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ABSTRACT

Environmental problems caused by soil contamination can cause changes in the physical, chemical
and geotechnical properties of the soil. Research on a suitable method for soil improvement has
focused on the use of biological methods for soil improvement and remediation. Microbial calcium
carbonate precipitation has been applied to solve many geotechnical problems. In this study,
sandy soil was mixed with two conventional hydrocarbon pollutants and classic soil mechanics
tests (compaction, direct shear, uniaxial and permeability tests) were implemented. The use of two
bacterial solutions, two-phase injection and bacterial flocculation with injection of cementation
solution, produced favorable results. Considering the lower inhibition of gasoline in low dilution, it
was possible to improve with both methods. In the case of soil contaminated with motor oil, limi-
tations on the use of microbial calcium carbonate precipitation were improved with the use of
bacterial flocculation. The results of this approach were more suitable because the bacteria stabi-
lized between the soil grains. XRD, SEM, EDS and wet chemical analysis were carried out to help
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confirm and interpret the results.

Introduction

Contaminated soil is that in which the main characteristics
have been affected by some type of contamination (Tang et al.
1997). Heavy metal, alkaline or acidic substances, corrosive
solutions, oil contaminants, toxins from landfills and other
pollutants can affect microscopic organisms and alter the soil
structure and properties (Liu and Yu 2017). Soil contamin-
ation due to the release of gasoline can affect its physical,
chemical and mechanical properties (Nasehi et al. 2016). A
variety of factors can cause contamination by oil and petrol-
eum products, including leaky fuel tanks and pipelines and
spills by factories that use this type of fuel (Udiwal and Patel
2010). Much research has been done on the engineering
effects of these contaminants on soil geotechnical parameters
(Al-Sanad et al. 1995; Kermani and Ebadi 2012;
Khamehchiyan et al. 2007; Khosravi et al. 2013; Nazir 2011;
Puri 2000). Studies have reported a decrease in soil strength
parameters such as the angle of friction (Al-Sanad et al. 1995;
Evgin and Das 1992; Ghaly 2001; Ratnaweera and Meegoda
2005; Shin et al. 2002). An increase in the pore fluid viscosity
could change the properties of mineral-to-pore fluid contacts,
causing softening of the stress-strain behavior and leading to
a decrease in the soil resistance parameters.

Contaminated soil improvement methods

Some of the most dangerous consequences of soil contamin-
ation are poor geotechnical parameters caused by the oil

pollutants and their derivatives. Contaminated soil improve-
ment methods should be environmentally friendly. Such
methods for improving the contaminated soils include:

e Improvement by chemical methods, such as the use of
cement (Akinwumi et al. 2016; Estabragh et al. 2018;
Kogbara 2013), lime (Ghasemzadeh and Tabaiyan 2017;
Ghobadi et al. 2014), fly ash (George et al. 2015) or
cement furnace slag (Nasr 2014).

e Use of nanoparticles of materials such as iron (Huang
and Wang 2016). The interaction between the particles
during improvement can affect particle activity on the
atomic scale. It can create nano-mineral bonds between
particles of various minerals in the soil and improve the
mechanical properties of the soil (Bahmani et al. 2016).
The specific surface area (SSA) of such particles is very
high and the use of suitable minerals for the surface of
nanoparticles with a high charge can produce strong
bonds between the particles and improve the physio-
logical and soil engineering properties (Zhang 2007).
SEM imaging of specimens improved by nanoparticles
shows a wide variation in soil texture. The nanoparticles
fill the gaps between the grains and improve the soil
mechanical properties (Tabarsa et al. 2018).

e The use of nanotechnology alone or in combination with
chemical methods can improve the geotechnical properties
of the soil (Bahmani et al. 2016). For soil contaminated by
hydrocarbons, the use of pure iron and hydrated lime
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nanoparticles has been studied (Nasehi et al., 2016). In clay
soils contaminated with kerosene, the use of clay and silica
nanoparticles alone or in combination increased the quality
of geotechnical strength parameters (Zomorodian et al.
2017). Clay nanoparticles also are a sustainable soil
improvement method (Tabarsa et al. 2018).

e Biostabilization such as microbial calcium carbonate pre-
cipitation is an adaptable and suitable method for soil
improvement that exploits the existing potentials between
soil particles and bacteria. Microbial calcium carbonate
precipitation has been used for engineering applications
such as remediation and stabilization (DeJong et al. 2006;
Whiffin et al. 2007) and solidification and remediation in
soil contaminated with lead. Microbial improvement
using calcium carbonate precipitation has been investi-
gated for soil contaminated with oil. The use of bacterial
flocculation or repeated injection of suspensions has
been shown to increase the uniaxial strength of sandy
soil (Cheng and Shahin 2017).

e The use of biological methods soil for soil remediation
and stabilization is new and the effects of the type of pol-
lutant on bacterial activity and the amount of precipitate
resulting from urease activity requires more precise geo-
technical testing and investigation of the types of pollu-
tant and their effects on the biological processes.

Bioremediation of contaminated soil using calcium
carbonate precipitation

Although advances have been made in the use of carbon-
free or low-carbon energy sources (Simpson and Tatsuoka
2008), the development and optimization of more environ-
mentally friendly methods is required. The purpose of this
study was to investigate the geotechnical parameters of
sandy soil contaminated with two common hydrocarbon
pollutants. The inhibitory effect on bacterial growth by
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Figure 1. Grading of Firouzkouh 161 sand and other types of standard sand.

Table 1. Chemical properties of soil obtained from XRF spectroscopy.

calcium carbonate precipitation has been investigated using
the disk diffusion test.

The two-phase injection method has been successful for
one type of pollutant. In fact, research has focused on the
effect of contaminants on the bacterial function rather than
upon entry into the soil because they have different effects
on precipitation performance. Two different types of bacter-
ial entry into the soil have been studied and analyzed. In
addition to the uniaxial test, the direct shear, permeability
and maximum dry weight tests along with chemical and x-
ray diffraction (XRD) analysis have been performed for
more accurate examination of geotechnical parameters.

Materials and methods

The materials used included sandy soil from the Firoozkooh
region of Iran, two common types of hydrocarbon contam-
inant (motor oil and gasoline) and Sporesarcina pasteuri
bacteria. The methods for use of microbial improvement
using calcium carbonate precipitation are described below.

Soil

The soil used in this study was Firoozkooh 161 sand from
Iran. Figure 1 shows the grading distribution diagram
(ASTM D422) (ASTM D422422, 1999). This sand is classi-
fied as poorly graded (SP) (Stevens 1982). Tables 1 and 2
list the results of x-ray fluorescence spectroscopy and other
characteristics of this sand.

Contamination

The test specimens were contaminated with gasoline and
motor oil. Their chemical properties and the test methods
are presented in Table 3.

Culture and growth of bacterial strain

The strain of bacteria with high urease activity that was
used was Sporsarcina pasteuri (ATCC11859). It was obtained
from the microorganism bank of Iran and a solid culture
medium was prepared. Preparation of bacterial suspension
was based on the process presented in Table 4.

Improvement method using calcium carbonate
precipitation

Two methods were used to carry out the microbial improve-
ment process.

Mineral content (%)

Lol SO; Fe,03 P,0s Ca0 MnO TiO, K,0 MgO Na,0O Al,05 SiO,
0.42 0.001 1.72 0.02 0.71 0.04 0.1 0.01 0.71 0.03 0.58 95.22
Identifiable elements (parts per million)

Mo Zn Zr Sr Rb Pb cl Ni Cu Cr Co Ba
28 30 49 67 17 156 10 33 390 3466 4 116




Method 1: Two-stage injection (Whiffin et al. 2007)

In this method, the bacteria are injected into the soil and
then a cementation solution is injected. In previous studies,
the injection process was performed in a circular manner
which was followed by re-injection of the solution or
cementation. The injection process was as follows:

Inject the prepared bacterial suspension into the soil.
Stabilize the bacteria between the soil grains and par-
ticles for 2 h.

Inject the cementation solution (containing one mole of
calcium chloride and urea per liter of distilled sterilized
water). The solution is equivalent in volume to the sus-
pension of bacteria injected into the soil in the
first stage.

Repeat the third stage five times after 48 h (Cheng and
Shahin 2017).

Open the mold of the specimen at 48h after the last
injection of cementation solution to allow oxygenation.

Some of the pollutants were washed to facilitate penetra-
tion into the sandy soil because of the low viscosity of the
bacterial suspension and cementation solution and the effect
of gravity and the capillary forces (Cheng and Cord-
Ruwisch 2012). Therefore, it was not possible to re-inject
matrials exiting from beneath the soil samples after injec-
tion. The reason for this is the recycling of the
contaminant in the soil. The infiltration of the injection into

Table 2. Physical properties of Firoozkooh sand.
Cu Cc
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Table 3. Properties of fluid contaminants.
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unsaturated soil produced greater final resistance values
(van Paassen et al. 2010) than the injection methods using
immersion and constant flow (van Paassen et al. 2010;
Whiffin et al. 2007).

Method 2: Improvement using flocculated bacteria
(Cheng and Shahin 2017)

In this method, 100 mM of calcium chloride was added in a
liter of culture medium containing bacteria to prepare for
bacterial flocculation. Calcium chloride caused the accumu-
lation and coagulation of bacterial cells and ultimately
caused the bacteria to precipitate at the bottom of the con-
tainer. After flocculation, 85% of the supernatant was
removed (Cheng and Shahin 2017). In this way, the bacterial
suspensions with CaCl, were flocculated and entered the
soil. Mixing of the calcium chloride and bacterial suspension
caused the bacterial shell to crack and release urease
enzymes. Due to their high viscosity, there was no possibil-
ity of re-injection using the two-phase method. In fact, the
injection of bacteria flocs into the soil, especially in soil with
low permeability, produced a biological film (Ivanov et al
2015) on the soil surface. This barred the path of penetra-
tion of the solution into the soil texture. After injection of
the cementation solution, a layer of calcium carbonate
formed above the soil (biological coating). Accordingly,
improvement by bacterial flocculation was done as follows:

1. Prepare bacterial flocculation by pouring 100mM of
calcium chloride into a liter of culture medium contain-
ing bacteria.

2. Remove 85% of the supernatant after mixing.

3. Mix the soil and flocculated bacteria by soaking.

Kinematic viscosity (mm?/s) (ASTM D 2270:2004) (ASTM

D22702270, 2004)

Flash point (°C)

Open (ASTM D1310) (ASTM Closed (ASTM D 92-05a)

Name of liquid 40°C 100°C D13101310, 2014) (ASTM D.92-05.a .2005.)
Motor oil 165.23 17.82 217 -
Gasoline 3.05 - - 75

Table 4. Bacterial suspension preparation process.

Row Process Description
1 Preparation of nutrient agar solid medium and addition of 10mg/L MnSO,  Add MnSO, to increase bacterial sporulation
2 Autoclaving 100 mL of nutrient agar solid medium Autoclave for 15 min
3 Add 20% urea to culture medium by filtering Culture medium temperature reaches 45 °C with addition of urea
4 Pour medium into plate and cultivate bacteria Perform process under a hood
5 Placing plate inside incubator Incubate for 24 h
6 Prepare and autoclave liquid culture medium (20 g yeast extract, 17 M Autoclave for 15 min
NH,4Cl5, 0.1 mM NiCl,, 20 g urea/L of distilled water
7 Reach medium alkalinity of pH = 9.25 with addition of NaOH (Sporsarcina  After autoclaving to 30 °C
pasteuri is an alkaline species)
8 Culture of bacteria in a liquid medium and placing it in the 48 hours at 150 rpm
incubator shaker
9 Measure bacterial population by spectrophotometer and Measure at a wavelength of 600 nm when light absorbance (light density)

bacterial suspension

of bacterium at this wavelength reaches 2.5
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4. Allow 2h for stabilization of the bacteria between soil
grains and particles.

5. Inject cementation solution that is equivalent to the
amount of flocculated bacteria mixed with soil in the
first stage.

6. Repeat the third stage five times after 48h (Cheng and
Shahin 2017).

7.  Open the specimen molds at 48 h after the last injection
of cementation solution to allow oxygenation.

The injection speed was adjusted to 75 mL/min. Research
has shown that a high injection speed caused the particles of
bacteria to move from the surface of the grains to the depths
of the sample and homogenize the samples after precipita-
tion (Whiffin et al. 2007). The rapid formation of calcium
carbonate crystals, especially at the injection point, pre-
vented the homogenous release of the treatment throughout
the sample (Achal et al. 2009).

Another reason for the accumulation of calcium carbon-
ate crystals in the upper part of the samples is its proximity
to an oxygen-containing environment. Specifically, anaerobic
bacterial cells exhibit higher growth rates in the vicinity of
oxygen (Zhao et al. 2014). Injection by pump is a cyclic pro-
cess that requires movement from top to bottom or bottom
to top to be repeated to distribute the bacteria in the sample
as homogeneously as possible. The precipitation process also
would be homogenous. Because the physical properties of
the environment have a significant effect on biomass pro-
duction (Hamzah et al. 2012), the temperature during the
experiment was held constant at 21-23°C during the main-
tenance period (Zhao et al. 2014).

Preparation of samples

The soil samples were placed in an oven at 105°C for 24h
and then mixed with the contaminant (Khamehchiyan et al.
2007; Nasehi et al., 2016). The contaminant percentages
were 2%, 6% and 12% of the dry weight of the specimens
based on the amount of pollutant in contaminated areas
(Singh et al. 2008). Researchers (Zamani and Montoya 2016)
examining the effect of length of time of contamination of
the soil have reported no change was observed in the prop-
erties of contaminated soil over time. Thus, the specimens
were stored in a container for 30 days and the container was
shaken once every three days. Some researchers have consid-
ered the minimum amount of time for the mixture to reach
the equilibrium to be 3-7 days (Singh et al. 2008). After the
desired time, the prepared specimens were again weighed
and the percentage of evaporation of the contaminant liquid
from the samples was measured. For samples contaminated
with gasoline, the evaporation from the samples was about
2%. For samples contaminated with oil, evaporation was less
than 0.1%, which is negligible.

Test program

The tests can be classified into four general categories:

1. Classic soil mechanics tests, including the standard
density (ASTM-D698, method A) (ASTM D698698
1999), uniaxial compressive strength (ASTM-D2166)
and direct shear (ASTM-D2166) (ASTM D21662166
1999) tests. These tests can estimate the strength param-
eters of the soil in the presence or absence of soil con-
tamination in order to determine the effectiveness of
the biostabilization.

2. Disk diffusion tests (Bauer et al. 1966) determine the
susceptibility of bacteria to contaminants present in
their culture media.

3. SEM and XRD analysis reveal the properties of crystals
and EDS is used for elemental analysis or chemical
characterization of a sample. These tests were employed
to examine the CaCOj crystals in the biostabilized soils.

4.  Wet chemistry analysis estimates the amount of CaO in
the compounds using EDTA salt titration.

The tests described in categories 3 and 4 are for analysis
of the type, amount and quality of calcium carbonate depos-
ition. Methods such as ICP, TGA, ASTM D4373-14 (ASTM
D43734373 2014) and washing in hydrochloric acid can also
be used to evaluate samples. Chemotherapy (titration with
EDTA) and XRD analysis reveal the amount of calcium car-
bonate produced in the sample (Choi et al. 2017); thus,
these two tests were used for analysis.

The samples were denoted by the type of contaminant as
water (W), motor oil (M) or gasoline (G), percentage of
contaminant (2%, 6% and 12%) and results of improvement
(injections of bacterial suspension (S) or mixing bacterial
flocculation (F)) as shown in Table 5. The letter “N” denotes
samples that have not been improved. Table 6 enumerates
the tests done in each classification.

Discussion and analysis

The following section outlines the test analysis.

Disk diffusion test

The disk diffusion test was used to determine the suscepti-
bility of bacteria to pollutants (Bauer et al. 1966). To this
end, a solid culture medium was prepared and the bacter-
ium was cultured on a cotton swab. Then different dilutions
of gasoline and motor oil (2%, 4%, 6% and 12%) were pre-
pared and the disks were immersed and exposed for 15 min.
A control disk that had been immersed in distilled water
also was placed in the dish (Figure 2). The patrons were

Table 5. Encoding of prepared soil samples.

Type of contaminant Not improved Suspension injection Flocculation mix

Gasoline G2N G2S G2F
G6N G6S G6F

G12N G12S G12F

Motor oil M2N M2S M2F
M6N M6S M6F
M12N M12S M12F

Water W2N W2s W2F
W6N W6S W6F
W12N W12S W12F




Table 6. Test number.
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Test name Uniaxial Compaction Direct shear

Permeability

Disk diffusion XRD Wet chemical analyses SEM

Number of tests 27 3 18 9

9 2 40 10

gasoline contaminated disk

motor oil

j . control disk
contaminated disk

Figure 2. Disk diffusion results; halo around impregnated disk with motor oil is
larger than diameter of gasoline disk.
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Figure 3. Diameters of inhibitory haloes around disks soaked in gasoline and
motor oil for different concentrations of Sporsarcina pasteurii.

incubated at a constant temperature of 28°C for 24h.
Figure 2 shows that the control disks had become contami-
nated with motor oil and gasoline. A deterioration halo can
be observed around some contaminated disks, indicating
that the contaminant had been susceptible to the bacteria.
The large halos surrounding the disk reveal the extent of
inhibition of further growth. No halos appeared around
some disks, which indicates that they were resistant to
the bacteria.

Figure 3 shows the susceptibility of the bacteria to the
gasoline can be considered as semi-sensitive. The motor oil
around the Sporsarcina pasteuri bacteria functioned as an
outer layer to prevent its activity. The generated halo was
limited to a specific radius from the center of the discard
inhibitor, so the use of calcium carbonate microbial depos-
ition in soil contaminated with engine oil could not be
definitively determined. In the case of gasoline, especially at
lower dilutions, the diameter of the open halo was similar to
that of the disk, indicating that the bacteria were resistant to
the gasoline.

The soil was degraded under three conditions from 6%
porous liquid by weight of soil. Figure 4 is an overview of

the amount and type of calcite crystals created. The soil
upgrading process was carried out using the spray method
(Chu et al. 2012). Observation showed the formation of
large volumes of crystals on the control sample, small vol-
umes on the gasoline-impregnated area and almost no crys-
tals on the oil-impregnated area after 15days. The calcium
carbonate crystals in the -CaCOj; phase (Costa et al. 2017)
are evident in the SEM images.

Standard compaction test

Determining the maximum soil compaction for a contamin-
ant fluid is important because the dried weight can be maxi-
mized without adding water at some contaminant
percentages. Another approach is to obtain the optimum
moisture content of the contaminated soil when a specific
percentage of water is added to the mixture to reach a max-
imum dry weight. Figure 5 shows the results of the standard
compaction test to achieve the maximum dry weight for the
three types of fluid.

Uniaxial test

In order to evaluate the unconfined compressive strength
based on the uniaxial test, samples were prepared with a
diameter of 6cm and height of 12cm and a soil unit weight
of 16.9kN/m’. The pore fluid percentage, type of fluid and
mode of bacterial entry into the soil are discussed below.

Type of contaminant

Water is a common pore fluid in a variety of soil types;
thus, it is important to study its effect on the soil improve-
ment process. Conventional hydrocarbon contaminants,
such as motor oil and gasoline, are also common in conta-
minated sites. The results of the inhibition test show that
the MICP performance of bacteria in oil-contaminated sur-
roundings was not desirable.

Pore fluid percentage

The amount of pore fluid can influence the quality of bac-
terial sedimentation. The percentage of pore fluid in the free
spaces between the grains and the amount of compaction
was compared to samples with different percentages. The
free space between the grains was filled with fluid which
affected the quality of the bridges created by calcium car-
bonate precipitation. The amounts of inhibition by the gas-
oline and motor oil increased by percentage.
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Figure 4. Amount and type of calcite crystals created.
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Figure 5. Sandy soil compaction for three types of contaminant fluid.
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Figure 6. Sample of soil impregnated with oil before improvement and after
improvement at failure.
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Figure 7. Axial strength of water and improved sand.
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Figure 8. Axial strength of gasoline and improved sand.

Methods of bacterial entry into soil

Suspension injection and bacteria flocculation showed spe-
cific responses to improvement. After injection of the
cementation solution (equivalent to the volume of bacteria)
and aging of the specimens to the desired level, the molds
were unpacked to complete the MICP process. The number
of injections and the age of the specimens were found to
affect the strength of the samples by affecting aeration dur-
ing calcium carbonate production (Li et al. 2018). Figure 6
shows a soil sample impregnated with 6% motor oil which
has been improved using both methods. The sand sample is
shown before improvement and the crushed fragments are
shown after the uniaxial test.

Figures 7-9 show the stress-strain diagrams for the uni-
axial tests at failure of the specimens for pore fluids of
water, gasoline and oil, respectively. The weight percentages
and modes of entry into the soil are shown. At low percen-
tages of pore fluid, the bacterial fluke mixing method signifi-
cantly increased the resistance of the samples compared to
the other method of bacterial entry (about 15%).

Figure 10 shows an example of failure of the samples in
the UCS apparatus. The microscopic images are from the
sample periphery and the internal portion, as shown in
the refractive section. The biostabilization was irregular in
the internal portion because of the type of sample prepar-
ation and the gravitational fluid penetration. The precipita-
tion process between the particles in the peripheral
environment of the samplewas more complete than in the
inner portion because the failure plane progressed through
the loose region of the sample (Bu et al. 2018). The



inhomogeneity effect (Achal et al. 2009; Qabany and Soga
2013; Whiffin et al. 2007) during precipitation was a factor
in the formation of loose planes during failure.

The results of the disk diffusion test indicate no signifi-
cant improvement in the motor-oil contaminated soil speci-
mens. This is evident at the higher percentages of
contaminant. Although gasoline is considered a contamin-
ant, the results show that microbial improvement by two-
phase injection and bacterial flocculation was relatively
effective. This was not true for the motor oil. The presence
of gasoline and soil particles and particles coated with low
percentages of contaminant pore fluid caused the structure
created by the calcium carbonate crystals to partially bind
with the soil particles, which increased the uniaxial strength
of the sample. At low percentages of contamination, full
grain coverage by contaminants did not occur, but the
grains were directly connected by bridges (Cheng et al.
2013). This is especially true in samples in which the floccu-
lation method was used before the injection of the cementa-
tion solution.

To stabilize the bacteria on the soil grains, especially con-
taminated grains, the time between release of calcium cati-
ons and urease enzyme activity should be minimized as
much as possible. This will make precipitation, crystalliza-
tion and grain-binding faster and easier because of the
higher quality in the mixing method. In environments where
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Figure 9. Axial strength of motor oil and improved sand.
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Figure 10. Failure of sample under uniaxial loading.
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oil, silica particles, and Ca*" ions are present, the coating of
the ions led to three types of interaction: oil-Ca-oil; silica
particle-Ca-silica particle; oil-Ca-silica particle (Figure 11)
(Buckley et al. 1998).

The mechanisms for crude oil, which has different prop-
erties than the other pollutants, can show how cations are
released between oil particles and SiO, particles. When bac-
teria flocculation was used and the initial percentage of pore
fluid (oil, water or gasoline) was close to the optimum mois-
ture content (12%), the addition of flocculent in fluid form
and compression of the soil caused appropriate hard com-
paction and significantly reduced the process quality. By
increasing the fluids between the particles (primary pore
fluid and bacterial flocculation solution), the physical state
of the mix changed to capillary or slurry mode (Mitarai and
Nori 2006).

The tests were carried out at a constant unit weight. This
meant that the amount of air between the grains decreased
with an increase in the percentage of pore fluid in the por-
ous media and increased the degree of saturation. The
reduced effect of the bridges created between the grains
(Cheng et al. 2013) reduced the strength by increasing the
degree of saturation. This can clearly reduce the strength by
increasing the amount of pore fluid and causing the grains
to float between the bacteria flocculation solution and the
pore fluid.

Distance to injection point

The distribution of calcium carbonate in the soil texture is
one factor influencing its strength. A series of samples were
divided into upper and lower portions. Their height in the

I

- Si-0

- N

Solid

solution

Figure 11. Interaction mechanism between crude oil and solids.
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Figure 12. Normalized graph of upper and lower uniaxial strength of samples
and 12 cm sample.

main test was 12cm and the diameter in the uniaxial test
was 6cm. Figure 12 is the normalized graph of uniaxial
strength of the upper and lower samples compared to the
complete 12-cm sample at different pore fluids and percen-
tages for both improvement methods. In both two-phase
injection and bacterial flocculation, the distribution of car-
bonate calcite crystalline precipitation was much higher in
the upper part compared to the lower part. This is in line
with the results of previous researchers (Cheng and Cord-
Ruwisch 2014).

In the bar chart, the upper and lower parts correspond to
strength. In almost all specimens, the 12-cm specimen
strength fell between the upper and lower specimen resist-
ance. The larger diameter-to-length ratios of the uniaxial
samples increased the strength compared to the samples
with a greater height at a constant diameter. The sample
strength increased after controlling the factors affecting the
homogenization of the samples, including the distribution of
calcite crystals. However, it was observed that samples with
a higher distribution of calcite crystals (not necessarily uni-
form) recorded two-fold increases in strength values.

Direct shear test

The strength parameters of the natural, contaminated and
improved soil samples were determined by direct shear test-
ing. The contaminated and control samples with microbial
improvement and different percentages of pore fluid (water
and contaminant) were poured into a container with dimen-
sions of 25 x 15 x 4 cm and compacted. The mold for direct
shear testing had dimensions of 2.5x 10 x 10cm and also
was buried in the middle of the container. Bacterial entry
was done as described in the uniaxial section. After
improvement, the sample inside the mold was transferred to
the principal shear test mold. After compression and before
improvement, the intact samples were placed in the princi-
pal shear test mold after improvement. Figure 13 shows the
10 x 10cm samples before being placed into the principal
shear test mold. Direct shear testing was performed at
stresses of 0.5, 1 and 1.5kg/cm” at a speed of 1 mm/min.
Improving the soil samples in their original form is
another type of sample preparation (Canakci et al. 2015).
The deposition of calcium carbonate crystals in the bottom

Figure 13. Samples prepared in 10 x 10cm mold before principal shear
test mold.

drain of the sample limited the output of cementation solu-
tion during injection and drainage stopped after two injec-
tions. In another study (Azadi et al. 2017), the samples
having larger dimensions were prepared outside the device.
After the removal of the additions, it was transmitted to the
principle device mold.

The soil structure, consisting of the soil grain texture
(such as the geometry of the grains) and the forces between
them should be considered for correct analysis of the results.
The physical and chemical properties of the grains can be
affected when they were in contact with the pore fluid and a
dual electric layer of pore fluid forms around the minerals.
This also occurs for water, which forms bipolar molecules
around soil such as clay. Mechanical interactions also affect
the general behavior of the soil when the grains rotate or
are displaced.

The contribution of each of these effects associated with
physical and chemical properties and mechanical interac-
tions depends on the characteristics of the three phases of
the soil. Generally, in fine-grained soil, the effects associated
with the physical and chemical properties dominate the soil
behavior. In coarse-grained and granular soils, the mechan-
ical interactions will determine the soil behavior (Holtz and
Kovacs 1981). Most studies on the dominant parameters
affecting the physiochemical or mechanical interactions of
the soil grains during mixing with a fluid (Ratnaweera and
Meegoda 2005) used sandy soil. However, changes in the
soil contaminated after the improvement and formation of
crystals was different from the behavioral changes from the
effects of physical and chemical properties, which are merely
due to an increase in the fine-grained percentage (calcium
carbonate crystals). The physicochemical effects can be
studied for surface-dependent effects such as contact angle
and surface tension or for effects dependent on factors such
as scattering properties, polarity, and viscosity (Chao
et al. 2018).

In the case of sandy soil, the most important factor dur-
ing shearing is the viscosity of the pore fluid (especially
hydrocarbon fluids) (Meegoda and Ratnaweera 1994).
Viscosity is a basic parameters in various industries,



especially in the petroleum and chemical industries (Baled
et al. 2018). The viscosity of water is lower than that of gas-
oline and the difference in the viscosity of motor oil and
those of water and gasoline is large. The strong influence of
viscosity caused a dissimilar trend for changes in soil behav-
ior with an increase in the percentage of pore contaminant.
In much research, the trends of behavioral change have
shown discrepancies between studies.

The viscosities of various porous liquids are very different
(Kermani and Ebadi 2012). reported that the pore fluid had
an absolute viscosity of 41.3cp, which contrasts with the
results from (Khamehchiyan et al. 2007) who reported a
pore fluid with an absolute viscosity that was 50% that of
the previous study (20.52cp), which does not seem to be
correct. Another factor affecting the behavioral changes of
contaminated soil is the particle size SSA. Soils with a higher
SSA values have a greater capacity to absorb contaminants
or superficial fluid (Khamehchiyan et al. 2007) provided that
polarization exists for absorption between the fluid and the
soil particles. Figure 14 shows the stress-strain behavior of
the specimens with 6% pore fluid (water, gasoline and
motor oil).

Viscosity is the internal friction or resistance to fluid flow
and occurs when there is relative motion between the layers
of fluid. This occurs during shear between surfaces impreg-
nated with oil and activates the surface tension and intermo-
lecular gravity in the fluid. In granular non-adhesive
environments under dry conditions, the presence of a fluid
between particles causes adhesion in the environment caused
by surface tension of the fluid (Mitarai and Nori 2006).
Most types oil have a surface tension of over 23 mN/m
(Shibuichi et al. 1998). For this reason, adhesion can be
observed in soil that is impregnated with contaminants
resulting from the intermolecular forces of fluid rather than
adhesion between the grains.

When motor oil is used, the surface tension will increase
with an increase in viscosity. The generic metric unit for
absolute viscosity is the poise, which is defined as the force
required for moving 1cm” from one surface to another in
parallel at a velocity of 1cm/s where the surfaces are sepa-
rated by a fluid film of a specific thickness. At higher viscos-
ities, the spacing of the grains in a fluid will increase
(indented surfaces are less tangled at microscopic scale) and
the adhesion of the molecular surface of the viscous fluid
will not be negligible when measuring the shear
strength parameters.

The mixing of soil grains and pore fluid will create two
particle arrangements. One type is that in which the pore
fluid absorbs into the grain and a layer of fluid surrounds
the particle. The second type is when a clot of pore fluid
causes adhesion between the particles. In the first type,
bridges of suspended fluid between particles will cause them
to stick together; this type of grain connection is pendular
(Mitarai and Nori 2006). Capillary bridges (pendulum rings)
between the contact points of neighboring particles cause
strong adhesion. Under these conditions, the fluid has a dis-
persed phase and the gas has a continuous phase (Danov
et al. 2018). In the second type, which is caused by an
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Figure 14. Stress-strain diagram of contaminated sand with 6% pore fluid.

increase in the percentage of the pore fluid, the connection
between grains is funicular (Mitarai and Nori 2006). For
this type, integration of capillary bridges occurs (Danov
et al. 2018) and surface tension forces are mobilized.
Because motor oil has a higher viscosity than gasoline,
the oil-impregnated surface of the grains of sand slips more
easily than the grains impregnated with water and gasoline
and has a poor friction angle. This is also true for the low
uniaxial strength of the oil-impregnated samples over those
impregnated with water and gasoline. Motor oil viscosity
will be determined by the thickness of the motor oil between
two surfaces. The distance between the surface of the grain
and the exterior impregnated surface factors into the pro-
duction of calcium carbonate crystals that will increase and
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Figure 15. Stress-strain diagram of improved contaminated soil.

improve of its geotechnical parameters. In fact, an oil-
impregnated surface increases the distance between the
mixed bacteria among the grains and the original surface.
The hydrophobic surface of contaminated grains helps
reduce the quality of crystallization (Cheng and Shahin
2017). Hydrophilic bacteria do not adhere or bond to the
surface of oil droplets (Dorobantu et al. 2004). In a hydro-
carbon environment, moderately hydrophilic bacteria should
be used for stabilization (Yan et al. 2001). In a pore fluid
such as motor oil, the droplets may form smaller coagulated
units, depending on the viscosity of the oil (Vankova et al.
2007), so the bacteria could directly grasp the grains.
Crystallization and the formation of a calcium-carbon bridge

can occur between the particles. Figure 15 shows the
deformation of specimens containing 6% pore fluid at 50,
100 and 150 kPa under shear stress.

Figure 16 shows the change in shear strength of sandy
soil at different percentages of contaminant in the improved
(injection and mixed methods) and unimproved modes. As
in the results of uniaxial testing, the shear strength of the
uncontaminated soil was higher than for the contaminated
soils. Adhesion after the addition of contaminating fluid is
dependent on the apparent adhesion and surface tension
between the particles of pore fluid during slippage of conta-
minated grains during shear. The shear strength parameter
improved in precipitated specimens to a strength range that
is similar to that of sandstone (Dobereiner and
Freitas 1986).

The results of the uniaxial and direct shear tests revealed
a good match between the samples. This indicates that an
increase in uniaxial strength will increase the shear strength.
A similar trend was observed between the results. The
results of uniaxial testing show that the samples coded
U6%GS and U6%GF had a uniaxial strength of 831 and
894 kPa, respectively. These precipitated samples with floccu-
lated bacteria had a better effect on mentation and behaved
similarly to the shear strength parameters of the samples.
Specimen D6%GF had an internal friction angle of 43° at
290 kPa cohesion and the D6%GS specimen had an internal
friction angle of 40° and adhesion of 210 kPa.

Permeability test

Hydraulic permeability testing was conducted to determine
the effect of calcium carbonate on the permeability of the
samples as well as the effect of contaminants on soil perme-
ability. Viscosity is a factor influencing the flow rate in por-
ous media (Baled et al. 2018). Studies have shown
(Khamehchiyan et al. 2007) that an increase in the amount
of contamination in the soil will decrease permeability. This
decrease was greater in the soil contaminated with motor
oil, which decreased soil permeability from 5.03 x 10> cm/s
to 3.96 x 10 cm/s for 12% of contaminant. Table 7 shows
the effect of improvement with 6% pore fluid on the perme-
ability. The decrease in permeability is consistent with the
results of other studies (Azadi et al. 2017; Ivanov and Chu
2008; Yasuhara et al. 2011; Zamani and Montoya 2016).

Analysis of XRD results

XRD was used to analyze the characteristics of the sample
in order to determine the general properties of the crystal-
like lattice constant, lattice geometry, qualities of unknown
materials, to determine the phase and size of a crystal, sin-
gle-lattice orientation, tension and defects in the crystal
XRD reflects the rays of a crystal, which occur elastically in
an atom without a change in wavelength. It can be seen that
specific angles have maximum intensity and the intensity of
the diffracted ray has little value for the remaining angles.
The data from the diffraction of a crystal consists of the
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Figure 16. Change in shear parameters of contaminated samples before and after improvement.
Table 7. Permeability of soils improved with 6% pore fluid.
Sample code M6F MéS M6N G6F G6S G6N We6F WeéS W6N
Permeability (cm/s)1073 3.99 3.95 4.01 1.95 1.99 431 1.35 1.93 5.03

crest angle and relative intensity, and the width of
each crest.

This device has fuzzy analysis capability to determine the
microstructure of powder materials and thin layers, mass
and stress and is equipped with two detectors, Scintillation
and Fast Strip. According to detail of equipment, determin-
ing the crystal phase and its measurements, determining the
dimensions of the crystal and calculating its crystallinity,
structural analysis of crystals and polymorphs and measur-
ing stress residues in materials are among the applications
of the XRD device.

The diagrams of the XRD samples before and after
improvement with MICP are shown in Figures 17 and 18.
Table 1 lists the results of chemical analysis with less than
1% calcium carbonate crystals in Firoozkooh sand. After

improvement, the crests of the calcium carbonate can be
observed and are proof of the improvement of the soil.

Analysis of precipitated calcium carbonate using the
wet chemistry method

In order to measure the amount of calcium carbonate pro-
duced from the biological process, the wet chemistry test
was performed on the samples. The amount was found to
be higher for the samples improved by mixing with bacterial
flocculent than by the suspension injection method. The cal-
cium carbonate content was about 9% in samples in which
the pore fluid was water and about 1.5% in samples in
which the pore fluid was motor oil. Figure 19 shows the
sampling pattern for measuring the amount of calcium
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Figure 17. XRD diagram of normal sand before improvement with calcium carbonate crystals.
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Table 8. Percentage of calcium carbonate produced by test specimens.
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Cub Cylinder Sample
5 4 3 2 1 Cen. 3 Cen. 2 Cen .1 Sur. 3 Sur .2 Sur. 1 Zone No.
7.12 6.83 6.8 7.2 7 2 2.5 2.5 5 7.2 8.9 W6S
12.21 12 1.7 12 12 29 4.2 4.5 5.2 10.1 13 W6F
1.89 15 1.2 1.8 1.5 0.39 0.5 0.5 2 2.5 Mé6S
1.6 1.56 1.39 1.9 1.85 0.94 1.25 15 0.5 15 1.75 M6F
3.9 35 3.52 35 3.8 0.33 132 1.95 2.9 4 4 G6S
5 5.1 5 5.5 5 1 23 39 5 5.9 G6F

EDS

Figure 20. SEM and XRD images from motor-oil-impregnated samples.

carbonate and Table 8 shows its weight at different loca-
tions. The flow of injected materials into the cylindrical
samples increased the calcium carbonate production and
formation of a hard skin on the samples. The distribution of
sediment in the cubic samples was fairly uniform because of
the low thickness of the samples.

SEM and XRD images

SEM and XRD imaging was performed for analysis of
the samples.

100pm ! Electron Image 1

A-1

! Electron Image 1

B-1

SEM preparation section: It is equipped with a polishing
device and before the sample enters the electron microscope,
its surface must be smoothed and prepared with copper,
cadmium and gold coating devices so that the electron can
hit the surface.

SEM microscope: In a scanning electron microscope
(SEM), an electron beam shines on the sample. Imaging of
surfaces at magnifications of 10-100,000 times with a reso-
lution of 3-100 nanometers (depending on the sample).

Figure 20 shows a sample contaminated with 6% motor
oil after ejection of the oil from between the particles. This
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resulted from the damage caused by the gases emitted by
electron bombardment of the sample by the microscope.
The particles were stabilized with resin and are shown after
smoothing. Figure 19 shows the sediment between
the grains.

Conclusions

e For contaminated soils, the use of biodegradable and
environmentally friendly methods can reduce the harm-
ful effects on the environment and retrieve the lost resist-
ance parameters of the soil to some extent. Determining
the amount of bioremediation during bio-improvement
can be a subject for future research.

e Based on the results of the disk diffusion test, inhibition
of bacterial growth by the contaminant was detected and
then improved. For pollutants with high levels of inhib-
ition, the success of improvement was less than for the
MICP method.

e It was observed that only mechanical interactions affect
soil behavior. After improvement, the behavioral model
was somewhat similar to that of weak sandstone.

e For soils contaminated with two types of hydrocarbon
where the surface of the grains became hydrophobic in
the presence of hydrocarbons, the bacteria was less likely
to stabilize on the surface and were easily separated
from it.

e Bacterial flocculation created a saturated phase where the
urease enzymes were released in the suspension of bac-
teria and calcium chloride. These enzymes had the ability
to hydrolyze urea easily and at a higher rate.
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