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Abstract

Microbially induced calcium carbonate precipitation (MICP) is a nature-
based soil stabilization technique, which has been developed for the past
20 years. Nevertheless, the application of the MICP method for sta-
bilization of clays has received less attention in the literature as it is
necessary to boost its effect in various ways to ensure its efficiency. Simul-
taneous use of the MICP method with natural nanomaterials can be
a way to enhance the performance of MICP. In this study, the effect
of nano-CaCO3 and nano-SiO2 on enhancing the MICP processes in
a kaolinite clay is investigated. The nanomaterials and bacteria and
cementation solutions were added to the host soil with different per-
centages. A series of unconfined compressive strength (UCS) tests was
conducted to study the effect of nano-enhanced bio-cementation on soil
strength after different curing times. Furthermore, the microstructure
of the treated soils was investigated by scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS), Raman spectroscopy,
chemical decomposition and X-ray diffraction (XRD) analyses. It was
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observed that the amount of calcium carbonate and UCS increased in
all nano-bio-treated samples with curing time. SEM images of the mod-
ified samples showed that the soil texture becomes flocculated with
the addition of nano-SiO2 with the MICP method and calcium car-
bonate was formed in the voids between the clay minerals, which
increased the strength of the soil. XRD analyses and Raman spec-
troscopy confirmed the presence of calcium carbonate in the soil texture.

Keywords: MICP, Bacillus pasteurii, nanomaterials, nature-based soil
stabilization, biocalcification, kaolinite

1 Introduction

Ground improvement or soil replacement is inevitable where a project site
encounters unfavorable subsurface conditions. Depending on the type of
project and the desired soil conditions, ground improvement methods typically
serve one or several primary functions such as increasing the bearing capacity
of the foundation, providing stability and limiting soil deformations, decreas-
ing permeability, accelerating consolidation settlement by increasing drainage,
and so on [1]. Several techniques are employed in practice for improving the
ground conditions for safe and sustainable construction. For example, mechan-
ical ground improvement techniques have been traditionally used to increase
soil strength and density by applying static and dynamic compaction loads.
In chemical stabilization, various chemical additives are mixed with soil to
achieve desirable soil properties. Although there are various commercial chem-
ical additives for soil stabilization, inorganic pozzolanic/cementitious binders
such as cement, lime and gypsum, or fly ash are mostly used because of their
abundance and cheapness [2]. In spite of the effectiveness of these techniques
in long-term, the use of chemical stabilization methods is associated with some
environmental concerns [3]. As such, to reduce the negative environmental
impacts, nature-based solutions with low carbon footprint can be employed as
an alternative technique for ground improvement [4].

Soil has a complex porous structure and may include a wide range of par-
ticle size from coarse to nanosized particles. Natural nanoparticles include
smectite, imogolite, halloysite, palygorskite, sepiolite, allophane, hematite, and
goethite [5]. Using natural nanoparticles for improving the mechanical prop-
erties of weak soils has been employed in geotechnical engineering [6]. Such
particles ameliorate the efficiency of the chemical stabilization method by
accelerating high concentration and fast crystallization in chemical traditional
stabilization. Nanoparticles have high specific surface areas (SSA) that can
significantly affect the microstructure and the physical, chemical, and mechan-
ical properties of soils. Also, the presence of nano-scale voids in nanoparticles
leads to surging the SSA leading to an increase in the organic absorptivity
and water retention of soil and plummeting the bulk density [7]. However, if
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nanomaterials do not chemically react with clay constituents, their effect is
limited to changing the texture and compressibility properties of the host soil,
and such nanomaterials alone may not contribute to enhancing soil properties
independently.

Another alternative is to add a percentage of nanomaterials to soils being
stabilized with cement to enhance chemical reactions, especially pozzolanic
reactions. The use of nanomaterials, as an active pozzolan, combined with tra-
ditional soil stabilization methods such as adding lime and cement has often
been studied with the aim of increasing the efficiency of these methods, reduc-
ing the percentage of use of the chemical stabilizers and reducing their adverse
environmental effects. For example, the impact of Magnesium Oxide nanopar-
ticles (nano-MgO) on the strength properties of a type of soft coastal soil has
been investigated [8]. The results indicated an increase in the unconfined com-
pressive strength (UCS) as well as an increase in soil ductility. It has also
been reported that overuse of nano-MgO causes cracks in the soil structure.
In another study, a fine-grained natural soil containing 36.5% silt and 38.1%
clay was stabilized with a combination of different percentages of white cement
and nano-silica (nano-SiO2) [9]. Soil properties such as permeability, Califor-
nia Bearing Capacity (CBR), and UCS have been modified. It was observed
that by adding 2% nano-SiO2 to the soil, the optimum cement dosage can be
reduced from 7% to 2%. In another study, the effect of mixing nano-SiO2 and
cement on the properties of fine-grained natural soils was investigated [10].
The addition of nano-SiO2 has affected soil compactibility and permeability.
The addition of only 0.4% nano-SiO2 has increased the UCS of the soil by 80%.
The microscopic imagery showed that the silica nanoparticles enhanced the
pozzolanic reaction by transforming Portlandite into Calcium Silicate Hydrate
(C-S-H). In another study, clay samples were treated by nano-SiO2 and white
cement separately and in combination [9]. It was observed that nano-SiO2

alone performed better than white cement alone (at the optimum dosage of
7%) in soil stabilization. At the same time, the amalgamation of both (at the
optimum dosage of 2% nano-SiO2 and 3% white cement) climaxed the UCS
by 7.1 in comparison to unmodified samples while the increase in UCS was by
5.24 and 3.64 for soil samples modified by nano-SiO2 and white cement alone,
respectively. It was also observed that the permeability of the soil was signifi-
cantly declined in the samples treated by the amalgamation of both nano-SiO2

and white cement [9]. Furthermore, a 100% improvement in UCS of a clay soil
was observed by adding 1.2% nano calcium carbonate (nano-CaCO3) after a
curing time of 42 days [11]. The improvement of the Caspian Sea low plasticity
clay (CL) was studied by means of cement and nano-SiO2 stabilization [12].
Soil samples were improved in different curing times of 7, 14 and 28 days. It
was reported that the maximum UCS of the treated samples was obtained at
the optimum dosage of 1.5% nano-SiO2 in all curing times. UCS commenced
declining where nano-SiO2 surged more than 1.5%. As such, this percentage of
nano-SiO2 was introduced as the optimum ratio. Furthermore, a kaolinite clay,
was stabilized by cement with different contents of 4, 6, 8% combined with
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0, 0.2, 0.4, 0.8, 1% of nano silica [10]. The study showed that in the samples
with 8% cement content, the maximum UCS of the treated soils was observed
when the content of nano-SiO2 with 50 nm particle size was 0.4%. It was also
observed that the plasticity index plummeted when nano-SiO2 was used as an
additive [10].

On the other hand, microorganisms are in charge of different biochemical
actions in soils. Understanding of their activities helps explain many envi-
ronmental phenomena. Their applications in biochemical processes as well
as bio-inspired cementation-based soil stabilization techniques has recently
drawn a great deal of interest among geotechnical engineers [13] and num-
bers of synthetic and industrial processes have been proposed. The effect of
microorganisms on many minerals such as carbonates, sulfates, phosphates and
silicates has been proven. One of these processes that is common in nature is
Microbially Induced Calcium Carbonate (Calcite) Precipitation (MICP). The
technique relies on a set of biological and biochemical reactions, utilizing enzy-
matic hydrolysis of urea to produce calcium carbonate bio-cementation of a
soil matrix, leading improvements in its engineering properties [14, 15]. Numer-
ous conditions such as the physical, chemical and environmental conditions or
the permeability, nature and composition of the soil fabric influence the pro-
cess of precipitation and cementation [1]. Precipitation of calcium carbonate
(CaCO3) crystals inside soil pores can create cementation between particles
that makes improvements in their physical and mechanical properties [16, 17].

More detailed formulas for MICP with a focus on urea hydrolysis are
described here. Urease hydrolysis catalyzes urea to ammonium and carbonate.
In this reaction, one mole of urea is hydrolyzed to one mole of ammonia and
one mole of carbonic acid, as follows:

CO(NH2)2 +H2O
Microbial urease
−−−−−−−−−−−→ NH2COOH+NH3

which spontaneously hydrolyses to another mole of ammonia and carbonic
acid:

NH2COOH+H2O
Spontaneous
−−−−−−−−→ NH3 +H2CO3

These two products, NH3 and H2CO3, are equilibrated in water to form
bicarbonate and two moles of ammonium and two moles of hydroxide ions, as
follows:

H2CO3 ←−→ HCO –
3

2NH3 + 2H2O←−→ 2NH +
4 + 2OH–

Ions of hydroxide (OH– ) increase the pH of the environment, which can
shift the bicarbonate balance to carbonate ions [18]. This shift can then precip-
itate metal ions such as Ca2+ precipitation. NH +

4 production also increases
local pH, and the reaction spontaneously produces calcium carbonate [7, 19]:

HCO –
3 +H+ + 2OH–

←−→ CO 2–
3 + 2H2O

Precipitation of CaCO3 in the bacterial cell wall can occur if there is a
sufficient concentration of Ca +

2 and CO 2–
3 ions in the solution [20]:

Ca2+ + Bacterial cell −−→ cell− Ca2+

cell− Ca2+CO –3
2 −−→ cell− CaCO3
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Urease affects the chemical process of biomineral formation by influencing
four factors: pH, dissolved inorganic carbon (DIC), calcium ion concentration,
and nucleation site availability. The first three factors control the concentration
of CaCO3 ions, while the fourth factor, the nucleation site availability, has an
essential effect on the continuous and stable formation of calcium carbonate
[21]. In the biomineralization process, bacteria act as nucleation sites during
calcium carbonate precipitate with bacteria. The bacterial cells have negative
charged groups, which act as adsorbent of divalent cations such as Mg2+,
Ca2+, and attaches these cations to their shell at a neutral pH. This creates a
suitable environment for calcium precipitation [7]. It is worth noting that the
cation Ca2+ has more capability to bind and adsorb to the cell shell than the
cation Mg2+.

In practice, for microbial precipitation of calcium carbonate, two methods
have been proposed over the last two decades. The first method is to biologi-
cally simulate in-situ bacteria by providing the required nutrients to activate
the desired precipitant bacteria. In this method, bacterial culture and calcifi-
cation take place inside the soil. The application of this method is challenging
due to practical issues in providing a suitable culture medium. The second
method is bio-augmentation, in which the desired sediment-causing bacteria
are added (injected) directly to the soil. In this method, all the steps of culture
and growth of bacteria are done in the laboratory by using special reactors
[20]. The latter is the most encountered method in practice for soil stabiliza-
tion. However, it was shown that biostimulation is a better alternative in a
context of global warming as the reactivation of in situ microorganisms can be
more vulnerable to the competitively with new bacteria [22–25].

The application of MICP as a strengthening binder has been mainly
reported in soils with medium or coarse grain sizes like sandy soils due to its
relatively high porous space and permeability [15, 26]. In coarse-grained soils
with lower plasticity, due to the large void spaces among individual grains,
cementation solution can simply move through the soil matrix, making the pre-
cipitated calcium carbonate to be easily distributed within the soil structure
where exhibiting MICP activity is more effectual [27]. However, few studies
have been done to investigate the application of MICP in clay soils. The appli-
cation of the MICP method in the case of soils with granular texture is usually
made by successive injection of bacterial and cementation solutions and with
repetitions, but in the case of fine-grained clay soils, injection is practically
impossible, and soil mixing methods should be used.

The efficiency of MICP method depends on the availability of nucleation
sites for originating calcite precipitation. Several studies have been carried out
to enhance the efficiency of the MICP processes in soils by optimizing compo-
nents and environmental conditions. For example, in a study, an appropriate
chemical environment where MICP activity induces from alkaliphilic urease-
producing Sporosarcina pasteurii bacterium was determined and the impact
of MICP on enhancing the mechanical properties of three kinds of natural
fine-grained soils (Kaolin clay, Laterite, and Bangkok clay) was observed [9].
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The UCS values in the three clay soil samples (which were modified by MICP
treatment) surged by 177% and 278%, respectively [9]. In another study, the
application of the MICP method in modifying clayey soils was investigated
[28]. A 2.42- fold increase in UCS was observed. It was also found that the
MICP could also decrease the water content of the clayey soil at least by 23%.
Recently, the effect of nano-SiO2 on the precipitation of calcium carbonate
was studied in a solution medium and on quartz grains of sand [26]. Although
nano-SiO2 promotes calcite formation in the solution medium, it reduces the
formation of calcium carbonate on the surface of quartz grains of sand. Inter-
estingly, vaterite (which is a polymorph of calcium carbonate) is formed in the
solution medium while calcite is formed on the sand particles. Overall, it was
concluded that the presence of nano-SiO2 is detrimental to MICP processes in
quartz sand [26].

As highlighted above, most of the early studies have focused on optimiz-
ing components and environmental conditions in MICP. However, the idea of
enhancing bio-calcification processes by nature-based nano-additives (such as
nano-clay) has not been studied yet. Such an approach can create a better
environment to enhancing microbial calcification by surging the concentration
of Ca2+ ions, creating more nucleation sites and even using MICP products
by adding elements that can form new crystals.

In the light of the above information, this paper aims to investigate the
efficiency of nature-based nanotechnology on MICP processes in kaolinite clay
as a novel eco-friendly and sustainable ground improvement technique. In
this paper, all the materials used for sample preparation are first introduced
and described. All the testing methods, particularly the preparation of bacte-
ria solution that is the most important component in this study, is carefully
explained. Sample preparation and all characteristics of the samples are pre-
sented. Results of the tests including unconfined compression loading tests,
images obtained by scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), chemical decomposition and X-ray diffraction (XRD)
analyses and Raman spectroscopy are presented. Discussion on the results is
presented by comparing the results of untreated and treated specimens with
different stabilization elements. Finally, conclusions of this study are presented.

2 Materials and Methods

The soil used in the experiments is a kaolinite clay. The grain size distribution
curve of this soil is obtained by the hydrometer analyses on three different
samples obtained from a 20 kg bag, as illustrated in Figure 1. The Atterberg
limits of the clay samples are presented in Table 1.
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Table 1: Atterberg limits of the tested kaolinite soil

Atterberg limit Kaolinite

Liquid Limit (LL) 30.6%
Plastic Limit (PL) 19.8%
Plasticity Index (PI) 10.8%
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Fig. 1: Grain size distribution curves of the used kaolinite soil

2.1 Bacterial and Cementation Solutions

The process flowchart of preparation of bacteria strains is shown in Figure 2. A
suitable and sterile environment which consists of a variety of organic and inor-
ganic substances is needed for the reproduction and nutrition of bacteria and
any other microorganisms. Such environment should be supplied with distilled
water, carbon resources, sulfide, nitrogen, phosphorus, minerals, vitamins and
growth factors. The specifications of the required strains are as follows: Name:
Bacillus Pasteurii PTCC No: 1645 and other collection No.: DSM 33, ATCC
11859, CCM 2056, NCIB 8841 and NCTC 4822. To activate this bacterium, a
general liquid culture medium made from a combination of yeast extract with
water was used. This results in an active bacterium that is ready to multiply.
Ingredients of the liquid culture medium were distilled water, extract powder,
NH4Cl, NiCl2, 3 Molar KOH solution. An aseptic condition and a microbio-
logical hood were utilized (Figure 2). Three important criteria for water used
in the culture media preparation include the absence of copper ions, electrical
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conductivity, and pH. The electrical conductivity should be about ten micro
Siemens per cm. The pH of the water used should also be slightly acidic, but
it should not be less than five and more than eight. Yeast extract is usually
used in a concentration of about 3 to 5 percent in culture medium and is a
source of nitrogen, carbon, vitamins and amino acids. The physical character-
istics of the used yeast are shown in Table 2. To prepare the bacterial culture
medium, 25 gr of yeast extract, 10 g of NH4Cl and a small amount of NiCl2
were dissolved in 500 cc of distilled water by slow shaking. Then an amount
of 3 Molar KOH solution was added to achieve pH=8.5 (Figure 2).

25gr yeast extract, 
10gr NH4Cl , and 

very small amount 
of NiCl2 are 

dissolved in 500 cc 
distilled water 

Bacteria to be 

examined for 

availability  

Optical Density (OD 600) 

determination  

Activity determination 
by conductometer 

Adding 3 molar 
solution of KOH to 

achieve pH=8.5  

 

After cooling down at 
room temperature, 

bacteria solution are 
added   

  

Incubated at 30O C 
under constant 

shaking at 100 rpm 
for 48 h 

Ingredients: Yeast 
extract, distilled 

water, NH4Cl, NiCl2, 

KOH  

Yeast 

 extract 

121OC 2 bar for 30 
minute sterilization 

Fig. 2: Flowchart of process of preparation of bacteria strains

Table 2: Physical characteristics of the used yeast

Powder appearance Appearance in combination
with water (2%)

Light to dark beige, powdery and uniform Transparent amber, free of sediments or
containing very little sediments

After dissolving, the culture medium was a bit cloudy (Figure 3a), which
became completely clear after autoclaving (Figure 3b).

Although most culture media do not require autoclave sterilization and
can be used by only boiling to achieve higher accuracy, the prepared culture
medium was autoclaved. Sterilization of the culture medium in the autoclave
was done for 15 minutes at a temperature of 121◦C and a pressure of 2 bar and
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(a) (b)

Fig. 3: Culture medium, a) cloudy culture medium immediately after initial
shaking, b) clear culture medium after autoclaving

cooled down at room temperature [29]. After sterilization, the culture medium
was ready to accept the host bacteria with urease activity. From the solution
(containing 5% bacteria volume) was added to the culture medium (Figure
2). After adding the bacteria to the host medium, the conditions required for
productivity should be provided. These conditions are temperature and oxy-
gen that the incubator bacterium provides. The laboratory incubator is one
of the most widely used devices to control humidity, temperature and other
environmental conditions, and cultivate and maintain a variety of samples. For
creating a rotational flow, rotating magnets have been used inside the prepared
solution. Creating flow is essential in two ways. First, it makes the environment
uniform to maximize the bacterial growth, and second, it transports oxygen
to the solution. The prepared bacteria solution was kept inside the incuba-
tor at 30◦C under a constant shaking at 100 rpm for 48 hours (Figure 2). In
this study, the Spectrophotometer method was used to measure the number of
bacterial cells (Optical Density (OD)) in the solution for adding into the soil.
The Spectro-Flex device (Model 6100) was used to study the concentration of
bacterial cells. Meanwhile, Bacillus pasteurii used in this study can produce
the enzyme urea. The enzyme urea hydrolyzes urea and converts it to ammo-
nium and carbonate ions, which increases the hydraulic conductivity of the
urea solution. Therefore, the urease activity of bacteria in the absence of cal-
cium ions was measured by the conduction method. Furthermore, a consort
multi-parameter analyzer C 20-30 device was used to measure the electrical
conductivity. Electrical conductivity is measured in Siemens. The activity of
the used bacteria solution was above 0.5 ms/(cm.min) and OD for culture
medium and bacteria solution were 0.44 and 1.12, respectively.

2.2 Nanomaterials

The nature-based nanomaterials used in the experiments were nano-SiO2 and
nano-CaCO3. Table 3 summarizes the physical properties of these nanoma-
terials. As mentioned above, the presented nanomaterials were mixed with
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Table 3: Physical properties of nanomaterials used in this study

Mineral Type Nanoparticle Nanoparticles
SiO

2
CaCO

3

Bulk Density 0.10 gr/cm3 0.68 gr/cm3

Average Particle Size 20-30 nm 10-80 nm
Specific Surface Area (SSA) 180-600 m2/gr220-270 m2/gr
Electrical Conductivity - -
Ion Exchange - -
Pore dimension - -
Color White White

bacteria and cementation solutions in the host soil to examine the effective-
ness of the proposed bio-nano-cementation method. Bacillus pasteurii bacteria
were cultivated, as presented above. Since the solution cannot be injected in
fine-grained soils, we mixed nanoparticles and bacteria solution manually. Soil
samples were divided into four categories: 1) kaolinite at different moisture
contents as the host medium (untreated samples), 2) kaolinite at different mois-
ture contents mixed with different percentages of nano-SiO2 or nano-CaCO3

(nano-treated samples), 3) kaolinite mixed with bacteria solution along with
solution of calcium chloride and urea (bio-treated samples), and finally, 4)
the combination of the bacteria solution, calcium chloride solution and urea
with different percentages of above-mentioned nanoparticles (nan-bio-treated
samples).

2.3 Sample Preparation Method

At the outset, 340 gr of kaolinite clay was weighted and evenly distributed on
the smooth surface. Then, the required percentages of nanoparticles by weight
were mixed. The required amount of water to achieve the desired moisture
content was sprayed evenly and mixed to make a homogeneous mixture. For
the samples with bacteria (only bio-treated samples), half of the bacterial
solution and half of the calcium chloride solution with urea have supplanted the
percentages of moisture contents. The prepared mixed soils were then divided
into five equal portions and poured into the moulds with a 5 cm diameter and
10 cm height. A tamper compacted each layer with a 272.4 gr weight and 13
cm falling height. The average number of 16 tamper impacts was applied to
the soil layers to obtain uniform samples. Figure 4 demonstrates the details of
the used tamper and the compaction mould.

The dimensions and the weight of the specimens were precisely measured
to calculate their initial unit weight. All prepared samples were deposited in
a humid chamber for spending their curing time. The dimensions and the wet
weight of each sample were measured again before the uniaxial loading test.
Each sample was labelled with a short name as MICP(m)-NS(n) or NC(n)-
W(k), where MICP(m) represents that the soil is mixed with m% of bacteria
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Fig. 4: Schematic view of the tamping setup

solution. NS(n) and NC(n) denotes n% of nano-SiO2 and nano-CaCO3, respec-
tively. W(k) shows the number of weeks spent for the curing time. For instance,
“MICP19%-NS1.5%-W2” represents a sample that is stabilized with 19% (by
weight) bacteria solution and 1.5% (by weight) nano-SiO2 within two weeks
of curing time. The curing time for the samples was one week, two weeks, or
four weeks. Nano-bio-treated kaolinite soil samples were prepared by mixing
different percentages of bacterial and cementation solutions (19%, 22%, 25%,
30% by weight) with nano-SiO2 and nano-CaCO3 (1%, 1.5%, 2% by weight).
Samples modified by nanoparticles were also made with the same percentages
presented above. Untreated kaolinite soil with a moisture content of 19%, 22%,
25%, and 30% has also been prepared for comparison with improved samples.
Table 4 shows the moisture content, wet unit weight, porosity, and degree of
saturation of samples.

2.4 Testing Method

A series of unconfined compressive strength tests based on the ASTM D2166
standard was performed on the prepared samples. The samples were placed
on the bottom plate of the uniaxial loading device and carefully centered. By
placing the cap on the top, the loading rod was carefully lowered to the point
of contact. Axial load was applied at a strain rate of about 1%/min. The
vertical displacement and load data were recorded to obtain the stress-strain
curves. The samples were subjected to an unconfined loading after one week,
two weeks, and four weeks of curing time.
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Table 4: Physical properties of treated soil samples

Curing time Inclusion (Initial percentage) Water content Density Void ratio Degree of Saturation
1
W

e
e
k

MICP 30%
30% MICP 0.240 2.038 0.612 100%

1.5% Nano-SiO
2
+ 30% MICP 0.237 1.908 0.718 87.4%

1.5% Nano-CaCO
3
+ 30% MICP 0.236 2.044 0.637 98.1%

MICP 25%
25% MICP 0.199 1.952 0.628 84%

1.5% Nano-SiO
2
+ 25% MICP 0.196 1.614 0.964 54.9%

1.5% Nano-CaCO
3
+ 25% MICP 0.195 1.894 0.672 76.9%

MICP 22%
22% MICP 0.177 1.836 0.699 67.1%

1.5% Nano-SiO
2
+ 22% MICP 0.173 1.527 1.036 44.2%

1.5% Nano-CaCO
3
+ 22% MICP 0.174 1.750 0.778 59.3%

MICP 19%
19% MICP 0.142 1.682 0.799 47.1%

1.5% Nano-SiO
2
+ 19% MICP 0.149 1.516 1.008 39.2%

1.5% Nano-CaCO
3
+ 19% MICP 0.148 1.680 0.810 48.4%

2
W

e
e
k
s

MICP 30%

30% MICP 0.228 1.88 0.766 81.0%
1.0% Nano-SiO

2
+ 30% MICP 0.21 1.88 0.740 75.0%

1.5% Nano-SiO
2
+ 30% MICP 0.234 1.852 0.799 79.0%

1.5% Nano-CaCO
3
+ 30% MICP 0.23 1.94 0.712 87.2%

2.0% Nano-SiO
2
+ 30% MICP 0.26 1.81 0.844 82%

MICP 25%
25% MICP 0.19 1.871 0.718 71%

1.5% Nano-SiO
2
+ 25% MICP 0.14 1.511 1.037 36%

1.5% Nano-CaCO
3
+ 25% MICP 0.19 1.91 0.682 75.2%

MICP 22%
22% MICP 0.16 1.46 1.145 37.7%

1.5% Nano-SiO
2
+ 22% MICP 0.12 1.41 1.14 28%

1.5% Nano-CaCO
3
+ 22% MICP 0.17 1.67 0.892 51.4%

MICP 19%
19% MICP 0.142 1.682 0.799 47.1%

1.5% Nano-SiO
2
+ 19% MICP 0.15 1.60 0.940 43.1%

1.5% Nano-CaCO
3
+ 19% MICP 0.14 1.57 0.960 53.4%

4
W

e
e
k
s

MICP 30%
1.5% Nano-SiO

2
+ 30% MICP 0.23 1.88 0.766 81.0%

2.0% Nano-SiO
2
+ 30% MICP 0.23 1.91 0.706 86.0%
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2.5 Scanning Electron Microscopy and Energy

Dispersive Spectroscopy

SEM images with different magnifications were taken from the samples to
investigate the effect of the nano-bio-treatment on the soil miscrostructure.
For imaging, the samples were first dried in an oven and cut to appropriate
sizes. They were given gold coating for imaging to get a good image quality.
Images were taken from different locations of the samples at 200x to 30,000x
magnifications. Energy Dispersive Spectroscopy was also performed on the
samples to determine the constituent elements of the samples.

2.6 XRD and Raman Spectroscopy

X-ray spectroscopy and Raman spectroscopy were performed on the samples
to determine the constituents of the samples and evaluate the phases formed
due to the nano-bio-treatment. The obtained results were carefully interpreted,
especially the amount of CaCO3 and the type of crystal formations to deter-
mine the form and the percentage of precipitated calcium carbonate. The
results of the Raman Spectroscopy were used to confirm the XRD results.

2.7 Chemical Decomposition

A chemical method based on titration was used to determine the percentage of
calcium carbonate in the samples after nano-bio-treatment processes. Calcium
carbonate was measured according to the following reaction:

CaCO3 + 2HCl −−→ CaCO3 +CO2 +H2O
By accurately measuring the amount of acid used to neutralize CaCO3,

the amount of calcium carbonate in the soil can be calculated. As such, the
following steps were followed: 1) the specific weight of soil was calculated with
a scale of four decimal places; 2) a specific volume of tetrazole 1N hydrochloric
acid was added to the container containing the weighed soil. Some of the added
acids were neutralized by carbonate in the soil. It is worth mentioning that due
to impurity of the used kaolinite soil there is 1.27% CaCO3, which is deducted
from the reported values; 3) the container containing the sample was heated
on the heater to boil for 1 minute; 4) the sample container in the environment
cooled over time; 5) the remaining acid residue was titrated with 0.5 N normal
Caustic Soda in the presence of phenolphthalein reagent to colour the sample
from colourless to purple; 6) from the amount of used alkaline, the amount of
calcium carbonate was calculated.

3 Results

3.1 Unconfined Compressive Strength Tests

In this section, the results of a series of unconfined loading tests on untreated
and treated samples, as discussed above, are presented. The goal was to
determine the effect of bio- and nano-bio treatment on kaolinite clay.



Springer Nature 2021 LATEX template

14 Ghalandarzadeh et al.

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

20

40

60

80

100

120

140

Untreated samples  w=0.19 Sr=50%

 w=0.22 Sr=70%

 w=0.25 Sr=80%

 w=0.30 Sr=100%

A
xi

a
l S

tr
e
ss

 (
kP

a
)

Axial Strain (%)

(a)

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

20

40

60

80

100

120

140

160

Axial Strain (%)

 MICP only 19% one week

 MICP only 22% one week

 MICP only 25% one week

 MICP only 30% one week

A
xi

a
l S

tr
e

ss
 (

kP
a

)

(b)

 

0.0 0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

100

120

140

 MICP 19% NS1.5% one week

 MICP 22% NS1.5% one week

 MICP 25% NS1.5% one week

 MICP 30% NS1.5% one week

A
x
ia

l 
S

tr
e

s
s
 (

k
P

a
)

Axial Strain (%)

(c)

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

20

40

60

80

100

120

140
 MICP19% NC1.5% one week

 MICP22% NC1.5% one week

 MICP25% NC1.5% one week

 MICP30% NC1.5% one week
A

xi
a

l S
tr

e
ss

 (
kP

a
)

Axial Strain (%)

(d)

Fig. 5: The stress-strain curves of treated and untreated kaolinite soil a)
untreated soil, b) treated only by MICP method (bio-treated), c) improved by
MICP method + 1.5% nano-SiO2 (nano-bio-treated), d) improved by MICP
method + 1.5% nano-CaCO3 (nano-bio-treated)

Figures 5a to 5d illustrate the stress-strain curves resulted from the UCS
tests on treated (bio-treated and nano-bio-treated) and untreated kaolinite
soils after 1 week of curing time. As it can be seen in Figure 5a, the stress-strain
curves of the untreated kaolinite soil show a lower strength (pick stress value)
and stiffness (slope of the stress-strain curve) values as the degree of saturation
increases from 30% to 100%. The highest resistance has been observed at a
degree of saturation of 30%. By increasing the moisture content, the resistance
decreases and the samples show a very low stiffness; in other words, they have
a softer behaviour. This may be due to a reducing capillary pressure in the soil
when the moisture content increases (approaching the saturation state). Also,
the low saturation leads to ensuring the retention of bacteria on the surface of
the particles, whereas when the soil is saturated, there is always a loss of cal-
cite in the pores, which does not contribute to making effective connections.
In order to improve the soil strength and soil stiffness when the water content
increases, samples were treated by using the MICP method and combining
this method by adding nanomaterials. The stress-strain curves in Figure 5b
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show the result of using the MICP method alone (bio-treated) with different
percentages (19%, 21%, 25%, and 30%) of bacteria and urea and calcium chlo-
ride solution. As presented in Table 4, the degree of saturation of the samples
treated by 19%, 21%, 25%, 30% bacteria and urea and calcium chloride solu-
tion after 1 week of curing time is 47%, 67%, 84%, and 100%, respectively. By
adding 19% and 22% bacterial and cementation solutions, the peak strength
of the samples was slightly increased compared to the untreated samples. It
was observed that the combination of 25% bacterial and cementation solutions
with the host soil sample significantly increases the resistance of the samples
compared to the untreated samples. As shown in Figure 5a, adding just 25%
of weight water to the kaolinite soil greatly reduces the strength, while the
same amount of bacterial and cementation solutions (25%) has increased the
strength by at least 5 times in comparison to untreated soil samples (Figure
5b). It is noteworthy that the combination of 30% bacterial and cementation
solutions has also increased the UCS in comparison to that of untreated soil.
However, there is no significant effect similar to that observed in the sample
with 25% bacterial and cementation solutions. The sample of 30% MICP has
very soft behavior and did not demonstrate an obvious UCS peak. In the sam-
ple with 25% MICP, the degree of saturation (Sr) is 84% while the sample
with 30% MICP is fully saturated (Sr = 100%. The drastic reduction of UCS
could be due to this increase in degree of saturation. The stress-strain curves
in Figure 5c show the result of mixing 1.5% nano-SiO2 with 19%, 22%, 25%,
30% bacteria and urea and cementation solutions. As presented in Table 4, the
degree of saturation of the samples treated by 19, 22, 25, 30% bacteria and
cementation solutions and 1.5% nano-SiO2 after 1 week of curing time is 39%,
44%, 55%, and 87%, respectively. The results presented in Figure 5c show that
mixing 1.5% nano-SiO2 with 19%, 22%, and 25% bacteria and cementation
solutions has a negligible effect in the soil strength improvement. Interest-
ingly, mixing 1.5% nano-SiO2 with 30% bacterial and cementation solutions
significantly increases the soil resistance. This is important in the sense that
the sample treated only by 30% bacterial and cementation solutions showed a
three-times lesser UCS, as presented in Figure 5b. As shown in Table 4, the
sample combined with 1.5% nano-SiO2 and 30% MICP has a saturation degree
of 87% unlike the sample combined with 30% bacterial and cementation solu-
tions, which is completely saturated (Sr = 100%). It can be concluded that the
presence of nano-SiO2 can increase the efficiency of MICP, especially close to
the saturation state. This will be investigated further in the following. Accord-
ing to Table 4, the addition of 1.5% nano-SiO2 has decreased the unit weight
and increased the void ratio of the treated sample. It means the presence of
1.5% nano-SiO2 creates a more porous structure in treated samples and the
soil porosity has increased compared to the samples treated only by the MICP
method. However, the strength has been increased by adding nano-SiO2. The
UCS results on the samples treated by 19%, 22%, 25%, and 30% bacterial and
cementation solutions and 1.5% of nano-CaCO3 after 1 week of curing time
are presented in Figure 5d. As shown, the addition of nano-CaCO3 caused a
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decrease in the strength of the samples compared to the samples modified by
MICP alone, as presented in Figure 5b.
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Fig. 6: Comparison of the stress-strain curves of treated and untreated kaoli-
nite soil, a) treated with 30% bacterial and cementation solutions, b) treated
with 25% bacterial and cementation solutions, c) treated with 22% bacterial
and cementation solutions, d) treated with 19% bacterial and cementation
solutions

In order to study more precisely the effect of MICP on soil behavior after
one week of curing time, the stress-strain curves of the treated (bio-treated
and nano-bio-treated) and untreated kaolinite soils are summarized for each
percentage (19%, 22%, 25%, and 30%) of bacterial and cementation solutions
in Figures 6a to 6d. As can be seen in Figure 6a, the untreated sample with
a degree of saturation of 100% had the weakest strength. Among the treated
samples, the one with 30% bacterial and cementation solutions combined with
1.5% nano-SiO2 had the best UCS (Figure 6a). In the samples with 25% bac-
terial and cementation solutions (Figure 6b), the best UCS was achieved in
the samples treated only by MICP (bio-treated). It is noteworthy that in the
samples with 19% and 22% of bacterial and cementation solutions, as shown
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in Figures 6c and 6d, respectively, no significant effect on UCS was observed
in comparison to untreated samples.
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Fig. 7: Effect of curing time on MICP treated samples (1 week an 2 weeks),
a) improvement with 19% bacterial and cementation solutions, b) improve-
ment with 22% bacterial and cementation solutions, c) improvement with 25%
bacterial and cementation solutions, d) improvement with 30% bacterial and
cementation solutions

Next, the effect of curing time on samples treated by different percentages of
bacterial and cementation solutions, without the addition of nanomaterials and
with the addition of nano-SiO2 and nano-CaCO3 are investigated. As shown
in Figure 7, the stress-strain curves of the samples treated only by different
percentages of bacteria and cementation solutions (bio-treated samples) were
compared at a curing time of one week and two weeks. Increasing the curing
time from one week to two weeks did not change the maximum UCS value in
the samples treated by 19% bacterial and cementation solutions (Figure 7a).
It seems that the maximum MICP process was completed in the first week
and no change was observed after 2 weeks of curing time. However, as shown
in Figures 7b to 7d, increasing the curing time from one week to two weeks
increases the UCS in the samples containing 22%, 25%, and 30% bacteria
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and cementation solutions. It can also be observed that by increasing the
percentage of the bacteria and cementation solutions, the effect of curing time
has also escalated. Calcium carbonate precipitation processes appears to have
continued over a period of two weeks.

The effect of curing time on samples treated by different percentages of
bacterial and cementation solutions and 1.5% nano-CaCO3 is shown in Figure
8. As can be seen, UCS increased in all the nano-bio-treated samples after 2
weeks compared to 1 week of curing time. The largest increase was related to
the sample treated by 25% MICP and it seems that the curing time had a
greater effect on the sample treated by higher percentage of bacterial solutions.
According to Table 4, the saturation degree was also slightly decreased between
40% and 80% in the samples from one week to two weeks of curing time.
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Fig. 8: Effect of curing time on samples treated by MICP method and nano-
CaCO3 (1 week and 2 weeks), a) treated by 19% bacterial and cementation
solutions + 1.5% nano-CaCO3, b) treated by 22% bacterial and cementation
solutions + 1.5% nano-CaCO3, c) treated by 25% bacterial and cementation
solutions + 1.5% nano-CaCO3

The diagrams in Figure 9 show the effect of curing time on kaolinite samples
treated by different percentages of the bacterial and cementation solutions and
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the addition of 1.5% nano-SiO2. As can be seen in Figures 9a to 9c, the samples
treated by 22%, 25% and 30% bacteria and cementation solutions and 1.5%
nano-SiO2 demonstrated higher UCS by increasing their curing time. Figure
9c also shows the stress-strain diagram of the MICP30% NS 1.5% sample with
a curing time of 28 days. The strength of the sample after 4 weeks compared
to the curing time of 2 weeks and one week has increased significantly. As can
be seen in Table 4, the degree of saturation of the sample has decreased with
increasing the curing time. Furthermore, as shown in Figure 9d, 4 weeks of
curing time in the samples treated by 30% bacterial and cementation solutions
and 2% nano-SiO2 had a significant effect on UCS. Although the maximum
UCS of the samples stabilized by 1.5% nano-SiO2 was higher than the samples
stabilized by 2% nano-SiO2 after one week and two weeks of curing time, in
the 4-week curing time the strength of the samples with 2% nano-SiO2 was
higher than the samples with 1.5% nano-SiO2.
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Fig. 9: Effect of curing time (1 week, 2 weeks, 4 weeks) on samples treated by
MICP and nano-SiO2, a) improvement with 22% bacterial and cementation
solutions + 1.5% nano-SiO2, b) improvement with 25% bacterial and cemen-
tation solutions + 1.5% nano-SiO2, c) improvement with 30% bacterial and
cementation solutions + 1.5% nano-SiO2, d) improvement with 30% bacterial
and cementation solutions + 2.0% nano-SiO2
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In Figure 10, the samples with 1%, 1.5% and 2% nanoparticles (nano-SiO2

and nano-CaCO3) were tested to investigate the effect of the proportions of
added nanomaterials on UCS. As shown, the highest strength in the sample
containing 30% bacteria and cementation solutions is achieved when 1.5%
nano-SiO2 are added to the sample. On the other hand, the lowest strength
is related to the sample modified by 1% nano-SiO2. As can be seen in Figure
11, the lowest amount of nano-CaCO3 (1%) led to the lowest strength and
the highest strength was achieved in modified samples with 25% bacteria and
cementation solutions with 1.5% nano-CaCO3. By comparing Figures 10 and
11, it can be concluded that the samples treated by MICP and nano-CaCO3

show higher UCS values.
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Fig. 10: Effect of percentage of nano-SiO2 on uniaxial strength of soil samples
treated by MICP after 1 week of curing time
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Fig. 11: Effect of percentage of nano-CaCO3 on uniaxial strength of soil
samples treated by MICP after two weeks of curing time

3.2 SEM Imaging and EDS Analyses

To examine the alterations in the treated soil texture, some SEM images of the
samples were analysed. Figure 12 shows the SEM images, with 2000x and 5000x
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magnifications, of the sample treated by 30% bacteria and cementation solu-
tions and 1.5% nano-CaCO3 after two weeks of curing time. Laminar-shaped
clay minerals can be still seen in the image. Bulky sections of precipitated cal-
cites bonding the clay minerals are also visible. Colonies of agglomerated and
flocculated clay minerals are also seen in the pictures. It seems that, in some
parts of the sample, calcium carbonate crystals in smaller dimensions and with
granular and flocculated texture are formed after two weeks of curing time.
These crystals can be the product of the precipitation of calcium carbonate
around nanoparticles as nucleation sites.
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Clay Particles 
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Fig. 12: Scanning Electron Microscope images of sample MICP-30-NC-1.5-2W
a) Flocculated texture of clay minerals with agglomerated calcium carbonate
b) traces of calcium carbonate in voids of flocculated clay particles

Figure 13 shows the SEM images of a treated sample with 30% bacteria
and cementation solutions and the addition of 1.5% nano-SiO2 after a curing
time of one week. Clay minerals are clearly seen in Figures 13a and 13c. Cal-
cium carbonate crystals are also visible in these images. These crystals are the
product of the primary effect of the MICP method. These crystals fill the voids
between the clay minerals and create a bond between them, which justifies a
significant growth in the strength of the modified samples.
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Fig. 13: Scanning Electron Microscope images of sample MICP-30-NS-1.5-1W
a) and b) precipitated calcium carbonate in voids of host soil c) large collection
of precipitated calcium carbonate

As it can be seen in the SEM images in Figure 14, the distributed colonies
of calcium carbonates have created denser and flocculated textures in the sam-
ple stabilized by 30% bacteria and cementation solutions mixed with 1.5%
nano-SiO2 after 4 weeks of curing time. Comparing to Figure 13, less laminar
discrete clay mineral sheets are seen in Figure 14a and flocculated colonies of
clay particles are dominant. This texture creates a stronger bonding between
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particles. Colonies of agglomerated calcium carbonate are also seen in Figure
14b.
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Fig. 14: Scanning Electron Microscope images of sample MICP-30-NS-1.5-4W
(a) Flocculated bonded texture (b) Traces of distributed calcium carbonate
particles

Figure 15 shows the SEM image of the sample modified by 25% bacteria and
cementation solutions mixed with 1.5% nano-SiO2 after two weeks of curing
time. Figure 15a clearly shows the flocculated fabric of clay particles together
with calcium carbonate particles. In some places in the sample in Figure 15b,
the large colonies of calcium carbonate crystals with flocculated textures can
be seen. Compared to the sample improved by 30% bacteria and cementation
solutions with 1.5% nano-SiO2 and a curing time of 4 weeks (Figure 14), this
sample showed a lower strength as shown in Figure 9b.
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Fig. 15: Scanning Electron Microscope images of sample MICP-25-NS-1.5-
2W, a) Flocculated texture of clay particles together with calcium carbonate
b) traces of colonies calcium carbonate

A series of EDS analyses has been performed to distinguish the main ele-
ments of the treated samples. Particularly, calcium element was traced in
different points of SEM images to assure the formation of calcium carbonate.
For example, Figure 16a shows colonies of calcium carbonate crystals, which
formed a relatively denser texture in the sample modified by 25% bacterial
and cementation solutions. A specimen including Point A in Figure 16a was
trimmed and analyzed by the EDS technique. As it can be seen in Figure
16b, the peak corresponding to calcium indicates the formation of calcium
carbonate crystals in the sample with a curing age of 2 weeks.
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Fig. 16: a) Scanning Electron Microscope images of sample MICP-25-2W b)
Energy Dispersive Spectroscopy of point A (shown in (a))

Figure 17a shows the SEM image of the sample improved by 25% bacterial
and cementation solutions along with 1.5% nano-CaCO3 with a curing time
of one week. The presence of flocculated structures with calcium carbonate
as well as the agglomerated particles of the calcium carbonate at point A in
this sample can be seen. The dimensions of these crystals are bigger than the
added nano-CaCO3, which indicates the formation of new crystals around the
nano-CaCO3 particles added to the soil. Figure 17b shows the EDS analysis
of point A. The presence of calcium at this point is clearly superior to the
elements of Si and Al present in the structure of the host clay.
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Fig. 17: a) Scanning Electron Microscope images of sample MICP-25-NC1.5-
W1 b) Energy Dispersive Spectroscopy of point A (shown in (a))
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The SEM image in Figure 18a shows a sample modified by 30% bacterial
solution and cementation along with 1.5% nano-SiO2 with a curing time of one
week. In addition to the structures consisting of calcium carbonate crystals at
the points of fine-textured crystals, flocculated fabric of clay particles is visible.
Figure 18b shows the EPS spectrum of point A. The presence of the calcium
element is related to the concentration of calcium carbonate in this area.
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Fig. 18: a) Scanning Electron Microscope images of sample MICP-30-NS1.5-
W1 b) Energy Dispersive Spectroscopy of point A (shown in (a))

3.3 Chemical analysis, XRD, and Raman spectroscopy

Table 5 and Figure 19 show the percentage of CaCO3 in the various samples
obtained by chemical analysis. As can be seen, the addition of nano-SiO2 has
slightly increased the proportion of CaCO3 after 1 week of curing time. The
presence of higher proportion of CaCO3 in samples with 1.5% nano-CaCO3

was not only due to the precipitated CaCO3. It appears that the presence of
added nano-CaCO3 has increased the percentage of measured CaCO3. It seems
that the increase of nano-SiO2 from 1% to 1.5% and 2% over two weeks caused
the precipitation of calcium carbonate to continue, and this process continued
for up to four weeks. The highest calcium carbonate is observed in the samples
with a curing time of four weeks. This sample has shown the highest strength
in UCS tests (Figure 9).
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Table 5: Calcium carbonate percent-
ages obtained from chemical analysis

No. Sample CaCO
3
%

1 MICP25-NC1.5-W2 3.04
2 MICP25-W2 2.14
3 MICP30-NS1.0-W2 2.89
4 MICP30-NS1.5-W1 2.17
5 MICP30-NS1.5-W2 2.97
6 MICP30-NS2.0-W2 3.42
7 MICP30-NS1.5-W4 3.72

Fig. 19: Calcium carbonate percentages obtained from chemical analysis in
different samples

The XRD analyses of the samples modified by 25% bacterial and cemen-
tation solutions with 1.5% nano-CaCO3 after 2 weeks of curing time is shown
in Figure 20. The main detected components are silicon oxide SiO2 (Si), kaoli-
nite (K) and calcite (C). As can be seen, calcite peaks are smaller and weaker
than other peaks, indicating a lower percentage of its presence in the treated
soil. The Raman spectroscopy analysis of this sample also shows the presence
of calcite in Figure 21.
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Fig. 20: X-Ray Diffraction of the sample modified by 25% bacteria and
cementation solutions and 1.5% nano-CaCO3
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Fig. 21: Raman spectroscopy of the sample modified by 25% bacteria and
cementation solutions and 1.5% nano-CaCO3

The peaks of the calcium carbonate phase in samples stabilized by 30%
bacterial solution and cementation along with 1.5% nano-SiO2 are shown in
Figure 22. As can be seen, the height of the peaks has slightly risen with
increasing the curing time of the samples up to 4 weeks. In addition, XRD
spectra of samples stabilized by 30% bacterial and cementation solutions with
1.5 and 2% of nano-SiO2 can be seen in Figure 23. The calcite peaks of the
sample spectrum with 2% nano-SiO2 are slightly higher than the sample peaks
with 1.5% nano-SiO2. Higher diffraction intensity indicates a higher percentage
of calcite in the samples. This result is consistent with the result obtained from
the chemical analysis of the sample.
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Fig. 22: X-Ray Diffraction of the sample modified by 30% bacterial and cemen-
tation solutions and 1.5% nano-SiO2 after 1 week, 2 weeks and 3 weeks of
curing time
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Fig. 23: X-Ray Diffraction of the sample modified by 30% bacterial and
cementation solutions and 1.5% and 2.0% nano-SiO2 after 2 weeks of curing
time

4 Discussion and Conclusion

The amount of moisture has a significant effect on the soil strength of the
tested kaolinite. The sample having a water content of 0.3 was fully saturated
(Sr = 100%). This water content is approximately equal to the liquid limit
of the sample in which the liquidity index is close to one. This is why the
UCS of fully saturated untreated kaolinite soil was the lowest in comparison
to unsaturated samples (Figure 5a). As the moisture content decreases to 0.19
in the untreated kaolinite soil samples, the degree of saturation decreases and
due to an increase in the matric suction in the soil, its strength increases. The
efficiency of nature-based treatment of the samples by means of MICP method
with and without nano-CaCO3 and nano-SiO2 was also affected by the amount
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of water content. Overall, adding nano-additives has a significant impact on
the strength of treated samples. In the samples treated only by means of
MICP, the best amount of bacterial and cementation solution was observed
to be 25%. The degree of saturation in these samples after one and two weeks
of curing time was 84% and 71%, respectively. This amount of moisture was
close to the plastic limit of the host soil (Table 1 and Table 4). The degree of
saturation of the samples treated by 30% bacterial and cementation solutions
after one week and two weeks of curing time was 100% and 81%, respectively
(Table 4). One of the reasons for the low strength of the samples containing
30% bacterial and cementation solutions is that their moisture content was
higher than the plastic limit of the host soil (Figure 5b).

In the samples containing 1.5% nano-CaCO3, the highest strength and
increase in strength was related to the samples with 25% bacterial and cemen-
tation solutions (Figure 8), which indicates a continued precipitation of calcium
carbonate for two weeks. After two weeks, the UCS of the samples was still
increasing. The presence of nano-CaCO3 led to a slightly higher strength in
this sample in comparison to the sample stabilized only by MICP method after
two weeks of curing time. The nano-CaCO3 particles can act as the nucleation
site within the very fine particles of the host soil. They can increase the amount
of calcium carbonate in the environment to accelerate its precipitation in the
form of interconnected crystals and calcification (Figure 18). The most inter-
esting finding is related to the samples stabilized by the MICP method and the
nano-SiO2. It seems that the nano-SiO2 particles, due to its very high specific
surface area and hydrophilic nature, can contribute to adsorbing a portion of
pore water and, hence, increasing the matric suction as well as decreasing the
deformability of soil. Moreover, adding nano-SiO2 has increased the percent-
age of calcium carbonate particularly with increase in curing time. The reason
that samples with 2% nano-SiO2 have a higher strength at longer curing times
in comparison to samples with 1 and 1.5% nano-SiO2, as shown in Figure 9,
could be due to a higher amount of nano-SiO2 available in the soil sample to
increase the percentage of created calcium carbonate over time (Table 5 and
Figure 19).

Putting the observations in SEM images and EDS analyses together with
the results of chemical and XRD analyses, the presence of calcium carbonate
in the form of calcite polymorph of calcium carbonate in all treated samples
is obvious. Although the percentage of the precipitated calcite is limited to
3.72% (Table 5) the results of unconfined compression loading tests indicated
a considerable increase in UCS of the tested treated samples. The critical point
in all these analyses is the formation of calcium carbonate from about 2.14 to
3.72%. Although, the percentages of precipitated calcite is not too high, the
UCS of treated samples has been significantly influenced. For instance, UCS of
the sample treated by MICP and 1.5% nano-SiO2 after 4 weeks of curing time
(having 3.72% precipitated calcium carbonate) was about 22 times of the one
of untreated soil (Figure 5a and Figure 9c). Furthermore, noticeable changes in
the texture of clay samples in the form of flocculated colonies of clay minerals
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and agglomerated calcium carbonate crystals have been observed in different
parts of the samples. According to the above discussion on mechanical behavior
of the treated soil samples as well as the detailed analyses of the microscopic
structure of the samples, the following conclusions are presented:

• In the samples treated only by the MICP method, the optimum percentage
of bacteria and cementation solutions added to the host soil is found to
be 25%. This amount of bacteria and cementation solutions results in a
moisture content of 0.199 (close to the plastic limit of the soil) after one
week of curing time. Increasing the percentage of bacteria and cementation
solutions to 30% leads to a lesser strength and higher saturation degree.

• Adding 1.5% nano-CaCO3 to the bio-treated sample after one week of curing
time does not have a significant effect on enhancing the effect of MICP
method. However, the UCS of the nano-bio-treated sample has considerably
increased after two weeks of curing time.

• The treated sample with 30% bacteria and cementation solutions and 1.5%
nano-SiO2 had a much greater UCS comparing to the same MICP treated
sample but with 1.5% nano-CaCO3.

• For the MICP-treated sample with 30% bacteria and cementation solutions,
adding 1.5% nano-SiO2 has created higher strength in comparison to samples
treated by 1% and 2% nano-SiO2. However, at curing time of 4 weeks, the
strength of the sample treated by 2% nano-SiO2 was higher than the samples
with 1.5% nano-SiO2. The effect of curing time can indicate the effect of
nano-SiO2 on continued precipitation of calcite crystals over time.

• The effect of nano-SiO2 on moisture adsorption and increasing the matric
suction can be another factor that increases the UCS of the treated soils.

• Taking a look into SEM images confirms the formation of calcium carbonate
crystals in MICP treated samples after one week of curing time. However,
after 2 and 4 weeks, the presence of flocculated crystals within the host soil
caused higher strength in the samples having nano-SiO2.

• A comparison of the amount of calcium carbonate produced in samples
without nano-SiO2 and with 1.5% of nano-SiO2 shows that the percentage
increase in the first week in samples containing nano-SiO2 is slight. How-
ever, this percentage increases significantly after 2 weeks and four weeks.
Increasing the curing time has grown the ratio of calcium carbonate in the
improved soil.

• The results of XRD analysis and Raman spectroscopy confirm the presence
of calcium carbonate in the treated samples. XRD spectra have confirmed
the effect of nano-SiO2 and curating time on increase of the precipitated
Calcium Carbonate.
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