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ABSTRACT

The application of microbially induced carbonate precipitation (MICP) in clayey soils has attracted much
attention, and many studies used clay as an additive to enhance microbial mineralization efficiency in
sandy soils. Within the sand-clay-bacteria-calcite system, the property and content of clay play crucial
roles in affecting bacterial growth and calcite formation. More important, bentonite is particularly
sensitive to changes in the geochemical environment. In this study, the sand-bentonite mixtures were
treated by biostimulated MICP, aiming to provide insights into the behavior of this system. The bacterial
activity and cementation pattern at different bentonite contents were evaluated through a series of tests
such as enrichment tests, unconfined compressive strength (UCS) tests, cementation content measure-
ments, mercury intrusion porosimetry (MIP) tests, scanning electron microscopy (SEM) observations, and
energy dispersive X-ray spectroscopy (EDS) analyses. The findings showed that the bentonite presence
promoted the enrichment of indigenous ureolytic bacteria, with lower bentonite levels enhancing ure-
olytic activity. Macroscopic and microscopic characterization indicated that the bentonite-coating sand
structure was more conducive to the formation of large-sized calcite crystals capable of cementing soil
particles compared to sand-supported and bentonite-supported structures. Additionally, excessive cal-
cium ions (Ca**) concentrations in the cementitious solution would lead to predominant calcite depo-
sition on soil particle surfaces, contributing minimally to strength improvement.
© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

Microbial mineralization, specifically through microbially

introduces non-native bacteria, whereas biostimulation enhances
native ureolytic bacteria, with the latter being favored for its eco-
friendliness and minimal ecological impact (Wang et al., 2024).

induced carbonate precipitation (MICP) technology, has become a
crucial field in geotechnical research community, as evidenced by
studies from DeJong et al. (2010), Jiang et al. (2022), and Fu et al.
(2023). Ureolytic bacteria-based methods are preferred within
various microbial mineralization approaches for their simple urea
hydrolysis processes and controllable reaction dynamics. Two pri-
mary strategies, bioaugmentation and biostimulation, are
employed for microbial mineralization. Bioaugmentation
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The initial applications of MICP were concentrated on sandy soils,
but the cementation effect was poor in clayey soils because their
low permeability impeded the injection of bacterial and cementing
solutions (Cardoso et al., 2018; Xiao et al., 2022a; Zhang et al,,
2023). Although the application of MICP in clayed soils had made
progress in recent years (Liu et al.,, 2021; Mukherjee et al., 2022;
Xiao et al.,, 2022b; He et al., 2023), MICP efficiency in clayey soils is
generally lower than that in sandy ones, indicating ongoing chal-
lenges (Arpajirakul et al., 2021; Tang et al., 2023).

Recent research has focused on leveraging the adhesion be-
tween bacteria and clay to boost both the bacteria fixation and the
cementation level in biocemented sandy soils (Cardoso et al., 2023).
This strategy treats clay as a supplement, akin to fibers (Xiao et al.,
2019), industrial by-products (Zhang et al., 2020), hydrogels (Zhao
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et al., 2016), and other conventional additives. In this context, the
amount of clay in biocemented soils plays a pivotal role in MICP.
Cardoso et al. (2023) found that incorporating modest quantities of
clay, specifically 1% kaolin and 5% bentonite, promotes sustained
bacterial growth and ureolytic activity. However, high clay levels
can inhibit ureolytic activity, possibly due to alumina dissolution
from the clay, which reduces the pH value (Sun et al., 2019; Ma
et al., 2021). Optimal clay levels exist for biocemented soils,
where exceeding these levels detrimentally affects bacterial func-
tion and soil mechanics. Sun et al. (2019) observed that calcite
production rates improve with kaolin up to a 7.5% threshold, after
which they decrease. This pattern mirrors the trend in the uncon-
fined compressive strength (UCS) of biocemented soils relative to
calcite content. Mo et al. (2021) corroborated these findings in their
investigation of biocemented sand-kaolin mixtures, highlighting an
ideal clay content for biocementation. Concerning shear strength, a
slight clay addition, typically 3%—10%, significantly improves
cohesion in biocemented sandy soils through MICP. Above this
range, the beneficial effects on cohesion diminish. The influence of
clay on the internal friction angle is less clear, varying with MICP
treatment methods and soil characteristics (Hataf and Jamali, 2018;
Feng et al, 2022). In summary, in the sand-clay-bacteria-calcite
system, the dynamics of MICP are governed by two main mecha-
nisms: the activity of bacteria and the pattern of cementation. The
impact of clay on ureolytic activity is influenced by its mineral
composition and structural properties, potentially offering both
positive and negative outcomes. The pattern of cementation closely
correlates with the clay content, with an optimum level existing for
peak mineralization efficiency. Furthermore, the bacteria-clay
adhesion process may modify the formation and distribution of
calcite crystals, thereby influencing the soils' mechanical
properties.

Moreover, identifying active clay types, such as bentonite with
2:1 mineral structure, is crucial due to their significant interactions
that affect the soils' mechanical and hydraulic characteristics,
shaped by the geochemical environment (Guimaraes et al., 2013;
Pedrotti and Tarantino, 2018). The distinction between the effects
of bentonite's diffuse double layer compression in bioaugmentation
and biostimulation scenarios is complex, with potential differences
in calcite distribution and the enrichment of ureolytic bacteria,
emphasizing the need for comprehensive studies on biostimulated
MICP-treated sand-bentonite mixtures (Ma et al.,, 2021; Cardoso
et al,, 2023).

This investigation initially explored the impact of varying
bentonite contents and enrichment media substrate concentrations
on various bacterial activity metrics in sand-bentonite mixtures.
Subsequent stages examined how bentonite content and Ca®*
levels influence the UCS and microstructure of biocemented sand-
bentonite mixtures, with an additional focus on pore size distri-
bution. The results of this study aim to enhance our understanding
of the sand-clay-bacteria-calcite system, with a particular focus on
the effects of biostimulation.

2. Materials and methods
2.1. Materials

2.1.1. Sand, bentonite, and their mixtures

In this research, we utilized sand from the Yangzi River in
Nanjing, China, which underwent air-drying and was then sieved
using a US No. 18 sieve (1 mm) to eliminate large gravel and twigs,
as depicted in Fig. 1a. The particle size distribution (PSD) of the
refined river sand is displayed in Fig. 1b. The fundamental physical
and index properties of the sand are documented in Table 1, in
accordance with ASTM D2487-17 (ASTM, 2017). For the study, we
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used natural Ca-bentonite, shown in Fig. 1a, procured from Mu-
Feng Co., Ltd. in Zhenjiang, China. This bentonite's main mineral
composition includes 45.3% montmorillonite, 29.5% quartz, and
24.7% feldspar, with its PSD curve illustrated in Fig. 1b. Additional
properties, such as soil classification, liquid and plastic limits, and
cation exchange capacity (CEC), are detailed in Table 2.

River sand was blended with varying mass percentages of Ca-
bentonite to create sand-bentonite mixtures, ensuring that each
sample had the same initial dry density for consistency. The limit
void ratios (emax and ep,;,) of this binary soil mixture first decline
and then increase as the bentonite content ranges from 0 to 100%. A
critical bentonite content threshold (BCy,) is identified, at which
point the limit void ratio is minimized. This threshold categorizes
the mixtures into two structural types: below BCy,, mixtures
display a sand-supported structure with bentonite particles filling
the voids between sand grains. Above BCy,, the mixtures become
bentonite-supported, where sand particles occupy the voids in the
bentonite matrix (Zuo and Baudet, 2015; Xiao et al., 2023). Fig. 2a
illustrates how the emax and e,;, vary across 11 bentonite content
levels, identifying a BCyy, value of 15%. In this context, mixtures with
bentonite contents of 5%, 15%, and 45% were selected to represent
the two distinct structures and the threshold one. The PSDs of these
mixtures are depicted in Fig. 2b. These mixtures are classified as
SM, ML, and CL at BC = 5%, BC = 15%, and BC = 45%, respectively
(ASTM, 2017).

2.1.2. Enrichment and cementation solutions for biostimulation

The enrichment medium was a mixture of nutrient broth (NB)
and urea, a combination that is effective in promoting the growth of
indigenous ureolytic bacteria (Wang et al., 2023). The NB, sourced
from Ron Reagent, contained 10 g/L peptone, 3 g/L beef extract, and
5 g/L NaCl, offering a nutrient-rich environment conducive to
bacterial development with a concentration of 20 g/L. Urea acted as
a selective substrate, fostering the proliferation of ureolytic bacte-
ria. To tailor the enrichment medium for sand-bentonite mixtures,
the efficiency of bacterial enrichment over a urea concentration
span of 0—200 mM (1 M = 1 mol/L) (NB-0, NBU-50, NBU-100, and
NBU-200) was assessed. The cementation solution was comprised
of urea and calcium chloride, supplemented with NB, with urea
fixed at 200 mM and NB at 0.2 g/L. To examine how varying Ca®*
concentrations influenced the cementation patterns during bio-
stimulation, calcium chloride solutions were prepared at concen-
trations of 50 mM, 100 mM, and 200 mM.

2.2. Methods

2.2.1. Specimen preparation

For both the enrichment and UCS tests, soil specimens were
created using the one-phase mixing technique. In the enrichment
test, the bacterial activity was compared in pure sand versus sand-
bentonite mixtures at three different structural compositions (i.e.
BC = 5%, BC = 15%, and BC = 45%). The mass of 94.2 g of air-dried
soil was mixed with 0.9 pore volume (PV) of the enrichment me-
dia. This mixture was then layered into three sections and trans-
ferred into a plastic hollow cylinder, measuring 8.0 cm in height
and 5.0 cm in diameter, and compacted to a final soil height of
3.0 cm, ensuring that each of the four soil samples had a dry density
of 1.60 g/cm®. The cylinder was sealed with breathable parafilm to
maintain humidity. To prevent the drying and shrinkage of
bentonite from impacting the bacterial enrichment process, the
prepared samples were stored in a standard curing chamber set at
20 °C and 90% relative humidity.

For preparing the UCS specimens, 0.45 PV of enrichment me-
dium and 0.45 PV of cementation solution were mixed directly with
314 g of the sand-bentonite mixtures. This mixture was then
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Fig. 1. (a) River sand and Ca-bentonite, and (b) particle-size distribution curves of river sand and Ca-bentonite.

Table 1
The physical and index properties of river sand.

Physical and index properties Value

Soil classification SM

Specific gravity, Gs 2.65

Median particle diameter, D5y (mm) 0.138

Coefficient of curvature, Cc 1.95

Coefficient of uniformity, C, 14.17

Maximum void ratio, emax 1.03

Minimum void ratio, ey, 0.55

Table 2
The properties of Ca-bentonite tested in this study.

Physical and index properties Value
Soil classification MH
Specific gravity, Gs 2.7
Liquid limit (%) 65.9
Plastic limit (%) 313
Plastic index 34.6
Cation exchange capacity (meq/100 g)
Exchangeable Ca®* 17.82
Exchangeable Mg?* 5.18
Exchangeable Na* 3.96
Exchangeable K* 0.47
Sum 32.74

compactly layered into a detachable cylindrical plastic mold,
measuring 10.0 cm in height and 5.0 cm in diameter, and sealed at
the top with parafilm. The sealed mold was placed in a standard
curing chamber for 7 d, ensuring a dry density of 1.60 g/cm? for the
specimens. Additionally, untreated specimens were created
without adding any calcium source, using only deionized water (DI
water). The urea concentration in the enrichment media for UCS
specimen preparation was determined based on the enrichment
test results, to identify the most effective concentration for optimal
bacterial enrichment across all samples.

2.2.2. Enrichment test

Throughout the process of enriching indigenous ureolytic bac-
teria, biochemical parameters including ureolytic activity, pH value,
viable cell number, and concentration of urea/ammonium in the
soil samples were tracked at intervals of 0 h,12 h, 24 h, 48 h, 72 h,
and 96 h. For each of these intervals, data were gathered from the
central part of the soil samples. The specific methods used for these
measurements are detailed in Table 3. These systematic test
methods for evaluating the enrichment effect of indigenous ure-
olytic bacteria were verified (Wang et al., 2020, 2022b).

2.2.3. UCS test
After 7 d of biocementation, the specimens were promptly
extracted from their molds for the UCS tests. This step was crucial to
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Fig. 2. (a) Limit void ratio versus bentonite content in sand-bentonite mixtures; and (b) particle size distribution curves of sand-bentonite mixtures with BC = 5%, BC = 15%, and

BC = 45%.
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Table 3
Summary of biochemical characteristic measurement methods.
Parameter Unit Description
pH value — Mass of 10 g of soil sample was mixed with 20 mL of DI water and allowed to stand for 1 h. The supernatant was then tested using a pH meter
(ASTM, 2019)
Ureolytic mM urea The electrical conductivity (EC) increment of 1 g soil sample mixed with 9 mL 1.11 M urea solution in the first 1—9 min was calculated, and
activity min~! then convert the volume of 1 mL of pore solution using the soil water content (Harkes et al., 2010)
Viable cell CFU g~! Plate counting method. The supernatant (100 pL) of soil sample mixed with DI water was taken and spread evenly onto the surface of a solid
number agar medium (20 g/L NB, 15 g/L agar) inside a petri dish (Wang et al., 2022b)
[Urea] mM Modified colorimetric urea assay method using a spectrophotometer at a wavelength of 422 nm (0D422) (Gomez et al., 2017)
[NH4] mM Modified Nessler method using a spectrophotometer at a wavelength of 425 nm (0D425) (Wang et al., 2022b)

Note: CFU = colony forming units.

avoid any potential increase in strength that could result from
moisture evaporation and shrinkage associated with the bentonite
content. In the UCS test, specimens were subjected to axial loading
at a steady rate of 1.0 mm/min. The maximum compression stress
reached, or the stress at 15% strain, was recorded as the UCS, in
accordance with ASTM standards (ASTM, 2016).

2.24. Cementation content measurement

The quantification of cementation content in biocemented
sand-bentonite mixtures was performed using the hydrochloric
acid dissolution method. Subsamples for this analysis were taken
from the core of the specimens following the UCS tests, air-dried,
and then submerged in an excess of 1.0 M HCI solution to guar-
antee full dissolution. After acid treatment, the samples were
washed three times with DI water to remove any residual soluble
substances. To avoid the loss of fine materials, such as bentonite,
during the washing steps, low-speed quantitative filter paper was
employed to retain these particles. Post-washing, the samples
along with the filter papers were dried. The cementation content
was then determined by measuring the weight of calcite relative to
the sample's initial weight, expressed as a percentage. For a
comprehensive explanation of the testing methods, please refer to
the study of Ma et al. (2021).

2.2.5. Microstructural analysis

Mercury intrusion porosimetry (MIP) and scanning electron
microscopy (SEM) were employed to study the pore size distribu-
tion and microstructure of the biocemented soil samples. For these
analyses, the biocemented samples were sectioned into several
1 cm? cubes and subjected to freeze-drying for over 48 h. Before
SEM, the samples were sputter-coated with gold to enhance the
quality of the electron microscopy images. In addition, energy
dispersive X-ray spectroscopy (EDS) was used in conjunction with
SEM to obtain element distributions.

Table 4 gives the experimental programs for the enrichment test
and UCS test, and the measurement contents for cementation
content and microstructure are outlined in Table 5.

3. Testing results and data interpretation
3.1. Biochemical characteristics

3.1.1. Ureolytic activity

Ureolytic activity is a direct measurement of the impact of
enrichment on native ureolytic bacteria in soils, indicating the
bacteria's efficiency in breaking down urea. Fig. 3 displays the
change in ureolytic activity over elapsed time in sand-bentonite
mixtures with different levels of bentonite, alongside evaluating
the influence of urea concentration in the enrichment media.
Initially, it was found that the four original sand-bentonite mixtures
were deficient in ureolytic bacteria capable of producing the urease
enzyme, as shown by minimal increases in ureolytic activity in
media without urea. This observation suggested that variations in
ureolytic activity in the soil samples were more precisely captured
in later enrichment tests using selective media with urea concen-
trations of 50 mM, 100 mM, and 200 mM.

Significantly, all four soil samples showed a noticeable rise in
ureolytic activity after enrichment in selective media, with a pro-
nounced increase as the urea concentration went up. The addition
of bentonite seemed to fast-track the enrichment process for ure-
olytic bacteria. Samples containing 5%, 15%, and 45% bentonite
showed enhanced ureolytic activity in just 24 h, reducing the
enrichment period by half compared to the pure sand samples
(BC = 0%). Furthermore, the samples with a lower bentonite per-
centage showed superior ureolytic activity, with the BC = 5% and
BC = 15% samples reaching 8.25 and 7.12 mM/min, respectively,
after 96 h enrichment, in contrast to a mere 5.85 mM/ min for the
pure sand samples. Nevertheless, when the bentonite content was
raised to 45%, the ureolytic activity saw a decrease.

3.1.2. pH value

The pH changes during the enrichment process can essentially
be divided into two stages: an initial phase characterized by acid-
ification due to aerobic bacterial respiration and anaerobic
fermentation, and a phase of alkalinization resulting from the
build-up of ammonia (Wang et al., 2020). As shown in Fig. 4, the

Table 4
Experimental programs conducted in enrichment test and UCS test.
Test Bentonite content (BC) (%) Urea concentration in enrichment media (cyrea) (MM) Ca?* concentration in cementitious solution (ccp2+ ) (mM)
Enrichment test 0,5, 15,45 0 -
50
100
200
UCS test 5,15, 45 Selection by the enrichment test 0
50
100
200

Untreated group
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Table 5
Measurement contents for cementation content and microstructure.
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Measurement contents Bentonite content (BC) (%)

Ca®* concentration in cementitious solution (mM)

Cementation content 5,15, 45 0
50
100
200
SEM 5,15, 45 100
200
Untreated group
MIP 100
15 100
200
Untreated group
45 100
EDS 5 100
15 100
200
45 100
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Fig. 3. Variations of ureolytic activity in sand-bentonite mixtures with enrichment time: (a) NB-0, (b) NBU-50, (c) NBU-100, and (d) NBU-200.

starting pH levels of the samples ranged from 6.94 to 7.68, but they
decreased by about 0.4 in the first 24h enrichment. In the next 72 h,
a gradual increase in pH was noted, attributed to the ongoing
accumulation of ammonia. The data indicated that higher concen-
trations of urea in the selective media, specifically NBU-50, NBU-
100, and NBU-200, led to more significant increases in pH values.
Notably, after 96 h enrichment in NBU-200 media, the pH values
are between 9.09 and 9.20, closely aligning with the theoretical
ammonia equilibrium pH value of 9.3 in solution, which aids in the
precipitation of calcite during MICP. Additionally, the inclusion of
bentonite appeared to boost the efficiency of enriching native
ureolytic bacteria, thereby hastening the pH value. Within 48 h
enrichment in NBU-200 media, the pH value of the pure sand
sample increased to only 8.10, whereas the bentonite-containing
samples reached the pH value of 9.01-9.14.
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3.1.3. Viable cell number

The count of viable cells serves as a direct indicator of the pro-
liferation of native ureolytic bacteria in soil, with changes over time
as depicted in Fig. 5. Initially, the indigenous bacteria experienced
an exponential growth phase within the first 24 h across all urea
concentrations in the enrichment media, with viable cell counts
soaring from 10° CFU/g to 1083—10° CFU/g. After this rapid growth
phase, the number of viable cells in the NB-0 and NBU-50 media
continued to increase at a steady rate. Conversely, in the NBU-100
and NBU-200 media, there was a gradual decrease in viable cell
counts as enrichment time extended, notably in the NBU-200
media, where viable cell counts in all soil samples dropped to
around 107 CFU/g by the 96-h mark.

Notably, the presence of bentonite significantly impacted bac-
terial proliferation. The viable cell counts in samples with 5% and
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Fig. 5. Variations of viable cell number in sand-bentonite mixtures with enrichment time: (a) NB-0, (b) NBU-50, (c) NBU-100, and (d) NBU-200.

15% bentonite were consistently an order of magnitude higher than
those in samples without bentonite and those with the highest
bentonite content (BC = 45%). These findings underscore the
importance of bacteria-clay adhesion in the enrichment process,
suggesting that at optimal levels of bentonite, this adhesion can
boost bacterial concentrations in the soil, thereby fostering more
effective MICP.

3.14. Urea and ammonium concentration

The degradation rate of urea and the generation of ammonium
act as indicators for the effective enrichment of native ureolytic
bacteria, as well as measures of ureolytic activity. Fig. 6 illustrates a
decline in urea concentration over time in all selective media,
signaling that urea hydrolysis took place in the soil. By examining
the curve slopes, it was observed that the rate of urea hydrolysis
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rose with the initial concentration of urea. Simultaneously, the
concentration of ammonium exhibited an upward trend. However,
in alkaline conditions, some ammonium transformed into
ammonia and then evaporated, leading to a discrepancy between
the amounts of hydrolyzed urea and produced ammonium that fell
below the theoretical 1:2 ratio, as explored by Wang et al. (2022a).

In terms of impact of bentonite on the rate of ureolysis, soils
with a slight addition of bentonite showed a marked improvement
in the enrichment rate of native ureolytic bacteria. This aligns with
previous observations related to ureolytic activity and pH value. For
example, in NBU-200 media, the urea levels in samples with 5% and
15% bentonite contents dramatically decreased from 146.26 mM
and 133.14 mM to 24.95 mM and 26.70 mM, respectively, within
24—48 h enrichment. Meanwhile, samples with 0% and 45%
bentonite content had higher residual urea concentrations of
60.37 mM and 80.47 mM after the same timeframe. After 48 h, urea
levels in the 5% and 15% bentonite samples plateaued, while those
in the 0% and 45% bentonite samples continued to decrease. A
noteworthy aspect was the enhanced absorption of ammonium by
bentonite, particularly when comparing the 0% and 45% bentonite
samples.

3.2. UGS

From the enrichment tests, the NBU-200 media were deter-
mined to be the most effective enrichment solution for crafting
biocemented samples. Using this enrichment solution, samples
were prepared and cured for UCS test. Fig. 7a displays the UCS
outcomes for specimens with 5%, 15%, and 45% bentonite contents
treated with various Ca®* concentrations. There was a discernible
enhancement in the UCS of the biocemented specimens in com-
parison to untreated specimens after 7 d biocementation. Never-
theless, the increase in strength was modest (<50 kPa), due to the
limited calcium source availability from the one-phase mixing

approach. In analysis, specimens containing 5% bentonite exhibited
lower strength compared to the ones containing 15% and 45%
bentonite. The highest strength for specimens containing 5%
bentonite was recorded at 23.30 kPa with a 100 mM Ca®* treat-
ment, whereas the ones containing 15% and 45% bentonite showed
strengths over 44 kPa. This marked disparity in strength under
similar conditions highlights the significant role of soil structure in
the biocementation process.

To differentiate the strength gains from biocementation from
the cohesive properties of clay, untreated specimens were
compared as illustrated in Fig. 7b. The findings indicated that
specimens containing 5% and 15% bentonite exhibited a more
pronounced strength improvement, with the maximum increase
reaching up to 4.84 times. On the other hand, specimens containing
45% bentonite, which had the highest bentonite content, showed
only a 2.80-fold increase in strength. Where the strength of
BC = 15% specimen was improved by 3.29 times under the treat-
ment of 0 mM Ca?* concentration, which may be due to the cation
exchange process between NH generated by urea hydrolysis and
the interlayer Ca?* in the Ca-bentonite, and the displaced Ca®*
form CaCOs; with CO3~ in the environment. With the increase of

Ca®t concentration in the cementitious solution, the strength
improvement showed a tendency to increase and then decrease.
The BC = 5% and BC = 15% specimens reached the peak of the
strength improvement under the treatment of 100 mM Ca?* con-
centration, while the BC = 45% specimens showed a higher increase
in strength with the 50 mM Ca?* concentration treatment. More-
over, higher Ca®>* concentrations (200 mM) were found to reduce
strength, especially in specimens with greater bentonite content.
This reduction in strength could be linked to the diminished
expansion volume of bentonite in the presence of Ca®*, leading to
larger pore sizes within the soil, which is less conducive to the
development of calcite cementation among soil particles.
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Fig. 7. UCS of biostimulated MICP-treated sand-bentonite mixtures for each condition: (a) effect of bentonite content and Ca®* concentration on the strength of biocemented soils,

and (b) biocementation on strength improvement in sand-bentonite mixtures.
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3.3. Cementation content

Cementation content in biocemented soils is a critical measure
of the MICP efficiency. As depicted in Fig. 8a, cementation content
in biocemented sand-bentonite mixtures varied between 0.41% and
0.83%. Specimens with 5% and 15% bentonite showed higher
cementation content compared to those with 45% bentonite,
attributed to their enhanced ureolytic activity. Furthermore, an
increase in Ca®t concentration resulted in higher cementation
content across all samples. Yet, the link between the strength gains
from biocementation and the cementation content was not directly
proportional. lllustrated in Fig. 8b, at Ca®* concentrations below
100 mM, the strength increases with increasing cementation con-
tent. There is a correlation particularly noticeable in the samples
containing 5% and 15% bentonite, which demonstrates significant
strength improvements over the samples containing 45% bentonite.
However, this trend of strength enhancement was significantly
reduced at a Ca?* concentration of 200 mM. Additionally, samples
with a higher content of bentonite showed a more substantial
reduction in strength. This effect was due to the complex in-
teractions between bentonite content and Ca?* concentration in
biocemented soils affecting the cementation pattern, which will be
explored in further microstructural analyses.

3.4. Pore size distribution

Fig. 9 shows the MIP results for specimens with 5%, 15%, and 45%
bentonite contents, all of which are treated with a 100 mM Ca?*
concentration to evaluate their pore size distribution post-
biocementation. The cumulative intrusion data against pore size
highlighted that the specimens containing 15% bentonite had the
lowest porosity of 31.05%, whereas the specimens containing 5%
and 45% bentonite displayed marginally higher porosities of 32.44%
and 31.63%, respectively. The pore size distribution for each spec-
imen demonstrated a distinct three-peak pattern, with notable
differences in the peaks across the specimens, primarily spanning
from ~0.1 um to ~300 um. For BC = 5% bentonite samples, the
pronounced peaks were found near 20 pm and 200 pm, and a
smaller peak around 3 pum. The largest pores relate to voids be-
tween sand grains, and the smallest to spaces between clay parti-
cles (Cardoso et al., 2023). For BC = 15% and BC = 45% bentonite
samples, the increase of bentonite content making the peak at
larger pores (200 um) was less pronounced, while peaks at smaller
sizes (3—4 pwm) became more evident. The presence of peaks at
7—20 um for all three samples may reflect the interplay between
the calcite filling the void and the reduced bentonite's expansion
volume increasing the pore sizes during biocementation.
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Fig. 10 examines the impact of varying Ca®>* concentrations on
the pore size distribution characteristics of biocemented samples.
Using the sample containing 15% bentonite as a reference, the
porosity levels are recorded at 34.32%, 31.05%, and 29.55%,
following treatment with DI water of 100 mM, and 200 mM Ca**
concentrations, respectively, as depicted in Fig. 10a. This pattern
suggests that calcite formation within soil voids leads to decreased
porosity. Moreover, biocementation caused a significant redistri-
bution of pore sizes, particularly reducing the peak associated with
the smallest pores (~2 um—3 pm) due to void filling by bacteria or
calcite. An observed sharp rise in the peak for 10 um pores stems
from the reduction in bentonite's expansion volume during bio-
cementation, a phenomenon that becomes more distinct at
elevated Ca®* concentrations (Cardoso et al., 2023).

3.5. SEM-EDS

Fig. 11 depicts the SEM imagery for three distinct soil samples
subjected to various treatment processes. For the untreated sam-
ples, it was noted that the samples with bentonite contents of 5%,
15%, and 45% presented characteristics of sand-supported,
bentonite-coating, and bentonite-supported structures, respec-
tively, aligning with the experimental predictions. When exposed
to 100 mM concentration of Ca®*, the samples containing 5%
bentonite were characterized by numerous tiny calcite crystals
clustering together to bind soil particles. The samples containing
15% bentonite exhibited larger calcite crystals directly binding the
soil particles. In contrast, the samples containing 45% bentonite
exhibited precipitation of smaller calcite crystals on the surfaces of
soil particles. These observations are further demonstrated in the
SEM and EDS analyses in Fig. 12, where the EDS images display Si,
Al, Ca, C and O, represented by purple, cyan, yellow, red, and blue
colors, respectively. The comparative SEM-EDS analysis showed
that the core elements of CaCOs3, Ca, C and O all correspond well to
the shape and appearance in the SEM. The Si and Al elements
mainly correspond to sand and bentonite, respectively. On the
other hand, soils biocemented with higher Ca?* levels showed a
transformation in calcite deposition from binding between parti-
cles to surface precipitation, especially in samples with increased
bentonite content (BC = 15% and BC = 45%). This alteration,
alongside a decrease in bentonite expansion, might explain the
change in binding patterns observed in biocemented sand-
bentonite mixtures. The effect of Ca>" concentration on calcite
precipitation is further investigated in the BC = 15% samples treated
with 100 mM and 200 mM Ca?* concentrations, as depicted in
Fig. 13. Ata 100 mM Ca>" level, bentonite particles were dispersing
over the calcite surface (see Fig. 13a). However, with 200 mM Ca?*
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Fig. 8. Cementation content of biostimulated MICP-treated sand-bentonite mixtures. (a) Effect of bentonite content and Ca?* concentration on the cementation content of bio-
cemented soils, and (b) the relationship between the strength improvement resulting from biocementation and cementation content.
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concentration, calcite surfaces were enveloped by aggregated
bentonite particles (see Fig. 13b), a scenario which negatively
affected strength enhancement.

4. Discussion
4.1. Bacterial activity in biostimulated sand-bentonite mixtures

In the method of biostimulated MICP, the crucial step is the
enrichment of native ureolytic bacteria, with substrate concentra-
tion and soil characteristics playing pivotal roles in the enrichment
phase. This research uncovered that the initial concentration of urea
and the content of bentonite had a considerable impact on the ac-
tivity of bacteria in biostimulated sand-bentonite mixtures. As
illustrated by Fig. 14, there is a distinct developmental correlation
between the viable cell number and ureolytic activity, which serves
as a measure of bacterial functionality. When the urea concentration
is low (e.g. 50 mM), the ureolytic activity remains subdued, even
with a high viable cell number observed. However, with an increase
in urea concentration (from 50 mM to 100—200 mM), ureolytic
bacteria start to dominate the bacterial community. This shift leads
to a peak in viable cell number and a significant surge in ureolytic
activity. Following this phase, the accumulation of ammonium cre-
ates an alkaline environment that reduces the population of non-
ureolytic bacteria, leading to a decline in overall bacterial counts.
This pattern of development matches the observations of Wang et al.
(2020) regarding the enrichment of ureolytic bacteria in calcareous
sand. A notable distinction is noted with a higher viable cell number
in the present study, which is attributed to the initial bacterial
population in the soil samples and the conditions of temperature
and humidity during the enrichment process.
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Moreover, changes in biochemical parameters over the course of
enrichment revealed that bentonite expedited the growth of ure-
olytic bacteria (see Fig. 3). This observation matches with that of
Cardoso et al. (2023), showing that bentonite enhanced the repli-
cation of S. pasteurii. The primary reason for this acceleration is
bentonite's provision of extra surface area for bacteria to adhere to
soil particles, resulting in an increased viable cell number early in
the enrichment process (Fig. 4), as noted by Cardoso et al. (2023)
and Zhao et al. (2021). This leads to a quicker rise in pH values
and faster urea hydrolysis (see Figs. 5 and 6). The positive effect of
bentonite on bacterial growth is also linked to the creation of mi-
croenvironments within clay-bacterial clusters. The surface of
montmorillonite may function as a mechanism for slow nutrient
release, thereby supporting sustained bacterial growth and
enhancing proliferation (Biswas et al., 2017). As depicted in Fig. 14,
the quantity of viable cells in sand-bentonite mixtures surpassed
those in pure sand at points of higher ureolytic activity (at viable
cell number peak).

Conversely, soils with lower bentonite content (BC = 5% and
15%) showed improved ureolytic activity. This improvement is
attributed not only to the increased adhesion sites offered by
bentonite, but also to the interaction between the clay minerals and
bacteria. The transfer of elements from clay surfaces to cell mem-
branes via water may modify the exchangeable complex of the clay
minerals. Influenced by the mineralogy of the clay and surface
complexation on bacteria, this leads to the generation of reactive
intermediates (radicals), enhancing ureolytic activity, as discussed
by Mueller (2015) and Cardoso et al. (2023). However, Ma et al.
(2021) noted that introducing bentonite into a bacterial solution
could reduce ureolytic activity, possibly due to a decrease in the
surrounding environment's pH caused by the Al,03 in the clay
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minerals (Sun et al., 2019). Despite such potential negative impacts, significant decrease in ureolytic activity. In soils with high
the enrichment of native ureolytic bacteria in sand-bentonite bentonite content (BC = 45%), the reduced pore space might not
mixtures during the 96-h enrichment period showed no support long-term bacterial viability, potentially causing an initial
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Fig. 13. EDS analysis images of calcite precipitation in biocemented sand-bentonite mixtures at different Ca>* concentrations, exemplified by BC = 15% specimens: (a) 100 mM

Ca**, and (b) 200 mM Ca**.
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stimulated sand-bentonite mixtures.

increase in ureolytic activity to fade over elapsed time, ultimately
dropping below that of pure sand specimens (BC = 0%).

In other words, the effects of clay particles on bacterial growth
can be further summarized by combing the experimental results of
this study and the research reports of other scholars in the
following four aspects:

(1) The presence of clay particles can increase the adhesion sites
of bacteria on soil particles, which in turn increases the
viable cell number in the enrichment process;

(2) The element exchange between clay minerals and bacteria
can further enhance the ureolytic activity;

(3) A smaller proportion of clay particles in the sand-clay mix-
tures facilitated the growth of ureolytic bacteria, and if the
clay content exceeds the threshold for soil structural trans-
formation, the smaller pore space might not support long-
term bacterial viability; and
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(4) In active clays such as bentonite, the surface of montmoril-
lonite may function as a mechanism for slow nutrient
release, thereby supporting sustained bacterial growth and
enhancing proliferation.

4.2. Cementation pattern in biocemented sand-bentonite mixtures

In biocemented soils, calcite formation exhibits two primary
patterns: the cementing of sand particles with calcite and the
infilling of sand pores with calcite. The former considerably en-
hances the soil's mechanical strength, while the latter has a
negligible effect on strength enhancement, as noted by DeJong et al.
(2010) and Ma et al. (2021). Factors such as the soil's pore structure,
level of saturation, grouting rate, and the mix concentration play a
role in determining these patterns, as highlighted by Mujah et al.
(2019) and Xiao et al. (2022a). Within biocemented sand-
bentonite systems, the content of bentonite significantly in-
fluences the pattern of cementation. The findings indicate that
specimens with bentonite content of 15% exhibit optimal strength
improvements (Fig. 7b). This enhancement is credited to both an
increase in ureolytic activity and a pore structure more conducive
to calcite formation that effectively bonds the soil, as illustrated in
Fig. 12 (Jiang and Soga, 2019; Sun et al., 2019).

This study employed a one-phase mixing technique for pre-
paring specimens, where the interaction between Ca®* in the
cementation solution and bentonite's diffuse double layer occurred
before the biostimulated MICP process. This sequence affected the
distribution and formation of calcite within the altered pore
structure, resulting from reduced expansion of bentonite, thereby
influencing soil strength. For the specimen with 5% bentonite
(sand-supported structure), decreased bentonite expansion led to
larger pore sizes, which facilitated calcite crystallization on sand
particles or bentonite surfaces. These crystals then aggregated into
clusters, binding the sand particles together. In the 15% bentonite
specimen (bentonite-coating sand), despite bentonite's reduced
expansion, the small space between sand particles encouraged
direct calcite bonding of the soil particles, using the bentonite-
coated sand as nucleation sites, rather than forming clusters. The
emergence of larger calcite crystals in this scenario significantly
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enhanced soil strength (Mujah et al., 2019). For specimens with 45%
bentonite (bentonite-supported structure), the extremely limited
pore size resulted in calcite filling spaces in a manner akin to that
observed with sand particles. A schematic representation of these
cementation patterns in sand-bentonite mixtures is shown in
Fig. 15.

Additionally, the interaction between Ca?* concentration and
bentonite influenced the cementation pattern. Fig. 8b and 11
demonstrate that at Ca®>* concentrations below 100 mM, the
bentonite acts as nucleation sites for calcite crystal formation,
significantly boosting the strength of the sand-bentonite mixtures,
especially noticeable in specimens with 5% and 15% bentonite
contents. Even though a few bentonite particles are presented on
the calcite surface in these specimens (Fig. 13a), it hardly affects the
bond strength between soil particles. Increasing Ca®* concentra-
tion to 200 mM did see a rise in calcite content, but this was less
effective in strengthening, particularly in higher bentonite content
specimens. Research has shown that not all increases in calcite
content result in stronger soils (Fujita et al., 2010; Okwadha and Li,
2010), with the key to enhancement lying in the presence of size-
able, effectively shaped calcite crystals concentrated at the soil's
pore throats (Mujah et al., 2019). High Ca®* levels reduced ben-
tonite's expansion volume, creating larger pores and altering how
calcite crystals were distributed over soil particles, making it
challenging for calcite clusters to effectively cement the particles,
particularly when calcium sources were limited. Moreover,
increased supersaturation from high Ca®>* concentration sped up
calcite nucleation, producing smaller crystals. Bentonite particles
covering these smaller crystals further diminished the bonding
strength (Fig. 13b), making soil void filling the primary pattern of
cementation at high Ca®* levels. These findings are supported by
MIP test (Fig. 10) and SEM observation (Fig. 11) results.

Initial state
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4.3. Implications for further research and application

This study explored the dynamics of bacterial activity and the
patterns of cementation in sand-bentonite mixtures treated with
biostimulated MICP, offering an approach to boost the process of
microbial mineralization in biocemented sands. Future research on
biostimulated MICP treatment of soils suggests that incorporating a
small quantity of bentonite into sand could quicken the growth of
native ureolytic bacteria and increase ureolytic activity. It is vital,
however, to control the bentonite ratio, ensuring that it does not
surpass a critical level where the soil's structural support transi-
tions from sand to bentonite. Only as this shift could significantly
reduce the effectiveness of MICP.

Additionally, the findings from this study enrich our compre-
hension of the complex interactions within the sand-clay-bacteria-
calcite system. Factors such as the activity state of the clay, the
amount of clay presented, the composition of the enrichment
medium, and the effect of Ca** on the clay's diffuse double layer are
crucial considerations for enhancing the mechanical properties of
biocemented soils. This is particularly relevant for specimen prep-
aration using the one-phase mixing technique. The knowledge
acquired from this study has important implications for applying
biostimulated MICP more broadly, including its use in stabilizing
expansive soil foundations and in developing modifications for
barriers at landfill or contamination sites. It should be noted that
using the one-phase mixing technique can only provide a small
amount of calcium source, resulting in a low strength of the bio-
cemented soil. Secondly, increasing the concentration of cementi-
tious solution alone may not significantly improve the strength
under the influence of Ca%>* compressing the diffuse double layer of
bentonite. In future studies, it can be attempted to enhance the
effective cementation by adjusting the composition of the enrich-
ment media combined with increasing concentration of calcium
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Fig. 15. The schematic diagram of the cementation pattern in biocemented sand-bentonite mixtures.
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source. In addition, microfluidic chip visualization technology can
also be used to reveal the evolution of cementation pattern, which
in turn can provide guidance on the microscopic scale.

5. Conclusions

This research examined the effects of biostimulated MICP on
sand-bentonite mixtures, and the conclusion can be drawn:

(1) The sand-bentonite mixtures demonstrated successful
enrichment of native urease-producing bacteria with an
initial 200 mM urea concentration in the enrichment me-
dium. After a 96-h enrichment period, measurements of
ureolytic activity, pH value, viable cell number, and concen-
trations of urea and ammonium aligned with the criteria for
effective MICP.

(2) A smaller proportion of bentonite in the soil mixture facili-
tated the growth of ureolytic bacteria, which was attributed
to the increased availability of bacterial adhesion sites and
the creation of microenvironments conducive to clay-
bacterial clusters. Moreover, the elemental exchange be-
tween bentonite and bacteria further intensified ureolytic
activity.

(3) Under the condition of Ca?* compressed bentonite’s diffuse
double layer, the bentonite-coating sand structure was more
favorable for the development of large, effective calcite
crystals. In contrast, sand-supported structures favored the
aggregation of smaller calcite crystals into clusters. For
bentonite-supported structures, calcite filled the spaces
within the bentonite.

(4) At lower Ca®" concentrations (below 100 mM), calcite crys-
tals were formed around bentonite particles serving as
nucleation sites, which significantly bolstered the mechani-
cal strength of the biocemented soils. Conversely, treatment
with higher Ca®* concentrations resulted in calcite adher-
ence primarily on the surface of soil particles, with bentonite
particles enveloping the calcite crystals, which in turn
diminished the bond strength between the soil particles.
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