figure 10, the optimum water content of
contaminated kaolin clays is typically lower. The reduced
water absorption capacity resulting from the waste oil con-
tamination decreases the optimum water content level
required for optimal compaction. The maximum dry unit
weight of the contaminated kaolin clays tends to increase.
This increase can be attributed to the reduced water
absorption capacity caused by the waste oil, which subse-
quently raises the dry unit weight of the kaolin clay.

Two different scenarios were observed in relation to
the addition of fly ash. First, as the fly ash content
increased in the soil contaminated with 3% waste engine
oil, the optimum water content (wopt) values decreased.
This phenomenon is consistent with previous findings in
the literature, which indicate that the addition of fly ash
decreases the wopt values in soils [62,63]. In the second
scenario, the lowest wopt value for soil contaminated
with 5 and 9% waste engine oil was observed at 25% fly
ash addition. The increase in waste engine oil content is
associated with substantial changes in the soil’s properties.
In soils where wopt values decreased with increasing waste
engine oil content, an increase in wopt was observed after a
certain fly ash content.

Further improvement in compaction behavior was
achieved by incorporating nanographene into the fly
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Figure 10: Compaction parameters of kaolin clays with varying degrees of contamination and the addition of different types and ratios of additives.
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Figure 11: UCS Peaks and the axial stresses at the peak UCS of the samples for different contamination durations.
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ash–stabilized mixtures. The curves showed an increase in
maximum dry unit weight and a shift toward lower
optimum moisture content. These enhancements are
attributed to the high surface area and mechanical rein-
forcement properties of nanographene, which support a
more compact and stable soil structure. The sharper peaks
in the compaction curves indicate a more defined and
responsive compaction behavior, suggesting a higher
degree of structural ordering.

3.3 UCS performance of contaminated kaolin
and stabilized contaminated kaolin with
additives

Figure 11 illustrates the peak values of the unconfined
compression strength and axial strains at the peak UCS
for the pure kaolin samples with varying degrees of

contamination, as well as the contaminated kaolin and
stabilized contaminated kaolin samples incorporating dif-
ferent proportions of fly ash and nanographene. The
results indicated that the degree of contamination signifi-
cantly affects the unconfined compression strength. The
UCS value of the contaminated kaolin samples exhibited
a decrease compared to the pure kaolin samples due to the
alteration in the structure caused by the presence of waste
engine oil. Specifically, the reduction in UCS relative to
uncontaminated kaolin was found to be 50.19% for samples
with 3% engine oil, 42.12% for those with 5%, and 34.32%
for samples with 9% engine oil content. This trend indi-
cates a partial recovery of strength at higher contamina-
tion levels. Correspondingly, the UCS increased with higher
waste oil content, in line with an observed increase in the
maximum dry density of the samples.

Previous studies have demonstrated that, in addition
to the degree of contamination, the unconfined compres-
sive strength gradually decreases during the duration of
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Figure 12: Stress–strain curves of kaolin samples contaminated with waste engine oil and treated with fly ash and nanographene for different
contamination durations.
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contamination and stabilizes at a constant value after a
certain duration of contamination [64–66]. In this study,
the UCS results were compared at two time points: the
initial contamination (0 days) and after a 7-day contamina-
tion duration. Notably, no significant reduction in UCS
values was observed for the samples contaminated for
7 days compared with the 0-day contamination samples.
This can be attributed to the fact that it takes more than 7
days for the structural changes to occur in the kaolin clay
due to the presence of the waste engine oil. Nazir [64]
discovered in their research that the most significant
impact on strength parameters occurred in samples
exposed to a 6-month contamination period. Furthermore,
the presence of additives led to a more pronounced
increase in the UCS strength for the 7-day samples com-
pared to the control groups.

The strength of the waste engine oil–kaolin mixtures
exhibited enhancement as the proportion of fly ash was
increased. When the contaminated kaolin samples were
stabilized with varying ratios of fly ash, the influence of
fly ash was more prominent in the samples contaminated
with 3% oil, particularly at higher fly ash ratios. The addi-
tion of 45% fly ash resulted in a 58.62% improvement in the
UCS strength of the contaminated kaolin sample.
Conversely, the most significant improvement effects
were observed at lower additive ratios in the kaolin sam-
ples with 5 and 9% waste engine oil additives.

At the end of the 7-day contamination duration, when
the contaminated kaolin samples were stabilized with dif-
ferent fly ash ratios, the highest impact of increased fly ash
ratio was observed in the samples with a 3% contamination
degree. Specifically, the incorporation of 45% fly ash led to
a 92.63% increase in the UCS strength of the 7-day contami-
nated kaolin sample. Similarly, the most pronounced
improvement effects were observed in the samples
exposed to contamination for 7 days, with a fly ash ratio
of 25% in the 5 and 9% waste engine oil-added kaolin
samples.

Furthermore, as the degree of contamination
increases, the kaolin samples attain their maximum UCS
values at lower strain rates. Moreover, when the contami-
nated kaolin samples were stabilized with fly ash, they
reached their peak UCS values at relatively higher strain
rates as the applied loading increased. This change in axial
strain can be attributed to the distortion of the soil grains,
enabling them to accommodate higher strain rates by rear-
ranging the voids within the soil.

Conversely, at the end of the 7-day contamination
duration, the contaminated kaolin samples exhibited
similar behavior to the control samples, but an increase

in the axial strain values at 7 days was observed. When the
contaminated kaolin samples were stabilized with 10 and
25% fly ash, a decrease in the axial strain values was
observed compared to the control groups. However, the
contaminated samples stabilized with 45% fly ash reached
their maximum UCS values at higher axial strains.

In this study, the maximum UCS values were achieved
when 25% fly ash was used for stabilizing the contami-
nated kaolin samples. Therefore, 25% fly ash was incorpo-
rated as a binder in the soil samples along with the
addition of nanographene, aiming to achieve the highest
possible improvement in their strength. It was observed
that the addition of fly ash and nanographene to the soil
samples contaminated with different ratios resulted in a
significant increase in the UCS strength, reaching the max-
imum rate of improvement. Specifically, the highest
increase rate was observed with the addition of 0.08%
nanographene in specimens contaminated with 3, 5, and
9% engine oil (169.74, 103.23, and 82.17%, respectively).
Interestingly, the UCS values obtained for the maximum
amount of nanographene (0.12%) were lower than those
for the 0.08% nanographene addition.

In the study, considering the given boundary condi-
tions, the optimum rate for the 0-day contamination dura-
tion was determined as 0.08% nanographene addition.
However, for a contamination period of 7 days, the max-
imum UCS values were achieved when 25% fly ash and
nanographene were added. The maximum increase rates
in the UCS values for the samples contaminated with 3, 5,
and 9% waste engine oil were 188.91, 174.96, and 117.14%,
respectively, with the addition of 0.08% nanographene.
This significant enhancement in UCS at the combination
of 25% fly ash and 0.08% nanographene can be attributed
to the synergistic interaction between the pozzolanic reac-
tion of fly ash and the nano-reinforcement effect of gra-
phene. The 25% fly ash ratio provides an optimal level of
calcium-rich phases that react with the alumino-silicate
components in the kaolin to form cementitious compounds
such as calcium silicate hydrates (C–S–H), leading to a
denser and stronger soil matrix. Simultaneously, the incor-
poration of 0.08% nanographene improves particle
bonding and bridges micro-cracks due to its high surface
area and mechanical strength, thereby enhancing the load
transfer capacity and delaying the onset of failure. Higher
graphene dosages (e.g., 0.12%) may have resulted in
agglomeration, reducing their effectiveness. Therefore,
the selected dosages represent an optimal balance between
chemical stabilization and physical reinforcement, produ-
cing the maximum improvement in the geotechnical per-
formance of the contaminated kaolin.
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3.4 Brittle index (IB) of contaminated kaolin
and stabilized contaminated kaolin with
additives

The addition of fly ash and nanographene to the contami-
nated kaolin samples had a significant impact on the peak
behavior of the unconfined compression strength and
led to changes in the brittleness behavior. To better illus-
trate the changes in the mechanical response of kaolin
samples contaminated with waste engine oil and treated
with fly ash and nanographene, stress–strain curves were
presented in Figure 12. These curves provide a clearer
understanding of the variations in peak strength and the
transition in brittleness behavior observed during the UCS
testing. The graphical representation supports the discus-
sion by revealing the ductile or brittle nature of the treated
and untreated samples under axial loading.

In order to elucidate the ductile and brittle character-
istics of the samples, the calculated values using the brit-
tleness index (IB) formula, as presented in equation (1), are
depicted in Figure 13.

= −
q

q
IB 1.

f

ult

(1)

Inhere qf represents the failure UCS, and qult repre-
sents the ultimate UCS. As the values of IB approach

zero, the samples exhibit a more ductile failure behavior
in the stress–strain curves [67].

According to Figure 13, the samples exhibited a more
brittle behavior as the brittleness index values deviated
from zero, indicating an increase in the contamination
rates of the kaolin samples. The brittleness index of the
samples increased by 51.74% at the maximum contamina-
tion degree for a 0-day duration. Additionally, based on the
brittleness index results, the utilization of 45% fly ash con-
tributed more to the ductile behavior of the kaolin samples
with 3 and 5% contamination degrees, whereas it caused a
more brittle behavior in the kaolin samples with a 9%
contamination degree. Notably, the samples displayed
more ductile behavior when employing lower percentages
of fly ash in the kaolin samples with a 9% contamination
degree.

After the 7-day contamination duration, the stress–
strain curves of the samples demonstrated a more ductile
behavior with increasing contamination degrees of the
kaolin samples. Moreover, when the contaminated sam-
ples were stabilized with 45% fly ash, the kaolin samples
with a 3% contamination degree exhibited more brittleness
compared to the samples with 5 and 9% contamination
degrees. This can be attributed to the fact that the presence
of fly ash within the soil structure alters the kaolin struc-
ture to a greater extent in cases with lower contamination
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Figure 13: Changes in the brittle index of the samples for 0-day and 7-day.
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degrees. Conversely, the behavior observed in the stress–
strain curves with lower percentages of fly ash in the
kaolin samples with a 9% contamination degree resembles
that of the samples with a 0-day contamination duration.

In the nanoenhanced specimens, it was determined
that specimens containing 0.08% nano-additives exhibited
a more brittle behavior. In other ratios, the brittleness
index values of the specimens were below zero, indicating

Figure 14: Fracture modes of the samples for 0 and 7 days curing period.
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a more ductile behavior in the stress–strain curves com-
pared to specimens with lower and higher nano-additive
content.

On the contrary, increasing the degree of contamina-
tion of the specimens and adding nanographene resulted
in a more brittle behavior in the stress–strain curves.
Changes in the exhibited behaviors of the specimens
were observed after a 7-day contamination period.
Specimens with a higher percentage of nano-additives
demonstrated a more brittle behavior for all contamina-
tion degrees. Hence, the addition of nanomaterials has
increased the brittleness of the materials as the degree of
contamination increases.

3.5 Failure modes and SEM–EDX images of
the samples

Figure 14 illustrates the failure modes observed through
visual observation following the UCS test. These failuremodes
can vary based on the structural characteristics of the kaolin
clay, the degree of contamination, the stabilization rate, and
the contamination duration. Understanding these failure
modes is crucial for comprehending the behavior and
strength properties of the samples. The failure modes
observed in the kaolin clay samples after the UCS test include
surface failure, internal failure, and shear banding.

Based on the information provided in Figure 14, the
failure mode of the kaolin samples under unconfined com-
pression strength is influenced by the degree of contami-
nation, the duration of contamination, and the amount of
additives. For a low contamination degree (3% EO), a single
conical shear plane is formed, whereas an increase in the
contamination degree leads to a vertically developed
failure mode. Furthermore, the failure modes become
more pronounced with longer contamination durations
and the addition of fly ash, which is characterized as an
internal fracture. In this failure mode, the failure propa-
gates deep into the sample, typically occurring in structu-
rally weak regions or at junction points within the sample.

In the case of nanoreinforced kaolin samples, distinct
failure surfaces were not observed as clearly as in the contami-
nated kaolin samples and the contaminated and fly ash–stabil-
ized samples. The failure modes observed in these samples
included surface cracks and shear banding. Shear banding
occurs when distinct zones of concentrated shear stresses
form within the sample due to the stress concentration.

Prior to SEM analysis, representative samples of pure
kaolin, contaminated kaolin (with waste engine oil), and
stabilized kaolin mixtures were oven-dried at 40°C to avoid
thermal alteration of microstructures. The dried specimens
were then gently ground into fine powder and mounted
onto aluminum stubs using carbon tape. Subsequently, the
samples were gold-coated to enhance conductivity and pre-
vent charging during imaging.

Figure 15: SEM Images of the samples (a: Kaolin; b: K + 9% EO; c: K + 3%EO + 45%FA; d: K + 3%EO + 45%FA (emphasizing separation of oil
agglomerates); e: K + 3%EO + 25%FA + 0.12% NG; f: K + 9%EO + 25%FA + 0.12% NG).
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SEM was used to characterize the morphological and
structural features of the pure kaolin, waste engine oil-con-
taminated kaolin, and stabilized kaolin clays. As shown in
Figure 15a, the SEM image of the pure kaolin reveals a loose
and irregularly agglomerated morphology with particle sizes
ranging between 2 and 20 μm. The red circle highlights clus-
ters of kaolinite particles with weak interparticle bonding,
indicating high porosity and an undisturbed clay structure.
In contrast, Figure 15b, which represents kaolin contaminated
with 9% waste engine oil, shows a compact, flake-like struc-
ture as marked in the red circle. The oil binds the soil parti-
cles closely through van der Waals and hydrogen bonding,
forming a dense and cohesive matrix. This morphological
change supports the increase in plasticity and reduction in
permeability typically observed in contaminated clays.

Figure 15c presents a kaolin sample contaminated with
3% engine oil and stabilized with 45% fly ash. The circled
region in the image displays rounded and more discrete
particles, resembling the morphology of pure kaolin. This
indicates that the fly ash has improved particle dispersion
and partially restored the microstructure by mitigating the
oil’s binding effect.

The SEM image in Figure 15d (with the same FA con-
tent) further emphasizes this effect. The red-circled zone
clearly shows detachment of oil agglomerates from the
kaolin surface. This separation suggests that the fly ash
has not only physically diluted the oil but has also dis-
rupted the oil-soil interaction, enhancing stabilization.
Figure 15e represents the sample with 3% EO, 25% FA,
and 0.12% nanographene. The highlighted region shows
uniform, granular particles with smoother surfaces. The
addition of nanographene appears to enhance bonding
between particles and facilitate more effective removal
of oil residues, as observed by the reduced oil clusters.

Lastly, in Figure 15f, where 9% EO, 25% FA, and 0.12%
NG were used, the red circle illustrates a dense, restruc-
tured granule. Despite the higher EO content, the combined
effect of FA and NG leads to a more compact and stabilized
particle arrangement, indicating improved interaction and
reduced contamination effects.

Figure 16 presents the surface elemental compositions
obtained by EDX analysis of pure kaolin, soil contaminated
with waste engine oil (K + 9%EO), and kaolin after reme-
diation (K + 3%EO + 45%FA; K + 9%EO + 45%FA; K + 3%EO
+ 25%FA + 0.12%NG; K + 9%EO + 25%FA + 0.12%NG).

To better understand the microstructural characteristics
observed in the SEM images, such as the formation of binding
gels, particle agglomeration, and the dispersion of nanogra-
phene, it is essential to consider the interaction mechanism
between the fly ash, nanographene, and the contaminated
kaolin matrix. This interaction mechanism is visually

summarized in Figure 16, where the microstructural synergy
between FA and NG within the contaminated kaolin matrix is
illustrated. The conceptual model highlights the complemen-
tary roles of the two additives and their contribution to the
improvement of strength, density, and brittleness index.

Fly ash, a pozzolanic material, reacts with calcium
hydroxide (Ca(OH)2) in the presence of water to form cal-
cium silicate hydrate (C–S–H) gels, which serve as the pri-
mary binding agents within the soil matrix. These reaction
products fill the pore spaces, reduce permeability, and
improve the overall cohesion and strength of the soil
[68]. In EO-contaminated kaolin, which exhibits reduced
bonding and increased brittleness, the formation of C–S–H
helps reconstruct a stable soil skeleton by chemically binding
the soil particles. Nanographene, on the other hand, does not
exhibit pozzolanic or binding properties on its own. However,
its high specific surface area, exceptional tensile strength,
and ability to fill microvoids enable it to enhance the micro-
structure of the soil. When uniformly dispersed in the FA-
stabilized matrix, NG improves stiffness and contributes to
reducing microcracks and deformation under loading. Its
effectiveness is maximized in a chemically stable and dense
matrix, which is precisely provided by the pozzolanic reac-
tions of fly ash. When both materials are used together, fly
ash provides the necessary chemical environment and binder
matrix that allows nanographene to be effectively integrated
and anchored within the soil structure. The result is a dual-
mechanism stabilization: FA ensures chemical bonding and
structural solidification, while NG reinforces the matrix phy-
sically by enhancing load distribution and resisting fracture
propagation.

Figure 16: Conceptual illustration of the interaction mechanism between
fly ash, nanographene, and waste engine oil-contaminated kaolin.
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As shown in Figure 17, the EDX analysis revealed the
presence of Si, Al, K, S, and O in the pure kaolin. In the
EDX analysis of the soil contaminated with waste engine
oil, elements C, O, Si, and Al were detected to be dispersed
within the kaolin. According to the EDX analysis results of the
pure kaolin, contaminated kaolin, and stabilized kaolin, their
main components were identified as Si, Al, and O. Changes in
the content of these elements were characterized in the sta-
bilization results, as most waste engine oil, based on ICP-MS
analysis, comprised carbon and aluminum.

The aluminum content in the pure kaolin, which could
be attributed to the organic matter, was found to be 17.62%.
Due to the significant amount of waste oil in the contami-
nated kaolin, the carbon and aluminum percentages were
found to be 12.39 and 17.82%, respectively. However, in the
stabilized samples, lower values of carbon and aluminum
were observed compared with the other contents. This
indicates that the stabilization products used greatly
reduced the impact of the engine oil waste, leaving only
a small amount of residue in the kaolin sample.

3.6 The secant modulus (Es50) of
contaminated kaolin and stabilized
contaminated kaolin with additives

The secant modulus (Es50), which represents the average
stiffness of the soil, is a crucial design parameter for soil
materials. It is determined by calculating the ratio of the
axial stress to the corresponding axial strain at a specific

point on the stress–strain curve. In other words, the secant
modulus is defined as the slope of the curve from zero
deviator stress to deviator stress, which is half or one-third
of the peak deviator stress [69–72]. In this study, the secant
modulus was computed for each sample using the point
corresponding to 50% of the sample’s unconfined compres-
sion strength, as indicated in equation (2) [72,73]. Figures 18
and 19 illustrate the relationship between the secant mod-
ulus (Es50) and various additive ratios for the contaminated
kaolin samples.

=E
q

ε

Δ

Δ
,s50

50%

50%

(2)

where Δq50% is the value related to 50% of the sample’s
UCS, and Δε50% refers to the strain corresponding to half
of the UCS of the sample.

According to the findings presented in Figure 18, the
secant modulus of the kaolin samples that underwent
7-day contamination before stabilization was observed to
be lower compared to the 0-day samples. In the case of
samples exposed to 0-day contamination, an increase in
the fly ash ratio increased the secant modulus. However,
for samples with 3 and 9% contamination degrees, the
secant modulus increased with a 10% addition ratio, while
a decrease was observed with further increases in the fly
ash ratio. On the other hand, in samples with a 5% con-
tamination degree, the addition of fly ash resulted in a
decrease at lower fly ash rates, but exhibited a slight
increasing trend for higher ratios.

Additionally, the maximum secant modulus values
for all contamination degrees of kaolin samples exposed

Figure 17: EDX analysis of the samples.
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to 7-day contamination were observed when the fly ash
ratio was 25%. The results also indicate that the Es50 value
varies with changes in the fly ash content and the duration
of contamination in kaolin samples contaminated with
waste engine oil. Therefore, there exists an indirect rela-
tionship between Es50 values and these factors.

As shown in Figure 19, an increase of up to 0.08%
nanographene before curing increased the secant modulus
for 3 and 5% contamination levels, while increases after
this rate decreased the secant modulus. It was determined
that the secant modulus of the kaolin samples at the 9%
contamination level increased gradually with the addition
of nanographene. On the other hand, the secant moduli of

the samples with 7-day curing increased up to 0.08% for all
contamination levels and decreased after this rate. The
observed reduction in the secant modulus (Es50) when
the nanographene content exceeds 0.08% can be attributed
primarily to the tendency of nanographene particles to
agglomerate at higher dosages. Agglomeration leads to
poor dispersion of nanoparticles within the soil matrix,
resulting in the formation of weak zones or defects that
compromise the uniform stress transfer and mechanical
reinforcement effects. Instead of enhancing particle
bonding and load distribution, excessive nanographene
clusters can create stress concentration points that reduce
overall soil stiffness and strength. Moreover, higher nano-
particle content may increase the viscosity or hinder
proper mixing, limiting the effective interaction between
nanographene and soil particles.

The secant modulus (Es50) is a key indicator of the
stiffness and deformation behavior of soils under axial
loading. In practical geotechnical engineering applications,
it provides valuable insight into how much a soil will com-
press under given stress levels, which is essential for set-
tlement predictions and deformation analysis of founda-
tions, embankments, and pavements. In the context of this
study, the Es50 values allow for the comparison of the initial
stiffness of treated and untreated kaolin samples under
different contamination and stabilization conditions.
Higher secant modulus values indicate stiffer, more stable
soils with reduced deformation potential, which is particu-
larly desirable in contaminated soil environments. Thus,
tracking changes in Es50 with varying fly ash and nanogra-
phene dosages helps assess the effectiveness of each addi-
tive combination in enhancing soil stiffness, and supports
the selection of optimal stabilizer content for practical field
applications.

3.7 Optimization process of waste engine
oil–contaminated soil stabilized with
different additives

The Gray correlation analysis was employed in this study
to investigate the effects of the degree of contamination,
the mineral additive, and the nanoparticle stabilization on
the mechanical properties of the kaolin clay. The objective
was to optimize the strength properties of the contami-
nated kaolin clay. The study evaluated the relationships
between the degree of contamination (associated with
waste engine oil), the stabilization ratios of the additives,
and the experimental outcomes such as the maximum

Fly ash content, %

0 10 25 45

a
P

M ,05s
E ,suludo

m tnace s eh
T

1

2

3

4

5

6

7

8

9

K+3%EO; 0d

K+5%EO; 0d

K+9%EO; 0d

K+3%EO; 7d

K+5%EO; 7d

K+9%EO; 7d

Figure 18: The secant modulus of the contaminated kaolin samples
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unconfined compression strength (qu), brittle index (IB),
and the secant modulus (Es50). Each experimental output
was treated as the reference sequence, while the contam-
ination degree and stabilization ratios were considered as
the comparison sequence. The following stages were
employed in this study to determine the gray relational
order and the gray relational degree. The reference
sequence fo(m) in equation (3) represents the ideal values
of the performance indicators (i.e., maximum unconfined
compressive strength, brittleness index, and secant mod-
ulus) used in this study. The comparison sequences fi(m) in
equation (4) correspond to the experimental data obtained
from different stabilization combinations and contamina-
tion levels. These equations form the basis for computing
the gray relational coefficients and degrees, which ulti-
mately allow for the ranking of samples and optimization
of stabilization performance. Therefore, they play a critical
role in interpreting and comparing multi-response out-
comes within the GRA framework.
1) The following equations (3) and (4) describe the refer-

ence and comparison sequences fo(m) and fi(m),
respectively:

( ) { ( ) ( ) ( ) ( )}=f m f m f m f m f m, , , …, ,n0 0 1 0 2 0 3 0
(3)

( ) { ( ) ( ) ( ) ( )}=f m f m f m f m f m, , , …, .
i i i i i n1 2 3 (4)

2) To normalize and nondimensionalize the parameters
that have different dimensions in the sequences, equa-
tions (5) and (6) were used.
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3) Eq. (7) computes the correlation coefficient, ξi(m);
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(7)
inhere ρ is the differentiating coefficient (ρ ∈ [0, 1]), which is
typically set to 0, as it often provides strong stability while
maintaining moderate differentiating effects [74].

4) Eq. (8) shows the gray correlation degree (ri):

( )∑=
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r
n

ξ m
1

.i

m

n

i

1

0 (8)

The proximity degrees (∣ ( ) ( )∣)−f m f m
i0

between
the reference sequence and comparison sequence have
been calculated from equation (6), and it was shown
that ∣ ( ) ( )∣− =f m f mmin min 0i m i0

and ∣ ( )f mmax maxi m 0

( )∣− =f m 1
i

.
Kaolin-type clays are commonly found in weak soils

and typically exhibit poor bearing capacity. However,
when these clays come into contact with contaminants
such as waste engine oil, their essential properties, such
as durability, water permeability, and soil stability, can be
compromised. To address this issue, the use of fly ash
and nanographene powder is effective in enhancing
the geotechnical properties of contaminated kaolin-type
clays.

In light of this, a gray correlation analysis was conducted
to investigate the influence of parameters, including the
degree of soil contamination, type of stabilization material,
and percentage ratio, on various engineering properties such
as the unconfined compressive strength, brittle index, and
secant modulus of kaolin-type clay soil. The gray correlation
ranks and gray correlation degrees are presented in Table 7
and Figure 20, respectively.

Based on the analysis presented in Table 7 and Figure 20,
the gray correlation sequence for the qf was determined to be
CD > FA > NG for both the 0-day and 7-day contamination

Table 7: Gray correlation degrees (ri)

Reference sequence Parameter Comparison sequence (0-day) Comparison sequence (7-days)

CD FA NG CD FA NG

qu ri 0.6124 0.5780 0.4827 0.5641 0.5574 0.4487
R 1 2 3 1 2 3

IB ri 0.6189 0.6572 0.6731 0.5460 0.6652 0.6103
R 3 2 1 3 1 2

Es50 ri 0.6079 0.6653 0.6322 0.6209 0.6334 0.6064
R 3 1 2 2 1 3

R: gray correlation ranks, qu: unconfined compression strength at failure, IB: Brittle index, and Es50: the secant modulus.
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durations. It was found that the degree of contamination had
a greater impact on the qf compared to the type and propor-
tion of the stabilizationmaterial, regardless of the duration of
contamination. Fly ash, as a mineral material, was found to
be more effective in improving the UCS strength of contami-
nated kaolin soils compared to nanographene powder.

Regarding the IB, the presence of the stabilization mate-
rials significantly influenced the behavior of the material. At
the 0-day contamination duration, the gray correlation rank
for IB was determined as NG > FA > CD. The presence of
nanographene powder emerged as the primary parameter
affecting the brittleness and ductility of the material.
However, at the 7-day contamination duration, the gray cor-
relation rank for IB was determined as FA > NG > CD. Fly ash
exhibited the most significant effect on the brittle index of
kaolin soils exposed to 7-day contamination.

The gray correlation order for the Es50 was found to be
FA > NG > CD at the 0-day contamination duration. The
presence of fly ash had the most significant impact on the
strain rate in relation to the stress at 50% of the stress–
strain curve of the material. At the 7-day contamination
duration, the gray correlation order for Es50 was deter-
mined as FA > CD > NG. The degree of contamination
had a greater influence on the secant modulus compared
with the presence of nanographene.

Moreover, the maximum correlation coefficients, ξmax,
were observed as follows:
• For qf at 0-day contamination: ξCD = 0.9847, ξFA = 0.9847,
ξNG = 0.6813.

• For qf at 7-day contamination: ξCD = 0.9773, ξFA = 0.9946,
ξNG = 0.7620.

• For IB at 0-day contamination: ξCD = 0.8844, ξFA = 0.9076,
ξNG = 0.9553.

• For IB at 7-day contamination: ξCD = 0.8813, ξFA = 1.000,
ξNG = 0.9190.

• For Es50 at 0-day contamination: ξCD = 0.9816, ξFA = 0.9576,
ξNG = 0.9807.

• For Es50 at 7-day contamination: ξCD = 0.9887, ξFA = 0.9789,
ξNG = 0.9229.

Based on these results, the optimum combination for
achieving the maximum unconfined compressive strength
under the studied conditions is the use of 0.12% nanogra-
phene powder with 25% fly ash addition for kaolin samples
contaminated with 5% waste engine oil. This combination
helps mitigate the adverse effects of engine oil on the
strength properties of kaolin. On the other hand, for
the brittle index, the recommended optimum values are
the addition of 10% fly ash and 0.04% nanographene
powder for 3% engine oil contamination prior to the con-
tamination period. After 7 days of contamination, 45% fly
ash with 0.04% nanographene powder was used for 3%
engine oil contamination. Regarding the secant modulus,
the optimum combination for kaolin samples is 10% fly ash
and 0.08% nanographene at 3% engine oil contamination
for 0-day contamination, and 25% fly ash and 0.08% nano-
graphene at 3% engine oil contamination after 7 days of
contamination.

CD: contamination degree; FA: fly ash; NG: nanografen
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Figure 20: The ri values of soil contamination, type, and percentage ratio of the stabilization material on the engineering properties of kaolin soil for
0 and 7 contamination durations.
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4 Conclusions

In this study, the effects of NG and FA additives on the
physical and engineering properties of kaolin clay con-
taminated with waste engine oil (EO) were investigated
experimentally. Furthermore, the role of the contamina-
tion time on these properties was investigated, and the
optimum additive rates were determined by Gray
Relation Analysis (GRA). The main findings are summar-
ized below:
• The physical properties of the soils showed an increase
in liquid limits and a decrease in plasticity index due to
EO contamination. The highest LL value was obtained
with the combination of 10% FA and 3% EO, whereas
the highest PI value was observed with 5 and 9% EO.
The effect of NG doping varied depending on the amount
of EO; NG doping increased LL and PI in samples treated
with 9% EO.

• Proctor compaction results showed that EO decreased
the optimum water content (opt) and increased the dry
unit weight. FA addition decreased opt, while NG addi-
tion increased opt at all EO ratios compared to FA
addition.

• EO contamination decreased soil strength; however, this
negative effect was reversed by the addition of FA and
NG additives. In particular, 45% FA admixture resulted in
a 58.62% strength increase in the samples containing 5%
and 9% EO. The highest UCS value was obtained with
0.08% NG.

• Although 45% FA exhibited a more ductile behavior at
lower EO ratios, it increased brittleness at 9% EO. The NG
admixture significantly increased the brittleness above
0.08%, causing brittle behavior at all EO levels.

• FA admixture generally increased the Es50 value. 25% FA
provided the highest Es50 value after 7 days of contam-
ination. NG doping increased Es50 up to 0.08%, whereas
doping above this level led to a decrease (especially at 3
and 5% EO).

• The optimum additive combinations were determined
according to the GRA analysis as follows:

o For UCS 5% EO → 25% FA + 0.12% NG
o For IB: 3% EO, 0 days → 10% FA + 0.04% NG; 7 days →

45% FA + 0.04% NG
o For Es50: 3% EO, 0 days → 10% FA + 0.08% NG; 7 days →

25% FA + 0.08% NG

This study highlights the effectiveness of using a com-
bined treatment of fly ash and nanographene in improving
the geotechnical properties of kaolin clay contaminated
with waste engine oil. The results showed that 25% fly

ash and 0.08% graphene yielded optimal improvement in
unconfined compressive strength, maximum dry density, and
reduced porosity. For researchers and practicing engineers
working in the field of contaminated soil remediation, these
findings suggest a promising approach for stabilizing oil-con-
taminated fine-grained soils.

While the combined use of fly ash and nanographene
has shown promising results in enhancing the geotechnical
properties of contaminated kaolin soils under laboratory
conditions, its field-scale application warrants further
investigation. Particularly, the use of nanographene raises
valid concerns related to environmental toxicity, leach-
ability, and cost-effectiveness. Although the dosage used
in this study was intentionally kept low (0.08%) to mitigate
ecological risks, the long-term behavior and potential
release of graphene particles into the environment remain
areas of concern. Furthermore, the current high cost of
graphene limits its immediate viability for large-scale soil
stabilization projects. Future studies should focus on life
cycle assessments (LCA), eco-toxicological evaluations, and
the development of cost-efficient, scalable production
methods for graphene, in order to ensure its safe and sus-
tainable use in geotechnical engineering.
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