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Abstract: Expansive soils generally recognized as swell-shrink soils have been a problem for civil
infrastructure for a long time. Engineers are in search of sustainable stabilization alternatives to
counter these problematic soils. Microbial-induced calcium carbonate precipitation (MICP) is a
promising biocementation process that can improve the properties of expansive soil through calcium
carbonate precipitation. Past research has shown promise for the use of MICP in mitigating swelling
distress from expansive soils. In this research, MICP via biostimulation was attempted by mixing
enrichment and cementation solutions with soils in an effort to develop a new alternative to shallow
chemical stabilization. Three soils with varying clay contents (30%, 40%, and 70%) and plasticity
characteristics were selected, and soils were treated by mixing with enrichment solutions followed
by cementation solutions. Five different mellowing periods, three different curing periods, and two
types of cementation solutions were studied to optimize the method. Treatment effectiveness was
evaluated using unconfined compression tests, calcium carbonate tests, and free swell index tests.
Results showed that an increase in the mellowing period beyond two days was not beneficial for any
of the three soils tested in this research. It was determined that the best improvement was observed
at two days of mellowing and seven days of curing.

Keywords: MICP; expansive soils; shallow stabilization; biostimulation; calcium carbonate precipita-
tion; free swell index

1. Introduction

Expansive clays are often associated with low bearing capacity, high compressibility,
along with swelling and shrinkage behavior. Volumetric changes, owing to moisture
variation, cause damage to the lightly loaded structures, including pavements, retaining
walls, and residential houses. The change in moisture could be due to seasonal or climatic
variations and evapotranspiration of vegetation. Due to this problem, damage to lightly
loaded structures built on these soils is more than any other natural disaster such as
earthquakes and floods [1]. The annual cost of damage due to this type of soil increased
from $2.2 billion/year in 1973 [2] to $15 billion/year in 2012 [3].

Soil stabilization techniques have been used over the decades to mitigate this problem.
Petry and Little [4] discussed several stabilization methods, including mechanical com-
paction, chemical stabilization, pre-wetting, moisture barriers, lime injections, and deep
soil mixing. Chemical stabilization using additives such as lime and cement is the most
widely used treatment method in the United States and around the world [5]. However,
there are environmental concerns associated with these methods, including the generation
of greenhouse gases and the adverse impact on plants due to elevated pH levels. Lime and
cement production contribute to greenhouse gases. Cement manufacturing is both energy-
and emissions-intensive because it requires 60–130 kg of fuel and 110 kWh of electricity
leading to produce one ton of cement which leads to CO2 emissions [6]. Therefore, it is
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important to identify an alternative stabilization method that can be both environmentally
friendly and cost-effective.

Microbial-induced calcium carbonate precipitation (MICP) is an environment-friendly
technique that could be an alternative to conventional stabilization methods. It was
shown that microorganisms could greatly help in immobilizing carbon dioxide in mineral
precipitates and sequester carbon [7,8]. In recent years, the use of the MICP technique is
gaining attention as a versatile and green method of soil improvement. Biostimulation is
a type of MICP process where indigenous microbes are stimulated to precipitate calcium
carbonate. However, to stimulate the ureolytic bacteria present in the soil, substrate
solutions must pass through the soil and reach the microbes. Using percolating or flushing
system under gravity to pass the substrate solutions in clayey soils is challenging due to
the low permeability of these soils. Chittoori et al. [9] studied biostimulation in clayey soils
by injecting substrate solutions under high pressures. They noted that calcium carbonate
precipitation was possible by injecting treatment solutions at high pressures. However, for
shallow treatments, including pavement applications, injecting at high pressures could
be counterproductive because higher pressures can fracture the soil or heave pavement.
Clogging at the injection location could be of concern as well.

In this study, a new MICP application approach is evaluated by mixing substrate
solutions with soil, similar to mixing lime or cement in case of chemical stabilization. In
this novel approach, soil samples were first mixed with enrichment solutions to stimulate
the bacteria, followed by cementation solutions to precipitate calcium carbonate. The
protocol consists of mixing the enrichment solutions at optimum moisture content and
allowing them to stimulate bacteria for different time periods, termed mellowing periods.
During the mellowing periods, samples were left on the countertop, and moisture loss
(enrichment solution loss) was allowed. At the end of the mellowing period, the lost
moisture was replaced with cementation solutions that contained calcium chloride, and the
soil sample was compacted at optimum moisture content (OMC) and maximum dry unit
weight (MDUW). The compacted samples were sealed and cured for different time periods
at 100% humidity conditions to ensure no moisture loss during the curing process. Three
soils with varying plasticity and clay characteristics were used to evaluate the approach.
Five different mellowing periods and three different curing periods were evaluated to
determine the optimal time periods for both steps (mellowing and curing). Two types of
cementation solutions whose calcium chloride concentrations varied were also studied
to test the effect of cementation solutions on MICP effectiveness. The performance of
treatments was evaluated using unconfined compression strength, free swell index, and
percentage calcium carbonate precipitated. The results obtained from these studies are
presented in this paper.

2. Microbial-Induced Calcite Precipitation (MICP)

MICP process is based on the comprehension of microbiology, geochemistry, and
geotechnical engineering [10]. In this process, ureolytic bacteria hydrolyze urea to produce
ammonium and carbonate ions (Equation (1)). After the addition of Ca2+ ions, calcium
carbonate crystals (Equation (2)) are precipitated on the cell wall of the bacteria [11].

CO(NH2 )2 + 2H2 O → 2NH+
4 + CO2−

3 (1)

Ca2+ + CO2−
3 → CaCO3 (2)

Four main factors affect the MICP process: calcium ion concentration, dissolved
inorganic carbon (DIC) concentration, pH, and availability of nucleation sites [12]. In
addition to this, the ability to metabolize, grow, and reproduce, affect the survivability of
microbe [13].

Microbial growth, metabolic activity, and cell-surface charge are dependent on the
change in pH [13]. The ammonia produced with urea hydrolysis is the reason for increasing
the pH of the medium. Stocks-Fischer et al. [14] stated that the urease activity increased
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mostly from pH 6.0 to 8.0 for Sporosarcina Pasteurii. However, urease activity was highest at
pH 8.0 and decreased with higher pH, although there was some urease activity noted at
pH 9.0. In addition, it can be noted that the pH for optimal urease activity may differ in
mixed cultures or with other individual species of ureolytic microbes. However, if there is
sufficient chemical reagent, the rate of urea hydrolysis has a direct relationship with the
bacterial cell concentration. More bacteria produce more urease per unit volume to start
the urea hydrolysis. Stocks-Fischer et al. [14] observed that the bacterial cells could serve
as nucleation sites for calcium carbonate to precipitate. Lian et al. [15] identified from SEM
images that the nucleation of calcium carbonate takes place at bacteria cell walls. High
salinity can cause inhibition and stop microbial activity [16]. The salinity of cementation
fluid is dependent on calcium salt. Microbial activity can be obstructed by high salinity,
which can limit the urease production from ureolytic bacteria [17]. Burbank et al. [18]
optimized the concentration of calcium to be used in biomineralization using stimulated
indigenous bacteria.

2.1. Applications of MICP

Calcium carbonate precipitation in the MICP process bridges adjacent soil particles,
cementing soil particles together [19,20]. The precipitation of calcium carbonate reduces
permeability and compressibility while increasing soil strength [10]. MICP has several
applications in diverse fields, including an increase in concrete strength and durability [20],
mitigation of sand liquefaction [21], the permeability of sands [22], soil strength [23–25],
and brick durability [26].

There are very few studies that explored the application of MICP in expansive soils.
To test the hypothesis that the low pore space in these soils is not compatible for MICP
application, Chittoori et al. [27] performed a mercury intrusion porosimetry (MIP) study on
two expansive soils to observe the pore size and pore volume at different compaction levels.
It was found that 30% to 50% of the pore volume was larger than 1.5 µm (the average cell
size of typical urease-producing soil bacteria) at the MDUW [27]. It is evident that there
is space available for bacterial growth and mobilization. There have been some studies
regarding biotreatment on expansive soils. Bing [28] conducted biotreatment on kaolin,
marine clay, and bentonite and observed that strength increased by around 150% and
400% for both treated kaolin and treated marine clay, respectively. Cheng and Shahin [29]
attempted three different MICP methods, including injection, premixing, and diffusion
for clayey sands to investigate the variation of strength and amount of calcium carbonate
precipitation. They noted that soils with 5% clay content worked best in the injection
method. Cardoso et al. [30] investigated the compressibility and pore-clogging of the
biocemented sand–kaolin mixture and found that the osmotic consolidation effect might
be a contributing factor for high compressibility along with the bacterial activity.

2.2. MICP Methods

There are two methods to apply MICP: Bioaugmentation and Biostimulation. In bioaug-
mentation, exogenous bacteria are introduced into the soil to precipitate calcium carbonate.
Most studies have applied the bioaugmentation method on silty and sandy soils [20,31–34].
Bioaugmentation processes have seen successful implementation in the improvement in
concrete strength and durability [35], mitigation of sand liquefaction [21], and reducing the
permeability of sand [22].

Chittoori and Neupane [36] studied the application of bioaugmentation to mitigate
expansive soil swelling. They studied two different protocols on three selected soils having
low, medium, and high plasticity characteristics. Different concentrations of bacteria and
substrate were mixed with soil and cured for 7 days in one protocol. In the other protocol,
different concentrations of bacteria were mixed into the soil, and compacted. Substrate
solutions were then injected into the compacted sample. It was reported that low to medium
plastic soils could be effectively treated using MICP via bioaugmentation. However, in
this method, augmented exogenous bacteria have to adjust to the new environment and
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compete with native microorganisms, which can affect the survival rate and metabolic
potential of the augmented bacteria [37]. It was observed that the survival rate of exogenous
microorganisms in a new environment, tends to decline rapidly and the organisms rarely
propagate [38]. In addition, the uneven distribution of bacteria and clogging near the
inlet were other issues associated with this method [14]. The requirement of injecting non-
native bacterial strains into soil has restricted the technology from becoming an economical
method [39].

On the other hand, biostimulation uses indigenous bacteria for calcium carbonate pre-
cipitation [18], and is becoming a popular method of application for MICP. This approach
does not require expensive non-native monoclonal bacterial cultivation and injection into
natural soil ecosystems, which have made it economically and environmentally beneficial.
These ureolytic microbes are more resilient than the injected microbes, which resulted
in a uniform distribution of calcium carbonate and sustained enzymatic capabilities [40].
Usually, the microbe population is 106 to 1012 per gram in soil [41,42]. Boquet et al. [41]
believed that nearly all soil bacteria could precipitate calcium carbonate. With the bios-
timulation processes, it is possible to enrich and increase the number of native ureolytic
bacteria in a variety of soils [18]. It was first demonstrated by Burbank et al. [18] who
showed that indigenous microorganisms capable of hydrolyzing urea could be enriched to
induce calcium carbonate precipitation in potentially liquefiable saturated soils both in the
laboratory and in situ. Gomez et al. [42] also conducted a field test for calcium carbonate
precipitation in granular soils, using one-dimensional column specimens which resulted
in significant improvement in geotechnical properties, including unconfined compressive
strength and permeability. Chittoori et al. [9] studied a method using biostimulation to treat
natural expansive soils through an injection system. A significant reduction in swelling
strain and increase in unconfined compression strength after one treatment cycle were
observed. In the current research, a new application protocol was studied for applying
MICP via biostimulation to treat expansive clays. This research is an initial step to establish
an alternative treatment protocol for shallow stabilization of expansive soils.

3. Materials and Methods
3.1. Soils

Three soils with varying plasticity characteristics were chosen to evaluate the proposed
method of MICP application. Of the three soils, one is a naturally occurring expansive soil
while the other two soils were prepared by mixing different percentages of the natural soil
and medium-fine sand (D60 = 0.68 mm, D10 = 0.24 mm, and Cu = 2.83). This was intended
to reflect the roles of clay content and plasticity characteristics in this method. The natural
soil was collected along the US 95 highway close to Marsing, Idaho. This soil contained
about 70% clay and is denoted as C-70. This clay content was adjusted to 30 and 40% by
adding the sand, and these soils are denoted as C-30 and C-40, respectively. All three soils
were tested for various geotechnical engineering properties, including Atterberg limits,
maximum dry density, 1-D swell strain, 1-D swell pressure, and free swell index. Apart
from the free swell index test, which was conducted as per Holtz and Gibbs (1956), the rest
of the tests were conducted as per the American Standards and Testing Method (ASTM).
The standard test number indentifiers for each of these tests is provided in Table 1. The
results in Table 2 indicate that the maximum dry unit weight (MDUW) ranged from 11.0
to 15.6 kN/m3 and the optimum moisture content (OMC) ranged from 32.6% to 21.5%
for the three soils tested here. Please note the increase in MDUW and decrease in OMC
as the clay content is reduced. Moreover, the increase in clay particles from C-30 to C-70
soil contributed to the gradual increase in unconfined compressive strength in these soils.
The UCS values ranged from 69.6 to 155.1 kPa. The gradual improvement in strength
could be due to the inner bonding of fine particles. It should be noted here that soils with
higher sand content showed lower UCS values. This is because of the reduction in cohesion
and the inability of sand particles to adhere to one another, and does not mean that these
samples are weak. In 1-D swell, a specimen was enclosed and inundated. Different loads



Geotechnics 2021, 1 562

were applied to develop different stress levels on the two identical specimens for each type
of soil. The 1-D swell strain ranged from 17.9 % to 2.6%, and the swell pressure ranged
from 287 kPa to 70 kPa for the three soils tested.

Table 1. Standard test methods used to determine the geotechnical properties of the soil.

Test ASTM ID

Atterberg Limits D4318

Specific Gravity D854

Standard Proctors Density D698

Unconfined Compression Strength Test D2166

1-D Swell Strain D4546

Swell Pressure test D4546

Table 2. Baseline data for all three soils.

Soil
Type

LL
(%)

PI
(%) Gs

MDUW
(kN/m3)

OMC
(%)

UCS
(kPa)

1-D
Swell
Strain

(%)

Swell
Pres-
sure
(kPa)

Free
Swell
Index
(%)

C-70 111 71 2.53 11.04 32.6 155.1 17.9 287 108

C-40 62 41 2.66 13.98 28.5 88.2 9.14 179 123

C-30 43 19 2.6 15.65 21.5 69.6 2.58 70 162
Note: LL—liquid limit; PL—plasticity index; Gs—specific gravity; MDUW-maximum dry unit weight;
OMC—optimum moisture content; UCS—unconfined compression strength; FSI—free swell index.

3.2. Treatment Solutions

Two types of treatment solutions were used in this research to stimulate bacteria
and achieve calcium carbonate precipitation, namely, enrichment and cementation solutions.
Enrichment solutions contained both a carbon source as acetate and a nitrogen source in
the form of urea. The composition of enrichment solutions was 100 mM of sodium acetate,
333 mM of urea, and 0.5 g/L of corn steep liquor (CSL). Corn steep liquor comprises amino
acids, vitamins, and minerals and is used to stimulate the initial activity within the soil
profile [18]. The presence of urea works as a nitrogen source, and the increase in the pH
level as a result of the presence of ammonium from urea hydrolysis creates an environment
for bacteria that can survive in a high-pH environment and use urea or ammonia as a
nitrogen source [14]. As the number of ureolytic bacteria increases, the rate of hydrolysis
increases, which increases the rate of precipitation [27].

Cementation solutions contained all the enrichment solutions with the addition of
calcium chloride. In this research, two types of cementation solutions were used. In the
cementation solution, the concentration of calcium chloride is 250 mM, and in another
cementation composition, the concentration of calcium chloride is 500 mM [27]. Two
concentrations of calcium chloride were used to observe the effect of the concentration
of calcium chloride in calcium carbonate precipitation. The concentrations of all the
components are detailed in Table 3.
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Table 3. Chemical compositions in substrate solution [26].

Solution Type Chemical Name Concentration Remarks

Enrichment Solutions

Sodium Acetate 100 mM Carbon source

Urea 333 mM Nitrogen source

Corn Steep Liquor 0.5 g/L Nutrient source

Cementation Solutions

Sodium Acetate 100 mM Carbon source

Urea 333 mM Nitrogen source

Corn Steep Liquor 0.5 g/L Nutrient

Calcium Chloride 250 mM (CS-1)
500 mM (CS-2) Cementation source

3.3. Treatment Protocol

The treatment consisted of mixing soil with a volume of enrichment solutions corre-
sponding to the optimum moisture content of the soil from the standard Proctor test. After
mixing, the indigenous bacteria, the samples were allowed to hydrolyze urea for different
periods of time (1, 2, 3, 4, and 7 days). In chemical stabilization protocols, mellowing
period is the time between mixing (soil with chemicals and water) and sample compaction
(for curing). Unlike shallow stabilization protocols, moisture loss was permitted during
this time in this research. The lost moisture was replaced with the cementation solution.
Cementation solution was mixed into the soil samples to bring back the moisture content
to OMC, and soils were mixed thoroughly for even distribution. The soil samples were
compacted into a cylinder of 7.1 cm diameter and 14.2 cm height at their corresponding
maximum dry unit weight. After that, samples were cured with controlled 100% humidity
and room temperature for 0, 3, and 7 days of curing time. The curing periods are denoted as
CP. The mellowing periods are denoted as MP. Figure 1 presents a pictorial representation
of the treatment protocol.

Figure 1. Pictorial description of the treatment protocol.

3.4. Evaluation Tests

Unconfined compression strength (UCS), calcium carbonate, and free swelling index
(FSI) tests were conducted to evaluate the effect of biostimulated MICP. The following
sections briefly describe the procedures followed in conducting these tests.
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3.4.1. Unconfined Compression Strength (UCS)

The purpose of this test is to determine the compressive strength of the soil. UCS test
is an unconsolidated undrained test where the lateral confining pressure is equal to zero.
This test was conducted as per ASTM D2166. Soil samples of 7.1 cm diameter and 14.2 cm
height were compacted to their corresponding MDUW and OMC from the standard Proctor
test. The compression was strain-controlled, and the rate of strain was 2.5 mm/min. The
equipment used for this test was shown Figure 2.
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3.4.2. Calcium Carbonate Test

After UCS tests, the samples were oven-dried and tested for carbonate content as per
ASTM D 4373. A simple portable device was used to carry out this gasometric method.
This device consisted of a reaction cylinder, a cup filled with 1M hydrochloric acid (HCl),
and a pressure gauge (Figure 3a). Initially, 10 g of soil sample was poured into the reaction
chamber, and a small cup with 40 mL of HCl was placed inside the chamber. The reaction
chamber was closed tightly, and the small cup was tilted to create a reaction between
the HCl and soil samples which released carbon dioxide and pressurized the chamber.
The pressure inside the chamber was recorded using the pressure gauge mounted on
the chamber. This pressure is related to an equivalent amount of calcium carbonate
(CaCO3) using a calibration curve (See Figure 3b) prepared with known amounts of reagent
grade CaCO3.

3.4.3. Free Swell Index (FSI)

The free swell index is a simple experimental procedure performed to estimate the
expansion potential of a given soil [43]. It is defined as the ratio between the increase in
the volume of soil (without any external constraints) after submergence in water (polar
fluid) and the volume of soil after submergence in kerosene (nonpolar fluid). In this test,
two representative oven-dried soil samples (passing a #40 sieve) weighing 10 grams each
were poured into two graduated cylinders of 100 mL capacity with the help of a funnel.
One cylinder was filled with distilled water, while the other was filled with kerosene up
to 100 mL mark. Entrapped air was removed by mild shaking and stirring with a glass
rod. Soil samples are allowed to attain an equilibrium state of volume without any further
change in the volume of the soils in 24 h [44]. The final volumes of the soil samples in both
cylinders were recorded, and the FSI was calculated using the following equation:

Free Swell Index (FSI) (%) =
(Vd −Vk )

Vk
× 100 (3)

where, Vd = volume of the soil sample from the graduated cylinder containing distilled
water and Vk = volume of the soil sample from the graduated cylinder containing kerosene.
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4. Results

This section presents the results obtained from the testing described above. A sum-
mary of the results is presented first, followed by a discussion on the reasons for the
observed changes. The test data was also examined to study the effect of parameters such
as mellowing and curing periods, type of cementation solution, and the type of soil on the
effectiveness of MICP in this application.

UCS, calcium carbonate content, and FSI tests were performed on treated and un-
treated soils to evaluate strength changes, calcium carbonate precipitation, and swell
changes. The results obtained from UCS, calcium carbonate content, and FSI tests are
presented in Tables 4–6, respectively. The tables include test data from both cementation
compositions (CS-1 and CS-2) for all curing and mellowing periods studied in this research.

Table 4. Summary of treated UCS samples.

UCS (kPa)

Soil Type Curing
Period

CS-1 CS-2

MP-1 MP-2 MP-3 MP-4 MP-7 MP-1 MP-2 MP-3 MP-4 MP-7

C-30

CP-0 97.1 111.6 139.2 162.2 151.6 79.2 102.4 106.8 121.8 116.7

CP-3 150.1 206.9 175.0 173.0 159.7 139.8 161.5 135.4 111.9 107.7

CP-7 207.8 266.9 198.5 182.6 162.2 151.7 167.2 153.1 125.8 101.8

C-40

CP-0 96.3 103.0 123.4 135.4 127.3 90.5 95.6 100.7 53.3 45.2

CP-3 162.4 173.5 174.9 189.3 183.8 65.1 102.2 141.4 120.2 96.3

CP-7 173.5 253.6 158.7 146.8 139.8 58.5 99.2 143.9 113.3 70.2

C-70

CP-0 155.5 205.4 104.3 86.5 63.2 143.1 138.9 135.3 115.9 98.9

CP-3 173.0 172.4 155.9 98.0 90.1 150.0 141.9 125.7 115.1 92.9

CP-7 232.8 237.1 227.0 106.8 89.3 182.3 135.7 118.5 109.2 91.8
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Table 5. Calcium carbonate test results of treated samples.

Soil Curing
Period

CS-1 CS-2

MP-1 MP-2 MP-3 MP-4 MP-7 MP-1 MP-2 MP-3 MP-4 MP-7

C-30

CP-0 0.72 0.91 1.01 1.13 0.82 0.49 0.58 0.58 0.68 0.62

CP-3 0.78 1.13 0.88 0.93 0.88 0.78 0.88 0.78 0.58 0.58

CP-7 1.13 1.17 1.01 0.88 0.86 0.88 0.97 0.82 0.68 0.58

C-40

CP-0 0.72 0.82 0.91 1.10 0.58 0.39 0.58 0.58 0.19 0.00

CP-3 0.78 0.84 0.88 0.97 1.07 0.49 0.58 0.78 0.68 0.39

CP-7 0.88 1.36 0.86 0.82 0.88 0.19 0.68 0.82 0.82 0.39

C-70

CP-0 0.99 1.08 0.00 0.00 0.00 0.19 0.19 0.00 0.00 0.00

CP-3 0.88 0.78 0.84 0.00 0.00 0.19 0.19 0.00 0.00 0.00

CP-7 1.21 1.27 1.17 0.00 0.00 0.39 0.00 0.00 0.00 0.00

Note: Values are the percentage of the dry mass of soil.

Table 6. FSI (%) test results for treated soil samples.

Soil Curing
Periods

CS-1 CS-2

MP-1 MP-2 MP-3 MP-4 MP-7 MP-1 MP-2 MP-3 MP-4 MP-7

C-30

CP-0 83 75 71 58 75 108 79 67 50 75

CP-3 67 33 50 58 58 75 33 58 75 83

CP-7 58 17 92 83 67 58 88 83 83 75

C-40

CP-0 115 108 92 77 88 92 108 100 146 162

CP-3 38 50 54 54 62 185 162 62 58 123

CP-7 85 8 62 65 46 162 146 62 69 85

C-70

CP-0 107 141 176 183 203 52 183 203 128 93

CP-3 121 114 128 121 141 93 114 128 169 266

CP-7 52 45 176 169 190 45 114 134 148 162

The UCS values for the untreated C-30, C-40, and C-70 soils were 69, 88, and 155 kPa,
respectively. It can be noted from Table 4 that the UCS values after treatment ranged from
63 kPa to 267 kPa with different curing and mellowing periods for CS-1, while those for
CS-2 ranged from 45 to 182 kPa. It is evident that the treatments had a positive impact
on the UCS, which shows promise for this approach. It should be noted that the highest
percentage change in UCS after treatment was achieved in C-30 soil, which showed a 287%
change, while the lowest was observed in C-70 soil with only a 53% increase. The increase
in C-40 soil was 188%. The increase in the UCS values after treatments is attributed to the
precipitated calcium carbonate as a result of the bacterial stimulation via the addition of
enrichment and cementation solutions. The higher amount of clay in the C-70 soil could be
adversely impacting the calcite formation, thereby hindering UCS increase.

The calcium carbonate values for the untreated C-30, C-40, and C-70 soils were deter-
mined to be 0%. It can be observed from Table 5 that the calcium carbonate values ranged
from 0% to 1.36% with different curing and mellowing periods for CS-1, while those for
CS-2 ranged from 0 % to 0.88%. It was observed that C-70 soil precipitated the highest
amount of calcite (1.36%), followed by C-70 soil (1.27%), and finally, by C-30 soil (1.17%).
This observation does not support the earlier statement that the C-30 soil showed the high-
est UCS increase due to the greatest calcite precipitation. This indicates that higher CaCO3
precipitation does not automatically cause greater strength change. Further examination of
this aspect will be made in the following sections.
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The FSI values for the untreated C-30, C-40, and C-70 soils were 108%, 123%, and
162%, respectively. Table 6 shows that the FSI values ranged from 8% to 190% for CS-1,
while those for CS-2 ranged from 33% to 266%. The largest reduction in FSI values was
observed in C-40 soil (93%), while the lowest was observed in C-70 soil (72%). It should
be noted here that the FSI values increased beyond the untreated values for some of the
curing and mellowing periods. Further examination of these test results is provided in the
next section, where the effects of parameters such as mellowing period, curing period, type
of cementation solutions, and the soil type are examined.

5. Discussion

This section contains a discussion on the reasons for the observed changes discussed
in the previous section. The test data was also examined to study the effects of mellowing
and curing periods, type of cementation solution, and the type of soil on the effectiveness
of MICP in this application.

5.1. Effect of Mellowing and Curing Periods

Figures 4–6 present the variation of UCS and FSI data with mellowing and curing
periods for soils C-30, C-40, and C-70. These soils were treated with cementation solution
CS-1. It can be noted from Figure 4a that the UCS values for C-30 soil increased with
mellowing periods until MP-4 and then dropped for MP-7 for zero-day cured (CP-0)
samples. However, in the case of CP-3 and CP-7 curing periods, the UCS values dropped
after two days of mellowing. It can also be observed that CP-7 at MP-2 gave the highest
UCS value. A similar trend was observed for C-40 soil (Figure 5a), where the maximum
increase in UCS value was observed at CP-7 and MP-2. In the case of C-70 soil (Figure 6a),
the UCS values increased with mellowing periods, MP-1 and MP-2, and decreased for all
remaining mellowing periods. A maximum increase in UCS value was observed at CP-7
and MP-2 for C-70 soil as well. Based on these observations, it can be concluded that the
best treatment period for all soils was two days of mellowing followed by seven days of
curing. As the clay content in the soils increased from C-30 to C-70, it appears that an
increase in the mellowing period beyond two days was not beneficial for any of the soils.
This could be due to the loss in moisture during the mellowing period reducing bacterial
activity. When cementation solutions were added at the end of mellowing periods, the
presence of calcium in these solutions may be hindering bacteria growth, as was observed
in earlier research [17,18]. The increase in strength can be attributed to the precipitation of
calcite, as can be seen in the plots as data labels in Figure 4a, Figure 5a, and Figure 6a.
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A similar trend can be observed for the FSI data as well as presented in Figures 4b–6b
for C-30, C40, and C-70 soils. All three soils had the lowest FSI values for MP-2 after 7 days
of curing.

Overall, it can be concluded that MP-2 and CP-7 are the optimal mellowing and curing
times for achieving the most effective MICP response on these soils.
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5.2. Effect of Type of Cementation Solution

To observe the effect of calcium chloride concentration in the cementation solutions,
two concentrations of CaCl2 were used in this study (Figure 7). CS-1 contained 250 mM
of CaCl2 while CS-2 contained 500 mM CaCl2. It can be observed from Figure 7 that
using CS-2, UCS values decreased by 37%, 60%, and 39.13% for C-30, C-40, and C-70 soils,
respectively, compared to CS-1. In addition, FSI values increased by 200%, 1400%, and
43.8% for C-30, C-40, and C-70 soils, respectively, with CS-2, compared to CS-1. There was
an overall improvement in UCS and FSI values for CS-1 in comparison to CS-2, which could
be due to the inhibition effect on a microbial activity which can limit the urease production
from ureolytic bacteria with a higher concentration of calcium chloride. Additionally, it
was observed [18,36] that a lower concentration of CaCl2 leads to more homogeneous
CaCO3 crystal formation at the particle contact points which contributes to the strength
improvement with minimum soil disturbance and permeability reduction.
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5.3. Effect of Soil Type

Since there are three different soils with varying clay contents, the effect of soil type
was also ascertained. The percentage change in UCS and FSI compared to the untreated
values is presented in Figure 8. It should be noted here that the data presented in Figure 8
represents soils treated with CS-1 for MP-2 and CP-7. The maximum change in UCS
value was observed for C-30 soil while the same for FSI was observed in C-40 soil. The
improvement in UCS is very well correlated with the clay content, where the improvement
went down with an increase in clay content. The untreated soils with low clay contents had
lower UCS values, and the bonding from the CaCO3 due to MICP treatments increased the
UCS value and hence showed better improvement in UCS compared to soils with higher
clay contents. The FSI data did not show any meaningful trends. It can also be noted from
the figure that the highest amount of CaCO3 precipitation (1.36%) was observed in C-40
soil, while the lowest amount was observed for C-30 soil (1.17%). Hence the precipitation
of higher amounts of CaCO3 may not always result in improved engineering performance
as the type of CaCO3 formed plays an important role along with gradation, density, and
other geotechnical characteristics, which need further examination beyond this study.
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6. Summary and Findings

A new method for the application of a biostimulated MICP technique was developed
in this research. Experiments were conducted to study the effectiveness of mixing protocols
to stimulate indigenous bacteria to stabilize expansive soils. Three soils with varying
plasticity characteristics were studied, and their performance was evaluated using UCS,
calcium carbonate precipitation, and FSI tests. It was observed that the improvement in
strength was proportional to calcium carbonate precipitation in these soils. Additionally,
free swell index test results were inversely proportional to calcium carbonate precipitation
and UCS.

Findings from this research study are summarized as follows:

1 MICP was successfully used to alter the behavior of three clayey soils with varying
plasticity characteristics.

2 It was observed that two days of mellowing time and seven days of curing produced
optimal results for the three soils tested in this research.

3 It was noted that an increase in the mellowing period beyond two days caused heavy
moisture loss which could have contributed to the low strength of the soil samples.

4 Between the two types of treatment solutions, treatments with CS-1 resulted in better
overall performance than that with CS-2.

5 It was observed that C-30 and C-40 soils showed better improvement in strength than
C-70 soil.
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