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1. Introduction

The pollution of soils by petroleum products is one of the most pervasive
environmental problems associated with industrialization, urban development,
and energy production. Leakage from underground storage tanks, accidental oil
spills, and improper waste disposal have led to widespread pollution of soils
and groundwater systems worldwide. Petroleum pollution not only poses risks
to ecosystems and human health but also alters the engineering performance of
soils. Presence of petroleum hydrocarbons in the soil-water system modifies its
biological, physicochemical and geotechnical conditions (Zadroga and Olafczuk-
-Neyman, 2001; Chmielewski et al., 2020).

When hydrocarbons replace or partially displace pore water, they change the
surface properties and interactions between soil particles and grains (Kaya and
Fang, 2000; Anandarajah, 2003; Kaya and Fang, 2005, Izdebska-Mucha et al.,
2011). This effect is more pronounced in cohesive soils, leading to changes in
granulometric composition, consistency limits, microstructure, permeability and
mechanical properties, thereby affecting the overall engineering behaviour of
the soil (e.g. Korzeniowska-Rejmer, 2001; Rajabi and Sharifipour, 2019; Saeed
et al., 2024). The extent of these changes depends on the type and viscosity of
the pollutant, the degree of pollution, the lithological composition of the soil,
and the duration of pollution.

Previous studies have reported that hydrocarbon pollution adversely
influences shear strength, bearing capacity, and compressibility of the soil (Puri
et al., 1994; Al-Sanad et al., 1995; Aiban, 1998; Puri, 2000; Shin et al., 1999;
Czado et. al., 2010; Kermani and Ebadi, 2012; Khosravi et al., 2013; Ling and
Yong, 2013; Siang et al., 2014; Onyelowe. 2015; Karkush and Jihad, 2020;
Salimnezhad et al., 2021). Such alterations can compromise the performance
and safety of geotechnical structures, including foundations, slopes, and
embankments. However, despite numerous experimental investigations,
there remains a lack of integrated approaches that link laboratory-derived
soil property changes with their macroscopic geotechnical implications.
Bridging this gap is crucial for developing predictive tools that can simulate
the response of contaminated soils under changing field conditions.

The present study aims to investigate the effect of diesel fuel on the physical-
-chemical, strength, and deformation parameters of a typical cohesive soil
and to assess its implications for geotechnical performance through numerical
analysis. Laboratory testing program was carried out on model soil samples
with a controlled degree of pollution and included granulometric composition,
consistency limits, sorption capacity, direct shear strength, compressibility,
and microstructural analysis. The obtained parameters were implemented
in numerical simulations to assess how the observed changes influence
settlement behaviour, bearing capacity, and slope stability. The findings of this
study contribute to a better understanding of the micro-scale mechanisms
and macro-scale engineering responses in oil-contaminated cohesive soils
and provide a scientific basis for evaluating the geotechnical risks associated
with hydrocarbon pollution.
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Fig. 1. Mineralogical composition
of the tested soil according to XRD
analysis (own elaboration)

2. Materials and methods
2.1. Soil

In this study soil samples were collected from the construction site in Warsaw
area. The soilrepresents glacial till of the Odra glaciation, whichis one of the most
common type of Quaternary deposits in Poland. According to the macroscopic
description (PN-EN ISO 14688-1:2018-05) the soil was classified as a clay with
silt and sand, brown, with stiff consistency. The X-ray diffraction (XRD) analysis
was performed using PANalytical B.V. X’Pert PRO MPD, Bragg-Brentano method,
and the results were analysed using X’'Pert HighScore Plus software (ver.2.2e).
As shown in Fig. 1, the XRD results revealed the polimineral composition of
the clay fraction and the high quartz content in the tested soil, which is typical
of glacial clayey deposits.

Counts
80000 —

60000 —

40000 —

20000 —

2.2. Pollutant

The natural soil samples were homogenised and polluted with commercially
purchased diesel fuel (ON). Diesel fuel, composed of hydrocarbons C, — C,5, has
lower density (0.82-0.84 g/cm?), greater viscosity (2—4.5 mm?/s), and much
lower dielectric constant (€ ~ 2) in comparison to water.

2.3. Sample preparation

Comparative laboratory analyses were performed on remoulded soil samples
containing 0, 4, 12% ON. The procedure of sample pollution was adopted after
previous studies (Dobak et al., 2022) and it is shown in Fig. 2. The applied
procedure simulates long-term pollution and allowed to obtain homogeneous
soil mixtures with a controlled degree of pollution. For the oedometer and direct
shear tests, the soil-ON-water pastes were compacted at the mould to achieve
a bulk density as close as possible to natural conditions, while avoiding the
extrusion of ON from the sample, thereby maintaining the intended ON content.
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https://doi.org/10.37705/TechTrans/e2025023

B::: technical
=[O transactions No. 2025/023

Natural soil was dried at 105°C ]

The soil was then ground and sieved through a @ 2 mm sieve,
divided into three parts

a B

Diesel fuel was added to two samples of dried soil
according to the formula
_~ %0ON = (mon/m;)*100 -
: e ¥ ok
..\ Clean soil - 0% ON and pastes: 4% ON and 12% ON

The soil and diesel fuel were mixed every two weeks until
a homogeneous pastes were achieved, the equilibration period
was 4 months, samples were kept at room temperature (20°C)

| & >

Vs

Water was added to clean and contaminated soil to
achieve the desired moisture content w = w, = 15.0%

=y
The sample was compacted to achieve bulk density
p = pn= 2.14 Mg/m?
The samples were cut, measured, and tested in . ) ]
oedometer and direct shear apparatus Fig. 2. Sample.preparatlon mgthod of diesel
fuel polluted soil (own elaboration)

3. Methods
3.1. Physical-chemical properties

Particle size distribution was determined according to PKN-CEN ISO/TS
17892-4:2009 using the pipette method. In the test procedure the dispersing
agent was not applied, such as the results revealed an actual microaggregate
composition of the soil.

Liquid limit and plastic limit were tested according to PN-EN ISO 17892-
-12:2018-08. The cone penetrometer method was used for the liquid limit
measurements. The Atterberg limits were calculated in terms of the water
content in the ON-polluted soil samples following the recommendations
proposed by Khamehchiyan et al. (2007).

The methylene blue capacity (MBC) and cation exchange capacity (CEC) were
determined following PN-B-04481 (1988).

3.2. Mechanical properties

Oedometer consolidation tests were carried out according to PN-EN ISO 17892-
-5:2017-06. The sample consolidation at each stage of loading was carried out
until the deformation sensors indicated no further changes. To prevent pore
fluids loss due to evaporation, all specimens were covered with plastic film.

The shear strength was tested in a standard direct shear test apparatus
following ASTM D3080-04. The tests were performed with a rate of shear equal
to 0.1 mm/min at normal loads of 50, 100, 150 and 200 kPa.

3.3. Microstructure

Scanning electron microscope (SEM), model ZEISS SIGMA VP (Carl Zeiss
Microscopy, Cambridge, UK) was used to study the fabric of the clean and
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polluted soil. Prior to the analysis the specimens were freeze-dried and dusted
with gold, following the procedure described by Trzcinski (1998).

3.4. Numerical analyses

Numerical calculations were performed using FEM modelling in ZSOIL software.
The soil medium was modelled using the Mohr-Coulomb (M-C) constitutive
model (Table 1). Within the experimental framework, a soil foundation
interaction model was created to determine soil bearing capacity, embankment
construction to determine settlement, wide-scale excavation works to assess
slope stability assessment, and narrow-space excavation in steel sheet pile
wall to evaluate structural loading of the wall construction.

The aim of the simulation was to obtain an answer to the question whether soil
ON contamination significantly affects the bearing capacity and deformability of
the subgrade under typical conditions with different structures.

3.5. Numerical prediction of bearing capacity

Foundation bearing capacity modelling was determined through simulation
of a footing with dimensions L = B = 2 m using two approaches. Analytical
calculations were performed using Eurocode 7 guidelines (PN-EN 1997-
-1-2008) for bearing capacity assessment under undrained conditions, and
FEM simulation to determine the maximum foundation load. Due to the need
to compare the bearing capacity obtained from Eurocode calculations with
FEM calculation results, the footing model was simulated as a 3D model.
To avoid the necessity of using contact elements at the foundation-soil
medium interface, foundation placement at a depth of 1 meter below ground
surface was simulated by applying load to the model surface simulating stress
conditions at the foundation level.

Table 1. Parameters used for numerical modelling (own elaboration)

Fig. 3. 3D FEM model for bearing capacity

assessment (own elaboration)
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3.6. Numerical prediction of settlement

In order to assess the influence of contamination on the settlement an
10 meter high embankment was modelled. The construction stage was divided
into 10 steps. In stages 1-9, the height of the embankment structure was
increased and the construction of pavement layers was simulated, while in
stage 10, loading from road traffic was applied. Due to the simulation of loading
under plane strain conditions, a uniformly distributed load of 15 kPa increased
by an additional 5 kPa to account for dynamic loading effects. The parameters of
the embankment layers are given in Table 1.

i i Fig. 4. 2D FEM model for settlement
e e assessment (own elaboration)

3.7. Numerical prediction of slope stability

In order to assess the impact of contamination on the stability of excavation
slopes, a model of a sloping excavation was created in two variants with
slopes ratio of 1:1 and 2:1. The initial stage covered the subgrade loaded
with construction work loading at a level of 10 kPa. Excavation implementation
was carried out in 4 stages, simulating soil extraction with a thickness of 1 meter
in each phase. After achieving the target excavation depth, slope stability
assessment was conducted. Calculations were performed using the ¢ - ¢
reduction method (SRM-strength reduction method) to determine the safety
factor (SF). A detailed description of the method was described by Griffiths
and Lane (1999) and Sanecki et al. (1999). The strength reduction calculations
excluded the subsoil layer just below the contaminated layer.

Fig. 5. 2D FEM sloping excavation model
(own elaboration)

3.8. Numerical prediction of retaining wall load

In order to assess the impact of contamination on the degradation of soil
parameters and, consequently, the increased impact (pressure) on the retaining
structure, a 4-meter-deep excavation protected by a sheet pile wall was
modelled. Firstly, the initial stage covering earthwork loading of 10 kPa was
simulated. The wall elements were simulated as elastic elements in the form
of a beam with steel sheet pile characteristics. Contact interface conditions
were implemented on both sides of the beam, simulating friction between soil
and wall surface at a level of 60% of the internal friction angle of the soil in
contact with the wall. Excavation to the final depth was simulated in 2 stages
(Fig. 6).
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Fig. 6. 2D FEM retaining wall excavation

model (own elaboration)

4. Results

4.1. Effect of diesel fuel on physical-chemical and mechanical
properties

Table 2 presents the effect of diesel fuel contamination on the key physical-
chemical and the mechanical properties of the tested soil. The results show that
the clay and the sand content decreased by 3% and 4% points, respectively,
for the soil containing 12% ON, while the silt content increased with increasing
degree of pollution. The changes observed can be attributed to the aggregation
effect of clay particles coated with hydrocarbons, resulting in a decrease in clay
content and an increase in the silt content. On the other hand, the presence
of hydrocarbons may cause the weakening of structural bonds occurring
in the clean soil and the disintegration of larger aggregates within the sand
fraction, which caused a reduction in the sand content. Similar effects have
been reported in previous studies, though the magnitude of the changes
varied significantly with soil type, pollutant characteristics, and testing method
(e.g. Korzeniowska-Rejmer and Izdebska-Mucha, 2006; Izdebska-Mucha and
Korzeniowska-Rejmer, 2010; Karkush and Kareem, 2017; Izdebska-Mucha
etal.,, 2021).

The plastic limit and the liquid limit of the polluted soil decreased by
a maximum of 7.4% points and 8.5% points, respectively, compared to the
clean soil. Accordingly, the plasticity index decreased by about 1%. However,
these changes did not affect the classification of the studied soil, and all the
samples represented lean clay CL according to USCS system.

The obtained results indicated reduction in the sorption capacity with the
increasing ON content. This change can be attributed to effect of hydrocarbons
surrounding the clay particles which in turn reduces the ability of attraction of
other molecules, such as the methylene blue or water molecules. As a result
a reduction in cation exchange capacity, specific surface area, and plasticity
was obtained.

Importantly, low changes in the key physical properties of polluted soil are
not indicative of a relatively greater effect of pollution on the shear strength
parameters, i.e. cohesion and angle of internal friction, which decreased by
a maximum of 30% and 17%, respectively, for the soil containing 12% ON.

Generally it can be observed, that the tested soil showed rather small
changes in the considered parameters when polluted with 4% ON, whereas for
the pollution of 12% ON the changes became significantly higher.

Table 2. Changes in physical-chemical and mechanical properties of tested soil (own elaboration)

Soil parameters
Diesel psychical-chemical mechanical
comtet | clayer | st sang | Pt | it | sty | pctuy | tethiane | Caton S | copsionc | el
(%) (%) (%) =) MBC (g/100 g) (meq/100 g) friction @ (°)
0% ON 23 37 40 15.1 35.0 19.9 1.11 3.35 8.96 63 23.3
4% ON 23 38 39 14.2 33.0 19.3 1.07 3.18 8.51 52 22.8
12% ON 20 44 36 7.7 26.5 18.8 1.25 2.23 5.96 44 19.4
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4.2. Effect of diesel fuel on compressibility

The one-dimensional compression tests were carried out in order to assess the
impact of diesel fuel pollution on changes in compressibility and consolidation
parameters of the studied cohesive soil. These characteristics generally depend
on the soil lithology, the external loading to which the soil is subjected, as well
as the type and duration of pollution. Due to the glacial origin, the granulometric
composition of the tested soil may exhibit significant spatial variability. Parts of
the soil material with a significant clay content (20% and more) demonstrate
insulating properties that hinder the rapid penetration of petroleum-derived
pollutants. In contrast, spatially variable silty and sandy interlayers are
preferred pathways for the filtration of the liquid phase, i.e. water and petroleum
pollutants.

In this context, to quantitatively assess this process in soils with a typical
composition of glacial till, it is reasonable to conduct tests on reconstituted
samples. This approach is acceptable according to the applied standard for
oedometric testing (PN-EN ISO 17892-5:2017-06, section 6.2.4.1). By applying
remoulded samples, it is possible to prepare material with approximately
uniform spatial pollution, whereas in the case of diesel fuel penetration into
an undisturbed sample, this process would require an unacceptably long time
without any guarantee of uniform pollution.

The experimental study of the soil polluted with diesel fuel (4% and 12%)
is an extension of typical standard application. This non-standard approach
reflected in the variation of the initial characteristics of the soil material, i.e. the
bulk density and dry density, the values of which decreased with increasing
contamination (Table 3). This effect may result from lower density of ON in
comparison to water and the controlled slighter compaction such as to prevent
squeezing out the fuel from the soil.

Table 3. Changes in compressibility of tested soil (own elaboration)

Diesel fuel Initial bulk | Initialdry Oedometric modulus E, .,
content densityp | densityp, | 0005 | 0.05-0.1 | 0.1-0.2 | 0.2-0.4
(% dry weight) (g/cm?) (g/cm?) MPa MPa MPa MPa
0% ON 1.88 1.66 2.5 1.2 31 6.8
4% ON 1.85 1.59 2.3 1.8 3.0 5.5
12% ON 1.84 1.54 0.8 1.2 2.4 5.4

Based on the results presented in Table 3 it can be observed that for samples
containing 0% and 4% ON, the minimum value of the oedometric modulus (E,,;)
was found under the second step of loading (0.05-1.0 MPa). This behaviour
indicates a collapse of the artificially formed soil structure under a load of
approximately 100 kPa. In contrast, the 12% ON pollution revealed the effects
likely associated with a significant reduction in friction between soil particles
and grains. This resulted in approximately four times higher compressibility of
the soil material, already at the initial loading stage of 0.05 MPa. At subsequent
loading stages, an increase in the E_, was observed; however, on average, it
remained lower in comparison to the samples 0% and 4% ON. The tendency
towards diminishing differences in compressibility became apparent under
higher loading conditions (400 kPa).

The effect of diesel fuel has also clearly reflected in the consolidation
behaviour of the soil. The model proposed by Casagrande (logt vs. h), due to
its characteristic S-shaped curve (Fig. 7), provides a useful reference for
comparison with experimental results, enabling the identification of distinct
features in the behaviour of the tested soil. The interpretation of differences
between the model and the experimental results may be related both to the
artificially formed soil structure and to pollution with diesel fuel.
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Fig. 7. Phases of consolidation

(own elaboration)
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The primary characteristic of the obtained consolidation curves is the
scattered data of the initial settlement stage, theoretically defined as phase
s, — the immediate settlement. In most of the analysed cases, instead of a very
rapid deformation, a delayed response was observed. The immediate settlement
typically occurs within the first several to several dozen seconds after the
application of the load. On the (log t vs. h) plot, it is usually represented by
a straight line with a steeper slope than that corresponding to the subsequent
deformations associated with phase s, (primary consolidation).

The completion of the primary consolidation stage (h,y,) can generally be
determined by the intersection of the linear approximations representing the
middle portion of the s, phase and the part of consolidation curve corresponding
to creep settlement (s,). It should also be noted that in some tests, a highly
variable or non-classical shape of the (log t vs. h) relationship is observed,
or a nearly constant slope is maintained throughout the test, which prevents
reliable determination of the coefficient of consolidation (c,). Its validity should
therefore be verified through quantitative analyses, such as ¢, optimization
methods (Dobak, 1999; Dobak and Gaszynski, 2015).

When the shape of the (logt vs. h) plot allowed the identification of
the s, phase, a decrease in the coefficient of consolidation (c¢,) was observed
with increasing stress levels and higher pollution (Table 4). The coefficient of
secondary compression (C,, creep) showed higher values with increasing
ON content. These results indicate the effect of reduced interparticle friction
resulting from the presence of hydrocarbons at the liquid—solid interface.

Table 4. Changes in parameters of primary and secondary consolidation of tested soil
(own elaboration)

Diesel fuel Coefficient of consolidation c, Coefficient
tent of secondary
COlEEH 0.05-0.1 MPa 0.1-0.2 MPa 0.2-0.4 MPa compression (creep) C,
(% dry weight) *10°8 (m?/s) =)
0% ON - 8 2 0.00117
4% ON - 4 2 0.00173
12% ON 5 2 1 0.00301
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4.3. Effect of diesel fuel on microstructure

SEM analysis of clean and polluted soil samples revealed a significant influence
of diesel fuel on soil microstructure. In the 0% ON sample (Fig. 8A) the clay
material was densely packed with structural elements tightly arranged,
forming a relatively uniform clayey matrix. The polluted soil showed a clear
transformation of microstructural features, which became more pronounced as
the degree of pollution increased (Fig. 8b, c). In the 12% ON sample, the clay
matrix consists of smaller structural elements (microaggregates) that appear
to be arranged more loosely. This leads to a redistribution of pore space and
suggests an increase in inter-microaggregate porosity. The grains are either
loosely coated with a clay film or have exposed surfaces. On the surface of
clay particles, a thin layer of a substance, probably hydrocarbons, can be
observed (Fig. 8d).

Fig. 8. Soil microstructure in Scanning
Electron Microscope. a) 0% ON, x200;
b) 4% ON, x3300;c)12% ON, x2500;
d) 12% ON, x15000 (own elaboration)

The microstructural analysis revealed that the polluted soil had a less
cohesive structure, which explains the reduction in cohesion and friction
angle. Additionally, the presence of hydrocarbons on soil particles increases
lubrication at particle contact, contributing to lower shear resistance and
greater compressibility.

5. Polluted soil behaviour and practical implications
5.1. Expansiveness

Preliminary identification of potentially expansive soils typically relies on
empirical correlations, which apply the basic soil properties. The most commonly
used parameters for assessing soil expansiveness include index properties such
as the Atterberg limits and particle size distribution, as well as sorption and
swelling parameters, which are indicative of the soil mineralogical composition
(Izdebska-Mucha and Wojcik, 2014).

In the present study, the physical-chemical parameters listed in Table 2 were
used to evaluate the effect of diesel fuel pollution on the potential expansiveness
of the examined soil. The results of the analysis, based on widely adopted
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Fig. 9. PN-EN 1997-1-2008 and 3D FEM
bearing capacity assessment results
(own elaboration)

systems (IS 1498, 1970; Chen, 1975; van der Merwe, 1964; Casagrande acc.
Head, 1992) as well as more recent classifications for soil expansiveness
(Yilmaz, 2006; Yukselen and Kaya, 2008), are summarized in Table 5.

According to most of the classifications considered, a 0% diesel fuel sample
is characterized by medium or low/medium expansiveness. Despite relatively
small changes in physicochemical parameters values, the category of samples
contaminated with diesel fuel shifted toward low expansiveness, according
to four out of six classifications. The observed changes in soil expansiveness
classification are the result of the presence of hydrocarbons on the surface of
the soil skeleton, as observed in the SEM analysis. Covering the clay particle
surface of the soil with hydrocarbons reduces its availability and interaction
with water, which is the essence of the soil ability to volume changes, i.e. its
expansiveness. The application of hydrocarbon polluted soils as construction
materials is one of the alternative methods of disposing polluted soil (Oluremi
and Osuolale, 2014). In this light, reduced expansiveness is a beneficial effect
in the polluted soil behaviour.

Table 5. Changes in expansiveness of tested soil by various classification systems.
Soil expansiveness: L — low, M — medium, soil plasticity: I — intermediate (medium)
(own elaboration)

- Classifications
iese
fuel Chen IS 1498 | van der Merwe ::l(;sKeal‘e: Yilmaz C:::g;z:ze
content | (1975) | (1970) (1964) (2oos¥ (2006) o
0% ON M L/M M L M L/1
4% ON M L M L M L
12% ON L L M L L/M L

5.2. Numerical prediction of bearing capacity

Bearing capacity results estimated on 3D FEM modelling are approximately
20% higher than those calculated based on the PN-EN 1997-1-2008
standard for all degrees of diesel oil pollution. Obviously, it should be kept
in mind that this is the ultimate bearing capacity, which in reality cannot be
utilized in practice due to significant soil deformations. The loss of bearing
capacity relative to the uncontaminated soil was 18% at 4% diesel oil pollution
and 44% at 12% pollution for both the analytical and numerical modelling.
The impact on soil bearing capacity is noteworthy, especially since the factor
that strongly influences soil bearing capacity is the angle of internal friction,
which changes by several degrees as a result of pollution. All results were
presented in Fig. 9.

Bearing capacity [kPa]

o 500 1000 1500 2000 2500 3000

= ON 0% 3D FEM qf= 2546 kPa

* ON 4% 3D FEM qf= 2069 kPa

« ON 12% 3D FEM qf= 1336 kPa
—ON 0% - PN-En 1997-1-2008 qf= 1991 kPa
Yoo, T, ON 4% PN-En 1997-1-2008 qf= 1622 kPa
*a — 0N 123 - PN-En 1997-1-2008 qgf= 1111 kPa

Displacamant [m]
- &
4
.
s® i

- -] &
& = -
.

.

-]
]
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5.3. Numerical prediction of settlement

The elastic modulus E value of the layer contaminated with diesel oil was
determined based on oedometer test results E, ;. Usually, both parameters are
not comparable, but in the case of subgrade loaded by a wide embankment,
estimation of maximum settlement at the embankment centre axis, where
horizontal soil deformability is significantly constrained, this approach gives
acceptable results. Due to the significant embankment height (10 m), the
constrained modulus was selected according to stress increment for the stress
range of 200-400 kPa.
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4 = Fig. 10. 2D FEM settlement results
DepREameT 12 5.4 140 — wr
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13.9

The results of oedometer tests indicate that the greatest decrease in
constrained modulus occurs after adding 4% diesel oil, while further changes
are so small that they have no significant effect on the settlement. For the
presented model adding 4% ON increases settlement in the model by 2.3 cm
and it is worth mentioning that approx. 20% of the additional settlement is
achieved only due to the increase in compressibility caused by pollution.
A further increase in pollution has a slight effect on the increase in settlement
due to mentioned earlier influence on constrained modulus. It should be noted
that the differences in settlement will be greater in the case of thicker layers,
but a situation in which a thick layer of clay is evenly contaminated can be
considered implausible.

5.4. Numerical prediction of slope stability

The stability calculation for an sloped excavation with a slope of 1:1 and 2:1
proved slope stability for both clean and contaminated soil parameters.
In both cases, the safety margin is maintained even at the highest level of
pollution, and the lowest SF values do not exceed the threshold of SF = 2.9.
Considering the fact that the stability is ensured at SF = 1, this is a large safety
margin. Nevertheless pollution with 12% diesel fuel causes a significant
decrease in SF compared to the SF of a slope made of uncontaminated soil,
amounting to approx. 30%. It is well-known that the height of a slope has
a direct impact on its stability. Therefore, a slope twice as high, with a 2:1
gradient build of a contaminated layer with 12% diesel oil, was also modelled.
The calculation results also confirmed the stability of such a slope at SF = 1.8.
However, the occurrence of such a thick layer of contaminated cohesive soil is
not very probable, unless it concerns the surface layer of a slope.
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5.5. Numerical prediction of retaining wall load

Wall loading results for subgrade with different degrees of diesel oil pollution
of the cohesive layer do not differ significantly. The maximum bending
moment in the wall at 12% pollution is 100.8 kNm. Meanwhile, the minimum
moment for uncontaminated soil is 94.7 kNm. Small changes are conditioned
by the high cohesion of the soil, which significantly limits structural loading at
the small modelled depth. The influence of pollution on sectional forces and
moments does not exceed 5% even at the highest degree of pollution. Wall
loading results and selected displacement map in the modelled computational
cross-section are presented in Figure 12.
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Fig. 12. 2D FEM retaining wall load results
(own elaboration) .

6. Conclusions

The paper describes the results of experimental and numerical investigations
of the effect of diesel fuel on geotechnical behaviour of a model cohesive soil.
The laboratory testing program included granulometric analysis, Atterberg
limits, sorption capacity, oedometric and direct shear tests, microstructural
analysis. The obtained results were used for further analysis of the soil in terms
of geotechnical classifications and expansiveness, as well as for assessing
the geotechnical implications of pollution through numerical modelling.
The following conclusions can be drawn:
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Diesel fuel pollution caused a modification of soil granulometric composition
and sorption properties. An increase in silt content and a decrease in clay
content were observed, indicating aggregation of clay particles coated by
hydrocarbons. The reduction of the liquid and plastic limits and the cation
exchange capacity reflects the decline in the soil ability to adsorb water
molecules.

The presence of hydrocarbons significantly reduced the shear strength
parameters. Cohesion decreased by approximately 30%, and the internal
friction angle dropped by about 17% at the highest degree of pollution
(12% ON). These changes result from the lubrication effect and reduced
bonding between mineral particles caused by hydrocarbon films identified
in SEM analysis.

. The degree of pollution affects both the pattern and the extent of changes

in soil compressibility. Increasing load reduces the significance of
contamination, which is reflected in the similarity of the oedometric modulus
values for the 12% ON samples. Potentially, diesel fuel content larger
than 4% has a significant impact on increasing soil compressibility. This
may be the basis for predicting the activation of settlement under existing
structures when pollution of the subsoil has occurred, e.g., due to failures
in petroleum products transmission infrastructure or traffic accidents.

In soils polluted with diesel fuel and artificially structured, deformation
behaviour differs notably from that observed in the model consolidation
process. Soil creep plays an important role: not only in the final phase of
settlement, but also after applying subsequent load increments. Creep also
modifies the process of primary consolidation (liquid seepage), which in
many cases makes it impossible to determine reliable c, values.

When interpreting the test results for soil material that was both remoulded
and contaminated, it is essential to critically analyse the vertical deformation
of the soil as a function of time. The recommended graph for such analysis
is (logt vs. h). The assessment of divergences between experimental and
theoretical consolidation models allows for a critical distinction between
settlement phases. Optimization methods provide a means to improve the
quantitative reliability assessment of the ¢, determination.

Analysis of the numerical modelling results indicates that the obtained
decrease in strength parameters caused by pollution does not significantly
affect the stability of slopes or loads on sheet pile walls. It should be
remembered that in the presence of a landslide or excessive deformation of
the wall with the development of a slip zone, the behaviour of the soil may
be subject to residual strength. In that case the effect of cohesion will be
ignored, and the lubricating effect of pollution may contribute to a significant
reduction in the angle of internal friction and stability.

. When modelling the impact of pollution on the bearing capacity of the ground

and its settlement under load, the impact of pollution is clearly visible.
In terms of bearing capacity, there is a 44% reduction at the highest level
of pollution, and a 4% ON content causes a 20% increase in settlement.
Scanning electron microscope analysis revealed rearrangement of structural
elements and pore space distribution, and coating of mineral grains by
hydrocarbon films. These structural alterations explain the macroscopic
decrease in strength and increase in deformability of the polluted soil.

The obtained results provide a quantitative and qualitative basis for

predicting deformation and stability in hydrocarbon-affected cohesive soils and
may support the development of risk assessment procedures in geotechnical
practice.

The authors would like to thank the reviewers for their valuable comments, M.Sc. Eng. Weronika
Marciniak for her assistance in the laboratory work and data analysis, and M.Sc. Grzegorz Kapron
for performing XRD analysis.
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