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Abstract
Leaking tanks may lead to severe contamination of their surrounding soil. The geotechnical behavior of the soil varies 
with the physicochemical processes that occur between the contaminant and the soil. In this respect, studying the geo-
chemical properties of gasoline-contaminated soils and sediments seems to be important for engineering and especially 
environmental purposes. In this paper, laboratory tests were carried out to examine the effects of crude gasoline contami-
nation on some of the geotechnical properties of a silty soil sampled from the Mashhad plain, located in the northeast of 
Iran. Tests consisted of basic properties, Atterberg limits, compaction, direct shear, and uniaxial compression tests, which 
were carried out on clean and contaminated soil samples at the same densities. The contaminated samples were prepared 
by mixing the soils with crude gasoline in the amounts of 3%, 6%, 9%, and 12% of dry weight and curing periods of 0, 7, 
15, and 30 days. Results indicated a decrease in the friction angle and an increase in the cohesion of the soil by increasing 
gasoline content. Besides, a reduction in the maximum dry density and optimum moisture content was observed in the 
compaction test. The increase in gasoline percentage up to 6% also showed a direct effect on increasing the liquid limit 
and plastic limit of silty soil, which decreased thereafter. Moreover, any increase in gasoline percentage had a reverse 
effect on the modulus of elasticity of the soil. The increase in gasoline percentage up to 3% also had a direct impact on 
the uniaxial compressive strength of the soil, exceeding which it started to decline. Finally, the effects of contamination 
duration were examined by testing contaminated samples in periods of 7, 15, and 30 days under natural conditions. 
The results showed a reverse relationship with all geotechnical properties due to aging and a reduction in the gasoline 
content due to the evaporation of volatile compounds. Also, the numerical analysis of the laboratory results indicated 
an increase in settling and the percentage of shear strain beneath the foundation with increasing the contamination 
level, confirming the laboratory results.
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1 Introduction

Human life depends highly on energy sources, espe-
cially fossil fuels such as oil, gas, and gasoline. Unlike 
very low environmental consequences of clean energies, 

hydrocarbons can alter the environment such as soil and 
rock [1–4]. In recent years, soil contamination by petro-
leum products has been intensified due to human activi-
ties. In this respect, several techniques such as refining to 
acceptable standards have been considered for dealing 
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with and responding to these issues. For instance, Croney 
[5] used sandy soil contaminated with petroleum materi-
als for building non-residential buildings and highways. 
Similarly, Meegoda et al. [6, 7] suggested the use of con-
taminated petroleum materials for producing hot asphalt, 
which resulted in much less cost.

A summary of the studies including soil types, con-
ducted tests, contamination agent(s), and their effects 
on the geotechnical properties of the soils is presented 
in Table 1. As the table represents, depending on the soil 
types, contamination with oil and petroleum by-products 
has generally a reverse effect on friction angle and shear 
strength parameters.

Concerns about soil contamination by petroleum prod-
ucts are usually related to leakage or seepage from stor-
age tanks or distribution facilities. However, there are also 
accidental escapes from refineries due to unfortunate inci-
dents or negligence, where significant amounts of hydro-
carbons are released over long periods. Excavation in oil-
contaminated areas is one of the most common treatment 
methods, but it will only move the problem from point to 
point [1, 37–39].

Petroleum-contaminated soil is one of the most prob-
lematic materials in construction projects. The reac-
tion between petroleum contamination and soil causes 
changes in geotechnical properties. These changes 
depend on the time of exposure to the contamination 
such that the longer the contamination of petroleum 
materials, the more decrease occur in geotechnical prop-
erties. Therefore, it leads to a great impact on the design 
and implementation of construction projects. As can be 
seen, identifying the behavior and performance of these 
soils before the design and implementation of any projects 
is of great importance. Leaking from tanks will contami-
nate the soil around it. Geotechnical behavior of the soil 
changes due to the physicochemical processes that occur 
between the contaminant and the soil. This can change 
soil behavior and reduce its bearing capacity. Therefore, 
the stability of the structures will be compromised and soil 
and groundwater will be polluted, due to damage to tanks 
and leakage of large amounts of contaminants [2, 38–41].

Most of the previous studies have focused on clayey 
and sandy soils contaminated with crude oil and no stud-
ies have considered the effects of duration of contami-
nation. To the best of our knowledge, the geotechnical 
behavior of silty soil due to oil contamination has been 
investigated only by Rahman et al. [17] and Nasehi et al. 
[29]. Therefore, it is necessary to conduct further studies 
on other soil types like silty soil and other contaminating 
agents (such as other by-products of oil like gasoline), as 
well as considering the contamination exposure duration.

Two main reasons for selecting ML soil type in this study 
are the following. First, ML is one of the most common soil 

types in the study area (southern Mashhad, Iran), where 
most of Mashhad’s refineries are built upon and the risk 
of soil contamination from oil is high. Second, since the 
previous studies were conducted on different soil types 
with various chemical components, no unanimous con-
clusion could be achieved for the contamination effects. 
Therefore, limiting the soil type to only one type (i.e., ML) 
may provide valuable insights into the role of fine-grained 
soil in the interaction of the soil with the contaminant. In 
this way, it can serve as a benchmark for future studies. 
The laboratory tests carried out in this study consisted of 
Atterberg limits, direct shear, unconfined compression 
tests, and compaction characteristics.

2  Materials and methods

The experiment procedure followed in this study includes 
(a) describing the study area where the soil sample and 
contaminants were obtained and (b) performing the labo-
ratory tests on natural soil and gasoline-contaminated soil.

2.1  Study area

The soil used in this study was collected from the south 
of Mashhad, where residential buildings are being con-
structed. Due to the topographic conditions of this area, 
most of the observed sediments are of silty type (Fig. 1). 
As mentioned before, in this region, some oil refinery and 
petrochemical industries related to gasoline storage are 
under construction. Thus, studying the effects of gaso-
line contamination on the geotechnical properties of this 
soil type becomes very crucial. Hence, in case of further 
expansion of these constructions and the occurrence of 
oil pollution, geotechnical engineers could consider the 
results of this study before the project and will be able to 
provide a suitable solution to face this problem and pre-
vent disasters.

Several holes were drilled to a depth of 1 m in the area 
to sample from the study area. Figure 2 presents differ-
ent stages of sampling and drilling for each hole. In situ 
density testing was performed at the bottom of each hole 
according to ASTM D1556 standard [42].

2.2  Materials

2.2.1  Soil

The soil sample used in this study was prepared from 
the south of Mashhad in a remolded and undisturbed 
state. This soil is classified as loam according to the clas-
sification of the United States Department of Agriculture 
(USDA). Sieve analysis was conducted on the soil samples 
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according to the standards of ASTMD422-63 [43], D4318-
17 [44], D 2487 [45], and D854-14 [46]. Figure 3 presents 
the grain size distribution of all the selected samples. It 
is classified as ML (lean silt) according to the Unified Soil 
Classification System (USCS).

Tables 2 and 3 show the results of X-ray fluorescence 
(XRF) and X-ray diffraction (XRD) analysis (Fig. 4) used to 
determine the chemical composition and mineralogy of 
soil, respectively. Table 4 presents a summary of the basic 
properties of the soil type. According to the soil gradation 
curve, 10% of the studied soil is clay, 43% is silt, and 47% 
is sand grains.

2.2.2  Gasoline

Table 5 represents the properties of the gasoline according 
to the samples used in the country.

2.2.3  Water

In this study, distilled water was used for all experiments.

2.3  Standards

The experiments carried out in this study were according 
to ASTM standards. Table 6 shows the types of tests per-
formed with the corresponding standards.

2.4  Samples preparation

After particle size classification, samples were oven-dried 
at 105°C in a 24-h period. Then, the gasoline was sprayed 
on the samples and mixed manually in the percentages 
of 0, 3, 6, 9, and 12% of the dry weight of the soil samples 
according to Nasehi et al. [29, 52] and Khosravi et al. [24].
In the next step, the mixture was put into closed contain-
ers at room temperature for 7, 15, and 30 days to reach 
equilibrium. This period is consistent with the 3–7-day 
period proposed by Singh et al. [26] for soil-contaminant 
mixtures. Table 7 shows the labeled samples prepared for 
this purpose.

It is of note that Khamehchiyan et al. [15] and showed 
that the addition of more than 12% of oil contamination 
to the soil is not suitable for sampling in sandy and silty 
soils. The explanation is that without increasing water, the 
sample will be on the wet side of the compaction curve 
and the excess crude oil during compaction tests will drain 
out of the samples. Therefore, in this study, the gasoline 
percentages were limited to 0, 3, 6, 9, and 12%.

The gasoline evaporation from the samples was 
examined by measuring the daily change in the weight 
of samples kept at room temperature of 25 °C such as 
Zheng et al. [53]. Results showed that the evaporation Ta
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took place at a fairly high rate during the first week, but 
it continuously decreased with time until it ceased com-
pletely after almost four weeks. It was also observed that 
the total gasoline evaporated from the samples was less 
than 3% of the gasoline content used to contaminate the 
soil. Therefore, the change in the gasoline content due 
to evaporation was considered insignificant. Figure 5 
shows the gasoline evaporation percentage and rate of 
ML samples in the laboratory environment. ML-3, ML-6, 
ML-9, and ML-12 samples were kept in different contain-
ers and were weighed on consecutive days.

In the study area, a rectangular area (200 m × 200 m) 
with 16 holes (with a depth of 1 m) was drilled and sam-
pling was done at this depth. Since diesel or any petro-
leum products have not been contaminated in this area 
yet, so the samples taken from the soil of the area are 
free of petroleum contamination. To determine the 
density of the study area, a sand cone in situ density 
test was performed according to ASTM D1556 at the 
bottom of each hole. Considering that there was a dif-
ference between the minimum density (approximately 
1.64 g/cm3) and the maximum density (approximately 
1.7 g/cm3), the relative density was calculated to 95% 
(= 1.64/1.7). The soil density obtained for non-contam-
inated samples and gasoline-contaminated samples 
was approximately equal to 1.67 g/cm3 and 95% of the 
laboratory density, respectively (Fig. 2) [1, 53]. After the 
experiments, statistical analysis was performed and the 

mean data were plotted. It is noteworthy that in all dia-
grams, 0% of gasoline is related to the base soil without 
pollution. All diagrams were compared and analyzed 
according to the base soil data.

3  Laboratory testing

The analysis, design, and construction of most geotech-
nical projects were done based on test results according 
to ASTM and AASHTO standards. These standards were 
followed in laboratory conditions at controlled tempera-
ture with distilled water as the pore water. However, these 
conditions and especially water quality vary in different 
environments due to infiltration and mixing of various 
contaminants. Since conditions in the project site and 
standard conditions are considerably different, premature 
or progressive failures are very common [54].

Tests conducted in this study to analyze the effects of 
gasoline contamination on geotechnical properties of 
the samples included Atterberg limit, compaction, direct 
shear, and uniaxial compression tests. For the unconfined 
compression test (UCT) and shear box test, the standard 
Proctor compaction test was conducted. In this way, the 
density and optimum moisture content of the samples for 
different percentages of contamination were obtained. 
Then, the samples were remolded in the test mold with 
static compaction at determined maximum dry density 

Fig. 1  Location of sampling 
station in the study area
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and optimum moisture content. The tests were carried out 
according to ASTM D2166 [48] and ASTM D3080 [51] for 
UCT and shear box tests, respectively. Figure 6 presents the 
flowchart of the laboratory-testing procedure.

A water pycnometer was used to determine the spe-
cific gravity (Gs) following ASTM D854 [46]. The plastic limit 
and liquid limit were determined based on ASTM D4318 
[44]. To determine the maximum dry density, the modified 

Fig. 2  a and b Different stages of drilling the hole, c sampling method, and d determination of in situ density
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Proctor compaction test was carried out on the soil sam-
ples based on ASTM D698 [50].

4  Results and discussion

4.1  Atterberg limit

Atterberg limits or consistency limits are character-
ized by plastic and liquid limits and plasticity index. 
The liquid limit represents the minimum water content 
at which soil particles flow under their weight. On the 
other hand, the plastic limit is the minimum water con-
tent at which soil is molded without breaking. These 
limits control the consistency of the soils by chanting 
the wetting conditions. Atterberg limits have very exten-
sive use in geotechnical engineering for the identifica-
tion, description, and classification of soils. Also, they 
are considered a basis for the preliminary assessment of 
their mechanical properties. Furthermore, these limits 

are easily determined and their qualitative correlations 
with soil composition and physical properties have been 
quite well established. Nevertheless, the fundamental 
interpretations of the limits and quantitative relation-
ships between their values and compositional factors are 
more complex [55, 56].

Among different gasoline percentages added to the soil, it 
was found that adding 6% of diesel oil has increased the liq-
uid limit, exceeding which it started to decline. Also, increased 
curing time has reduced the liquid limit of the soil. Figure 7 
provides an overview of the state of changes in the liquid limit 
relative to the gasoline content and curing duration.

The addition of gasoline up to 6% increased the plastic 
limit, exceeding which it started to decrease. Increasing 
the curing time has also increased the plastic limit in the 
soil. Figure 8 shows an overview of the plastic limit change 
status relative to the percentage of gasoline and curing 
time.

The addition of gasoline up to 6% increased the plas-
ticity index and decreased it thereafter. Also, increasing 
the curing time reduced the plasticity index in the soil. 
Figure 9 illustrates the status of plasticity index changes 
related to the gasoline percentage and curing time.

Tables 8 and 9 indicate the statistical analysis of the liq-
uid limit and the plasticity limit results for different sam-
ples prepared with different contamination percentages 
at different times.

The increase in the LL, PL, and PI can be described by 
the theory of the diffuse double-layer. Water is a polar 

Fig. 3  Gradation curve of the studied soil

Table 2  Chemical composition 
of the soil (XRF results)

SiO2 Al2O3 Na2O MgO K2O TiO2 MnO CaO P2O5 Fe2O3 SO3 LOI

Soil 36.7 8.16 0.57 3.56 1.53 0.42 0.06 16.67 0.1 3.39 11.93 16.63

Table 3  Mineralogy of soil (XRD result)

Soil type Minerals

ML Quartz, Calcite, Albite, Illite, Gypsum, muscovite, 
kaolinite

Fig. 4  XRD pattern graph of 
ML sample
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molecule because the electrons of the hydrogen atoms 
are “pulled” toward the electrons of the oxygen atom. This 
makes a zone of positive charge on the hydrogen atoms 
and the negative charge on the other end of the molecule 
(i.e., the oxygen atom), which is known as dipole water. 
Dipole water is attracted both by the negatively charged 
surface of the clay particles and by the cations in the dou-
ble layer.

The other mechanism by which water is attracted to 
clay particles is hydrogen bonding, where hydrogen atoms 
in the water molecules are shared with oxygen atoms on 

the surface of the clay. The water held to clay particles by 
force of the attraction is known as double-layer water. The 
innermost layer of the double-layer water, which is held 
very strongly by the clay, is known as adsorbed water. This 
orientation of water around the clay particles gives fine-
grained soils their plastic properties. The water in the pore 
space that is not absorbed by the clay particles and moves 
easily in the soils is called free water, which determines 
the liquid behavior of the soil [56, 57]. Unlike the water 
molecule, the gasoline molecule is not a dipole. Therefore, 
while mixing with soil, gasoline molecules cover the soil 
particles and do not allow water molecules to develop the 
diffuse double-layer. As a result, more water is needed for 
the soil to obtain plastic properties. This might be the rea-
son for the increase in the plastic limit. However, if the oil 
orients the soil particles, most of the water added to the 

Table 4  Physical and 
mechanical properties of the 
soil

Properties Soil

Gravel (%) 0
Sand (%) 47
Silt (%) 43
Clay (%) 10
LL (%) 35
PL (%) 25.5
PI (%) 9.5
GS 2.7
Unified Classified ML
AASHTO Classified A-4
GI 0
Activity (%) 0.95

Table 5  Properties of the gasoline used in this study

Dynamic 
viscosity at 
20 °C

Boiling 
point

Self-igniting 
tempera-
ture

Combus-
tion tem-
perature

Density at 
25 degrees

cP °C °C °C gr/cm3

1.7–2 150–390 257 56 0.8–0.84

Table 6  Tests performed on the samples and their relevant stand-
ards

Standard Test

ASTM D2166 [47] Unconfined compression test (UCT)
ASTM D422-63(89) and ASTM 

D421-87[43]
Grading test and hydrometer

ASTM D2216-19 [48] Determine the moisture content
ASTM D854 [46] Density determination of soil grains
ASTM D4452 [49] Mineralogical experiment (XRD)
ASTM D 2487 [45] Unified soil classification system
ASTM D698-12 [50] Standard density (Compaction 

standard test)
ASTM D3080 [51] Direct shear test

Table 7  Labels of clean and contaminated sample

Mixture name Mixes Curing 
time 
(days)

Soil ML0 (control) natural soil –
Soil contami-

nated
ML3-1 3% Gasoline 7
ML3-2 3% Gasoline 15
ML3-3 3% Gasoline 28
ML6-1 6% Gasoline 7
ML6-2 6% Gasoline 15
ML6-3 6% Gasoline 28
ML9-1 9% Gasoline 7
ML9-2 9% Gasoline 15
ML9-3 9% Gasoline 28
ML12-1 12% Gasoline 7
ML12-2 12% Gasoline 15
ML12-3 12% Gasoline 28
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Fig. 5  Gasoline evaporation percentage and rate of samples in the 
laboratory environment
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soil during the test will join the free water. Accordingly, 
the liquid limit shows a slight increase with increasing the 
gasoline content [21, 29].

Besides, due to the increase in the cohesion of the ML sam-
ples after contamination with gasoline and the development 
of flocculation fabric in the soils, more water is needed to flow 
the soil by its weight. This means that shear strength is zero 

and thus the liquid limit starts to increase. By increasing the 
liquid limit and plastic limit, the plasticity index (PI) of the soil 
samples decreases. This mechanism, which has been proven 
by Mitchell and Soga [58], Rehman and Abduljauwad [59], 
Evgin and Das [8], Nasehi et al. [52] and Sharifi Teshnizi et al. 
[38], is shown schematically in Fig. 10.

Fig. 6  Flowchart of the 
laboratory-testing procedure

Fig. 7  Liquid limit variation in different curing times and different 
gasoline contents in fine-grained soil Fig. 8  Plasticity limit variation in different curing times and differ-

ent gasoline contents in fine-grained soil
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4.2  Compaction tests

Standard Proctor compaction tests (ASTM-D698, Method A 
[50]) were carried out on the soil samples contaminated by 
gasoline in the laboratory. Figures 11, 12, 13 represent the 
test results in dry density versus water content diagram at 
different curing times.  

As a general trend, with increasing the gasoline content, 
the compaction curves for contaminated soils move to the 
left side of the uncontaminated soil curve. Figure 14 shows 
the effects of contamination on the maximum dry density 
at different ages. The variation of the density in the soil 
samples shows a significant drop when 3% of gasoline is 
added to the soil while for the heavily contaminated sam-
ples, the density remains almost constant. The decrease 
in dry density in sandy soil is small since the void spaces 
are larger and gasoline can move through the soil grains 
at the same rate as water, indicating a similar lubricating 
effect. The results are in agreement with those reported by 
Shah et al. [60], Khamechiyan et al. [15], and Nasehi et al. 
[29, 52]. However, they are contrary to those of Al-sanad 
et al. [61, 62], Meegoda et al. [7], Kermani and Tahgi Ebadi 
[21], and Solly et al. [63].

Figure 15 shows the relationship between moisture 
and gasoline contents at different ages. The figure pre-
sents a drawdown trend of optimum moisture content 
with increasing the gasoline content in the samples. This 
suggests that the water content required to achieve maxi-
mum density has decreased with increasing the gasoline 
content. It is probably related to the lubricating effect of 
gasoline, which makes the soil a looser material compared 
to the uncontaminated soils [17]. It is noteworthy that the 
optimum moisture content of uncontaminated silty soil is 
relatively higher probably due to the presence of Illite and 
kaolinite (Fig. 4; Table 3) in the soil and their water absorp-
tion characteristics.

4.3  Unconfined compression tests

Unconfined compression tests (UCT) were performed on 
the clean and contaminated ML soil samples according to 
ASTM D2166 [47] at different ages. An axial strain rate of 
1%/min was applied to the sample until the load values 
decreased with increasing the strain, or until reaching a 
strain level of 15%. Figures 16 and 17 show the changes in 
the UCT and modulus of elasticity with different contents 
of gasoline at different ages. 

The initial increase in UCT of the sample with 3% gaso-
line could be attributed to the formation of flocculation 
fabric because of the contamination (Fig. 10). Generally, 
flocculated soil has lower compressibility, higher strength, 
and permeability compared to the same soil in a dispersed 
state with the same void ratio [64]. Moreover, for contami-
nation up to 3%, a thin layer of gasoline on clay particles 
serves as a viscous interface and helps the clay retain its 
structure, thereby increasing the shear strength. For the 
heavily contaminated samples (i.e., gasoline content 
greater than 3%), the thickness of this layer exceeds a 
critical value and makes the particles slip over each other. 
Consequently, the shear strength of the soil decreases.

The results of UCT tests show that increasing the per-
centage of gasoline and the curing time decreases the 
modulus of elasticity and increases the plasticity of the 
samples. Similarly, increasing the operating time reduces 
the UCT and modulus of elasticity, while an increase in 
the gasoline content decreases the UCS and modulus of 
elasticity.

Tables 10 and 11 show the statistical analysis of the 
results of UCT and modulus of elasticity for different sam-
ples prepared with different percentages of contamination 
at different times. 

4.4  Direct shear tests

Direct shear tests were carried out on clean and contami-
nated samples according to ASTM D3080 [51]. The tests 
were performed in a square shear box (10 cm × 10 cm) with 
a rate of shear deformation equal to 0.5 mm/min at normal 
loads of 20, 40, and 60 kg. Tests were carried out in dry 
conditions to prevent oil drainage from the samples.

Figures 18 and 19 show the changes in the Cohesion 
and Friction angle in different gasoline contents at dif-
ferent ages. Results represent a general trend of increase 
in cohesion and decrease in friction angle of contami-
nated samples by increasing the contamination content. 
In this soil type, a small decrease in cohesion is observed 
in 3% of contamination at the age of 30 days. The results 
are in agreement with those reported by Khosravi et al. 
[24], but inconsistent with those found by Shah et al. [60] 
and Kermani and Ebadi [21]. The increase in cohesion 

Fig. 9  Plasticity index variation in different curing times and differ-
ent percentages of gasoline in fine-grained soil
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is attributed to the low dielectric constant of hydrocar-
bon fluids such as gasoline. According to Lambe [65] and 
Sridharan and Rao [66], the cohesion of clay increases 
with a reduction in the dielectric constant of the pore 
fluid. Besides, Sharifi Teshnizi et al. [38] and Zhao [67] 
showed that the organic material and hydrocarbons 
reduce repulsive forces between clay particles resulting 

in higher cohesion. On the other hand, gasoline viscosity 
is higher than in water (Table 5). Therefore, the ability of 
gasoline to withstand the shear force is more than water. 
When shear force is applied to the samples, in addition 
to soil particles, gasoline resists shear force too, and 
apparent cohesion of the soil increases. The decrease in 
the friction angle in the presence of gasoline might be 

Fig. 10  Schematic of the gaso-
line–particle interaction model

Fig. 11  Maximum dry density changes in 7-day contamination and 
different percentages of gasoline

Fig. 12  Maximum dry density changes in 15-day contamination 
and different percentages of gasoline

Fig. 13  Maximum dry density changes in 30-day contamination 
and different percentages of gasoline

Fig. 14  Relationship between maximum dry density and gasoline 
content at the different ages
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associated with the lubrication effect of gasoline on the 
surface of the particles. 

Tables 12 and 13 show the statistical analysis of the 
results of shear parameters (adhesion and internal 

friction angle) of different samples prepared with dif-
ferent percentages of contamination at different times.

4.5  Numerical modeling

The stability of any foundation depends on various fac-
tors such as bearing capacity and the amount of soil set-
tlement under the foundation. Therefore, in this section, 
we present numerical analysis and modeling results of 
investigating the effects of contamination with 0, 3, 6, 9, 
and 12% of gasoline on geotechnical properties of the soil. 
Figure 20 shows the analyzed model.

Geotechnical parameters obtained from the labora-
tory results with different amounts of contamination over 
7 days were analyzed. Figures 21 and 22 represent the rate 
of settlement changes for the soil without contamination 
and with 12% contamination, respectively. Also, Figs. 23 
and 24 show the settlement and the percentage of shear 
strain changes below the foundation in different percent-
ages of contamination, respectively.

The analysis results show that increasing the contami-
nation content leads to consequent increases in the set-
tlement, shear strain percentage, and ductility due to the 
changes in geotechnical parameters. These changes are 
completely consistent with the laboratory results.

Figures  25, 26, 27, 28, 29 illustrate the soil failure 
mechanism for different contamination percentages. The 
results show that increasing the amount of contamination 
changes the plastic points and failure mechanisms. Addi-
tionally, it is seen that the rate of soil elevation swelling 
failure varies depending on the amount of contamination.

5  Discussion

In this paper, the effects of contamination with gasoline 
on the geotechnical properties of ML soil were studied. 
Tests conducted for this purpose consisted of Atterberg 
limits, compaction, unconfined compression, and direct 
shear tests.

Results showed a decrease in the friction angle, maxi-
mum dry density, optimum moisture content, and UCT 
and an increase in the cohesion of silty soil with increas-
ing the contamination content.

The results of compaction tests in this study, like those 
of Khamehchiyan et al. [15], Naseh et al. [29], reduced the 
maximum density and optimal moisture. One explana-
tion for the similarity of the results can be the existence 
of almost similar soils, as the soil used in this research was 
silty or silty sandy soils. Meanwhile, the reason for the dis-
crepancy between our results and the results of Rahman 
et al. [17, 59] was the use of clay in their research and the 
difference in the contaminant types.

Fig. 15  Relationship between moisture and gasoline content at dif-
ferent ages

Fig. 16  Unconfined compressive strength variations at different 
gasoline contents and different ages

Fig. 17  Modulus of elasticity variations at different gasoline con-
tents and different ages
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Moreover, the results showed that increasing the con-
taminant percentage (> 3%) decreased the UCT of the 
soil. This result is consistent with those of Khamehchiyan 
et al. [15], Naseh et al. [29], Zhi-bin et al. [68], Eissa [69], 
Rodríguez Cuervo [70] and Aziz [1]. It is of note that in 
additives less than 3%, the resistance increases slightly. 
This result is in line with the results of Khamehchiyan 
et al. [15]. This effect and its reason are shown in Fig.10. 
Another noteworthy point is that diesel due to its non-
polar nature causes the formation of a flocculent struc-
ture in the soil (Fig. 10), thereby changing the soil plas-
ticity properties [71]. Thus, more inter-cluster channels 
are formed in the soil texture, ultimately leading to a 
reduction in maximum dry density. Also, since diesel was 
added to the samples before adding water at different 
intervals (7, 15, and 30 days before), according to Rah-
man et al. [59] a thin layer of contaminant was present 
on the surface of the soil particles and adding a small 

amount of water also causes the weak bond between the 
particles to separate (Fig. 30). In this process, the diesel 
released into the pore fluid, due to its low density rela-
tive to water, takes more space and is a factor to reduce 
the amount of water needed to compress the samples. 
Furthermore, the formation of water-diesel emulsion, 
which is an aqueous phase for lower percentages of 
contaminant, will affect the density of contaminated 
soil due to the dual behavior of these two fluids and the 
insolubility of diesel in water.

Increasing the percentage of diesel contamination and 
the duration of contamination reduced the UCT values 
and the final strain of the contaminated samples. Increas-
ing the amount of contamination changed the sample’s 
behavior from the softening strain state to the harden-
ing strain. The presence of diesel leads to a change in the 
hardening behavior of the samples at higher percentages 
of contaminant. The presence of organic fluid in the soil 
texture leads to the bonding of particles by weak van der 
Waals forces (physical absorption). Figure 31 presents the 
ductility changes of the studied samples. As can be seen, 
at higher percentages of contaminant, because of the 
higher viscosity of diesel compared to water, the internal 
friction angle between the particles and the possibility of 
grain slipping declines, especially in the coarse-grained 
part of the soil. This, in turn, reduces the UCS of the sam-
ples. This soil behavior is similar to the one reported by 
Ercoli et al. [72] (Fig. 31).

According to Al-Sanad and Ismael [73], the change in 
resistance of diesel-contaminated samples due to pro-
cessing can be reflected as an increase in the rate of long-
term reactions and the activity of soil particle surface due 
to being covered by diesel molecules. The reason is that, 
compared to water, diesel requires more time to react 
and adsorb. This event occurs due to changes in the pH of 
the fluid and a decrease in the hydration rate of ions. As 
a result, diesel molecules need more time to adsorb onto 
soil particles.

6  Conclusion

Based on the findings of this study, the following results were 
obtained:

• In fine-grained sediments, as gasoline contamination 
increases, the plastic limit decreases as well. Since gasoline 
molecules are non-polar, when the fine particles become 
contaminated, a thin layer of oil encloses the particles. This 
thin layer appears to prevent the water from reacting with 
the charged particles of clay.

• With increasing the gasoline percentage, the optimum 
moisture decreases because the added gasoline fills some 

Fig. 18  Cohesion variations at different percentages of gasoline 
and different ages

Fig. 19  Friction angle variations at different percentages of gaso-
line and different ages
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of the empty spaces in the soil. Therefore, the peak point 
of the compaction curve is achievable with less water. 
Since the specific gravity of the gasoline is lower than 
that of water, in contaminated samples, the specific unit 
weight of the soil decreases with an increase in contami-

nation content. The reason is that in dense samples, the 
pores are filled with gasoline instead of water.

• The results of the direct shear test show that increasing 
the time of contamination and the percentage of contam-
ination results in a decrease in cohesion and the internal 

Table 12  Statistical analysis of the results of adhesion values in different percentages of contamination at different times

a Multiple modes exist. The smallest value is shown

The adhesion values (Cohesion)

7 Days 15 Days 30 Days

ML3-1 ML6-1 ML9-1 ML12-1 ML3-2 ML6-2 ML9-2 ML12-2 ML3-3 ML6-3 ML9-3 ML12-3

N Valid 16 16 16 16 16 16 16 16 16 16 16 16
Missing 0 0 0 0 0 0 0 0 0 0 0 0

Mean 0.23 0.28 0.30 0.32 0.22 0.25 0.255 0.271 0.197 0.201 0.208 0.220
Std. Error of Mean 0.0019 0.0013 0.0023 0.0010 0.0007 0.0009 0.0007 0.0009 0.0012 0.0001 0.001 0.001
Median 0.2311 0.2810 0.2985 0.3200 0.2186 0.2520 0.2540 0.2731 0.1963 0.2015 0.2084 0.2200
Mode 0.23a 0.28a 0.31 0.32 0.22 0.25a 0.25a 0.27 0.19 0.20 0.20 0.22a

Std. Deviation 0.0073 0.0051 0.009 0.0041 0.0027 0.0035 0.0026 0.0037 0.0047 0.0004 0.005 0.004
Variance 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Skewness − 0.279 − 0.662 0.534 0.111 0.858 0.810 1.291 − 1.815 1.176 0.896 1.158 0.219
Std. Error of Skewness 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564
Kurtosis − 1.310 − 0.612 − 1.223 − 1.155 − 0.715 − 0.305 1.413 2.256 0.917 0.682 0.893 − 1.238
Std. Error of Kurtosis 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091
Range 0.02 0.02 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.00 0.02 0.01
Minimum 0.22 0.27 0.29 0.31 0.22 0.25 0.25 0.26 0.19 0.20 0.20 0.21
Maximum 0.24 0.29 0.32 0.33 0.23 0.26 0.26 0.27 0.21 0.20 0.22 0.23

Table 13  Statistical analysis of the results of internal friction angle in different percentages of contamination at different times

a Multiple modes exist. The smallest value is shown

The internal friction angle

7 Days 15 Days 30 Days

ML3-1 ML6-1 ML9-1 ML12-1 ML3-2 ML6-2 ML9-2 ML12-2 ML3-3 ML6-3 ML9-3 ML12-3

N Valid 16 16 16 16 16 16 16 16 16 16 16 16
Missing 0 0 0 0 0 0 0 0 0 0 0 0

Mean 22.03 20.09 19.00 17.96 21.44 19.36 18.42 16.89 20.52 17.59 16.65 15.51
Std. Error of Mean 0.111 0.097 0.062 0.081 0.036 0.086 0.081 0.071 0.039 0.061 0.075 0.064
Median 22.01 20.04 19.00 18.00 21.44 19.38 18.40 16.89 20.50 17.59 16.68 15.50
Mode 21.60a 19.90a 18.90a 18.30 21.40a 19.00a 18.90 16.50a 20.40a 17.30a 16.90 15.30
Std. Deviation 0.445 0.387 0.248 0.324 0.143 0.343 0.323 0.285 0.159 0.244 0.301 0.256
Variance 0.198 0.150 0.061 0.105 0.021 0.118 0.104 0.081 0.025 0.060 0.091 0.066
Skewness − 0.159 0.288 − 0.127 − 0.232 − 1.810 − 0.289 0.308 0.134 1.812 − 0.249 − 0.353 0.817
Std. Error of Skewness 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564 0.564
Kurtosis − 1.775 − .717 − 0.007 − 1.447 5.326 − 0.701 − 1.221 − 1.097 5.531 − 0.248 − 1.076 − 0.211
Std. Error of Kurtosis 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091 1.091
Range 1.20 1.30 0.90 0.90 0.60 1.20 0.90 0.80 0.73 0.90 0.94 0.80
Minimum 21.40 19.50 18.50 17.50 21.00 18.70 18.00 16.50 20.27 17.10 16.10 15.20
Maximum 22.60 20.80 19.40 18.40 21.60 19.90 18.90 17.30 21.00 18.00 17.04 16.00
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Fig. 20  Analysis model

Fig. 21  Soil settlement under the foundation in soil without con-
tamination

Fig. 22  Settlement under foundation for soil with 12% contamina-
tion

Fig. 23  Settlement changes for soil with different contamination 
amounts

Fig. 24  Shear strain changes for soil with different contamination 
amounts

Fig. 25  Plastic points changes for the failed soil without contami-
nation
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friction angle of the soil. This reducing effect was greater 
on cohesion than the reduction in friction angle. It can be 
stated that the inter-particle encapsulation increases the 
slippery rate between the particles, thereby reducing the 
friction angle and cohesion of the soil particles.

• Petroleum hydrocarbons, such as gasoline, surround the 
soil particles, making them non-polar and insulating them 
against water molecules. This results in the change of 
water state from the adsorption state to an inter-grained 
state so the pore pressure increases. Increasing pore 
pressure reduces soil strength and elastic modulus and 
increases soil deformability

• The reason for the decrease in shear stress can be due to 
the combination of the physical and chemical effects of 
gasoline. Physically, the presence of gasoline causes better 

Fig. 26  Plastic points changes for the failed soil with 3% gasoline

Fig. 27  Plastic points changes for the failed soil with 6% gasoline

Fig. 28  Plastic points changes for the failed soil with 9% gasoline

Fig. 29  Plastic points changes for the failed soil with 12% gasoline

slipping between the grains during shear and reduces soil 
shear stress. But from a chemical point of view, due to the 
hydrophilicity of the fine particles, swelling of the fine-
grained soil with water absorption is greater than that of 
gasoline.

• This paper demonstrated the effects of contamination 
duration on the soil geotechnical properties. The results 
showed that increasing the duration of soil exposure to 
contamination led to a drastic reduction in geotechnical 
properties such as dry density, optimum moisture con-
tent, compressive strength, elastic modulus, and shear 
parameters. However, the degradation rate of these 
parameters in 30 days is much higher than in 7 days.

• Results of the numerical analysis showed that the changes 
in settling and shear strain percentage have increased 
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with increasing contamination percentage, which is com-
pletely consistent with the laboratory results.

• In general, it can be concluded that low percentages of 
contamination do not affect soil’s engineering proper-
ties. However, when this percentage is more than about 
4%, it can decrease the engineering properties of the 
soil.
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