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Microbial Induced Carbonate Precipitation (MICP) has recently become a new
technology for stabilizing the slope surface. The applicability of MICP, however,
is limited in fine-grained soils due to the restrictions regarding the
transportation of bacteria cells. The purpose of this study was to assess the
feasibility of an alternative called Bacterial-Enzyme Induced Carbonate
Precipitation (B-EICP) for stabilizing the fine-grained slope soils. Unlike the
MICP strategy (involving whole-cells of bacteria), the proposed B-EICP utilizes
bacterial urease to induce the bio-cement formation within soil. The whole-cell
culture of Lysinibacillus xylanilyticus was subjected to cyclic sonication to
extract the free urease suspension. The B-EICP treatment was performed to
the columns prepared using two different soils obtained from representative
expressway slopes. The cementation responses of the proposed B-EICP were
compared with that of typical MICP method, especially from the following
viewpoints, (i) adaptability to soil with high fine-grained content, (ii) conditions
under which B-EICP can be effectively applied and (iii) cementation under low
temperature. The results revealed that the extract solution had higher urease
activity compared to original bacteria culture, and the activity remained more
stable at low temperature conditions (15°C). The results further confirmed that
B-EICP method is more suitable for stabilizing soils with large amount of fine
particles. Comparing with MICP, the B-EICP resulted higher unconfined
compressive strength (over 1200 kPa) and deeper cementation in the silty
sand. Microscale analysis suggested that the B-EICP could induce smaller
calcium carbonate crystals than that by MICP, but the number of crystals in
B-EICP were significantly more, thus contributed to increased particle-particle
cementation.
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microbial induced carbonate precipitation, bacterial-enzyme induced carbonate
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1 Introduction

Due to the increasing awareness of energy crisis and
the field of Geotechnical
Engineering, the demand for sustainable technologies for soil

environmental protection in
stabilization continues to increase. Bio-cementation is an
that
environmentally friendly biogeochemical processes. Microbial

emerging soil stabilization technology relies on
induced carbonate precipitation (MICP) and Enzyme induced
carbonate precipitation (EICP) are the two most common and
widely investigated bio-cementation techniques. It should be
noted that there are already several hundred articles published
on the application of MICP and EICP for various geotechnical
purposes (Ivanov and Chu, 2008; Liu et al., 2020; Omoregie et al.,
2020; Sharma et al., 2022). The MICP technology utilizes living
bacteria cells containing intra-cellular urease to mineralize the
calcium carbonate (Dejong et al., 2013; Sun et al., 2020). On the
other hand, in the EICP technology, free urease enzymes are used
in the place of ureolytic bacteria (Hamdan and Kavazanjian,
2016; Almajed et al., 2018). In both the technologies, bacteria or
enzymes that are introduced to a target soil catalyse the
hydrolysis of supplied urea and produce ammonium and
carbonate ions. In the supply of media containing calcium
ions (e.g., CaCl,), the calcium carbonate mineralizes inside the
pores of the soil, binds the soil particles together at particle-
particle contact points and enhances the engineering properties
of soil (Montoya and de Jong, 2015; Lin et al., 2016). The

chemical reactions involved in the technologies are listed below,

HzN -CO- NHZ + 2H20 ureolytic bacteria/ urease CO§7 + ZNHZ
1

Ca™* + COY — CaCO; | )

After the recognition of bio-cementation methods in the
fields of Geotechnical and Environmental Engineering, several
researchers attempted to implement the methods for stabilizing
the slopes and surfaces, provided beneficial outcomes to the
scientific community. It should be noted that the MICP has been
their major focus, thus far. For instance, Salifu et al. (2016)
applied the MICP treatment to small-scale sandy slopes and
demonstrated the surface stability against simulated tidal waves.
Jiang and Soga (2017) quantitatively studied the responses of
gravel-soil mixtures under seepage-induced internal erosion,
demonstrated the influence of precipitation content on sand
erosion. Using a set of bench-scale models, the surface erosion
of sandy slopes was investigated under simulated rainfall by Jiang
etal. (2019). In another study, Gowthaman et al. (2019) proposed
the use of native bacteria for the preservation of an expressway
slope surface, rather using specialized bacterial strains such as
Sporoscarcina  pasteuri. The researchers
introducing non-native bacteria into natural soil ecosystems

emphasized that

would possibly result in economic challenges and uncertainty
regarding ecological consequences bacteria. Few researchers

Frontiers in Built Environment

02

10.3389/fbuil.2022.1044598

evaluated the feasibility of implementing the MICP treatment
for the mitigation of coastal sand dunes (Liu et al., 2020; Imran
et al., 2022). Moreover, the longevity of MICP treated slope
surface under possible environmental deteriorations such as
cyclic freeze-thaw actions (Gowthaman et al, 2020), cyclic
wet-dry actions (Sharma and Satyam, 2021; Gowthaman et al.,
2022) and acid-rain induced losses (Gowthaman et al., 2021b)
was also comprehensively studied in the recent past.

In spite of the considerable interest in MICP, there are no
studies found on the deployment of MICP in stabilizing fine-
grained slope soils. Almajed et al. (2018) once reported that the
MICP generally cannot be applied in soils with pore throats
smaller than the ureolytic bacteria, limiting its applicability in
fine-grained soils. The prime factor that governs the microbial
transport within the soil is the size of pore throats through which
the cells should pass (Mitchell and Santamarina, 2005). Narrow
pore throats formed by fine soil grains prevent their transport
from one pore to another, filtering the cells at near-surface. In
recent years, the EICP has been suggested as a means to eliminate
the limitations associated with the use of bacteria cells (Putra
et al,, 2016; Almajed et al., 2018; Hoang et al., 2019). The small
size (12 nm per subunit) of solubilized urease enzyme provides
distinct advantage over ureolytic bacteria during the transport
through narrow pore spaces of fine-grained soils. Moreover,
unlike the MICP, there is no need in EICP to pay serious
attention on nutrients provision, competing effects, bio-safety
and oxygen availability (Hoang et al., 2019; Putra et al., 2020).

The literature survey suggests that the free urease enzymes
that were used in the EICP research works are agriculturally-
derived, i.e., from the sources such as soybeans, jack beans,
watermelon seeds, etc., either in the purified form or crude
form. Jack bean is the most commonly used urease source in
EICP studies; however, the activity of the extract might vary
depending on the state and conditions that the extraction was
carried out (Almajed et al., 2020, 2018). The outcomes of the
study performed by Imran et al. (2021) disclosed that the urease
derived from germinated watermelon seeds consists of higher
activity compared to that from normal seeds. In fact, the
commercially available enzymes are very expensive, produced
at high purity levels for the use of specific purposes such as food
industry, drug industry and bio-medical applications. Their cost
was once reported as 10 million JPY per kilogram (Gowthaman
et al., 2021c). It is therefore manifest that the use of commercial
enzymes is not affordable in real-scale applications in terms of
the cost.

Keeping the limitations of both MICP and EICP methods in
mind, this study was performed with the purpose of evaluating
the
Precipitation (B-EICP) for stabilizing the fine-grained soils
slope. Worth
mentioning that the proposed B-EICP offers an alternative

feasibility of Bacterial-Enzyme Induced Carbonate

obtained from representative expressway

pathway for typical EICP, involving bacterial urease extracted

through  sonication  process, rather the use of
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expensive-commercial enzymes and limitedly-available plant-
based enzyme sources. For that, the culture of Lysinibacillus
xylanilyticus was subjected to cyclic sonication to extract urease
suspension. As recommended in many previous feasibility
studies (Almajed et al, 2018; Gowthaman et al., 2019), soil
columns were subjected to B-EICP treatment by anticipating
that the tested columns represent the surface zone of the slope in
1-Dimension. The responses of the proposed method were
compared with the typical MICP from the following
viewpoints, (i) adaptability to soil with high fine-grained
content, (ii) conditions under which B-EICP can be effectively
applied and (iii) cementation under low-temperature. The
evaluation program was based on the needle penetration tests,
measurements of cement content, scanning electron microscopy
(SEM), energy dispersive spectroscopy (EDS) and X-ray
diffraction (XRD) analyses, and the outcomes are discussed in
subsequent sections.

2 Materials and methods

2.1 Bacteria culturing, sonication, and
enzyme extraction

The ureolytic bacterium used in this research work was
Lysinibacillus xylanilyticus. The bacterium was earlier isolated
by Gowthaman et al. (2019) from Hokkaido expressway slope,
Japan. Pre-sterilized Beer Yeast (BY) was used as the culture
medium for cultivating Lysinibacillus xylanilyticus. For the
preparation of BY medium, 4g of NICHIGA beer yeast
powder was subjected to stirring in 100 ml distilled water at
600 rpm for 24 h, followed by the solution was centrifuged at
8000 rpm to eliminate the undissolved solid particles. The
solution was then autoclaved to reduce the risk of culture
contamination. The bacteria were precultured in 5 ml medium
under shaking incubation at 25°C and 160 rpm for 24 h. 1 ml of
the preculture was inoculated into 100 ml of fresh BY medium
and incubated at 25°C and 160 rpm. Sufficient growth of the
bacteria was ensured by measuring the intensity of the culture
under the wave length of 600 nm (ODy). It should be noted that
the optimal growth of Lysinibacillus xylanilyticus is typically
attained after 48 h of incubation.
the
centrifuged at the conditions of 25°C and 160 rpm for

Prior to the sonication, bacteria culture was
5 min, and the supernatant solution was replaced with lysis
buffer of pH 8.0. Through a series of cyclic sonication steps
(i.e., 1 min “on” followed by 1 min “off” - for a 5-min period),
ultrasonic crushing was performed to the bacteria culture by
placing it directly into the sonication chamber. Previous
studies indicated that continuous sonication leads to the
the
resulting in enzyme denaturation (Mawson et al., 2011).

temperature buildup in culture medium, hence

Therefore, to curtail the temperature buildup and to
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impose a minimal damage to free enzymes, the cyclic
sonication was preferably adopted.

The anticipated changes in the bacteria culture during the
sonication is graphically illustrated in Figure 1. Following the
sonication process, to separate residual cellular debris (i.e., solids)
from the extracted urease, the solution was subjected to a
centrifugal force of 11,900 rpm for 10 min. The extracted
enzyme solution was then diluted using the lysis buffer
equivalent to the initial volume of the bacteria culture. The
activity of the extracted urease was determined using the
method described in the subsequent section.

2.2 Measuring the activity of extracted
bacterial enzyme

The activity of extracted urease was measured using
of
indophenol (Bolleter et al., 1961). 1 ml of the solution was

spectrophotometric  determination ammonia  as
subjected to the reaction with 0.1 mol/L urea prepared in
phosphate buffer solution. The phenol, in the presence of
hypochlorite, reacted with ammonium ions produced as the
result of urea hydrolysis (refer Eq. 1) and produced a blue
color dye (also referred to as indophenol dye). The dye with
different intensity indicated the concentration of ammonium
ions produced during the reaction. At every 5 min interval, the
intensity of the dye was measured using spectrophotometry at
the wave length of 630 nm, and the rate of urea hydrolysis was
estimated using the calibration curve developed between the
concentration of ammonium ions and intensity. The activity
terms of urea

of extracted urease is expressed in

hydrolysis rate.

2.3 Soil materials and treatment
procedures

The soils obtained from two erosion-prone expressway
slopes of Hokkaido were essentially involved in this research
work. Hokkaido is the northmost island and the coldest region
of Japan. Both the sampling locations are indicated in
Figure 2A. One was sampled from Watsu area of
Kitahiroshima (42°57'00.0"N, 141°30'49.0"E),
hereinafter referred to as Watsu soil. The other one was
from the expressway slope located in Onuma area
(42°23'18.7"N, 140°17'05.1"E), which is hereinafter referred
to as Onuma soil. Sieve analysis was conducted to both soils

which is

for determining the grain size distributions. The grain size
distributions of the soils are depicted in Figure 2B. The results
showed that the fine content (<0.075 mm, passed through the
Sieve No. 200) in Watsu soil was quite high - around 17%,
while the fine content was only 3% in Onuma soil. It should be
noted, despite different gradation, the mean particle diameters

frontiersin.org
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of both the soils were nearly the same, around 0.22 mm. As per
the American Association of State Highway and Transport
Officials (AASHTO) soil classification system, the Watsu and
Onuma soils are categorized as silty sand (A-2-5) and fine
sand (A-3), respectively.

The soils were initially washed with deionized distilled
water to remove soluble chemicals, followed by the oven-
drying at 100°C for 24 h before being treated. Number of
different soil columns were prepared using both soils; for that,
syringe columns with 30 mm diameter and 60 mm height
dimensions were used. Prior to the preparation, the filter
layer was placed at the lower end (outlet) to prevent the
loss of soil particles during the treatment. The soils were
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packed into the columns in three successive layers with equal
thickness of nearly 20 mm per layer. Dry-tamping was then
applied, i.e., each layer was gently and consistently tamped by
using a steel rod.

The prepared soil columns were subjected to two different
types of treatments: (i) proposed B-EICP and (ii) conventional
MICP. In both the treatments, a two-phase injection strategy was
adopted: an initial injection of biological solution, followed by
multiple injections of cementation solution. For B-EICP, the
biological solution was extracted urease, whereas the bacteria
culture (whole cells) was injected for the case of MICP.
Subsequently, the cementation solution which consisted of
calcium chloride (1 mol/L), urea (1 mol/L) and nutrient broth

frontiersin.org
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TABLE 1 Detail of all the test cases for B-EICP and MICP treatments.

10.3389/fbuil.2022.1044598

Case Test Temp. ("C) Biological injection Cementation injection Treatment

designation type duration
Injection Injection Injection Injection (days)
frequency volume frequency volume

C-0-1 (W) Control 25 DW* N/A 1/24° 10 ml 14

C-0-2 (0) Control 25 DW* N/A 1/24° 10 ml 14

X-1 (0) MICP 25 17 10 ml 1/24° 10 ml 14

X-3 (0) B-EICP 25 1/7° 10 ml 1/24° 10 ml 14

X-2 (W) MICP 25 17 10 ml 1/24° 10 ml 14

X-4 (W) B-EICP 25 17 10 ml 1/24° 10 ml 14

C2 (W) B-EICP 25 17 10 ml 1/24° 20 ml 14

X-8 (W) B-EICP 25 1/4* 10 ml 1/24° 10 ml 14

C-4 (W) B-EICP 25 7 10 ml 1/12° 10 ml 14

C-3 (W) B-EICP 15 1/7¢ 10 ml 1/24° 20 ml 14

C-5 (W) B-EICP 15 /7 10 ml 1/12° 10 ml 14

X-10 (W) B-EICP 15 1/4 10 ml 1/24° 10 ml 14

“one-time injection in n number of days.
Pone-time injection in 7 number of hours.
DW* - Distilled water was applied in the place of biological solution.

(O) - soil column prepared using Onuma soil; (W) - soil column prepared using Watsu soil.

(3g/L) was injected. The outlets were remained opened
throughout the treatment. All the solutions were simply
injected at the top of the soil columns at the rate of 4-5ml/
min and allowed to percolate under gravity and capillary effects.
As recommended in many previous works (Feng and Montoya,
2016; Hoang et al, 2019), a 2-h gap was permitted between
biological and cementation injections, which allowed the
biological substances (either bacteria for MICP or extracted
urease for B-EICP) to attach or sorb onto the surface of soil
particles. Different test cases were adopted to investigate different
treatment phenomena, and the detail of all the test cases are listed
in Table 1. The triplicate specimens were tested in each case. C-0-
1 (W) and C-0-2 (O) are the control cases of Watsu and Onuma
soils, where the distilled water was injected in the place of
biological solution.

By the end of the treatment, the soils columns were
percolated by tap water (with the volume equivalent to
around 1L) to eliminate the unreacted and soluble chemicals
and salts. The syringe molds were then cut, and the soil columns
were carefully taken out. The specimens were ready for further
testing which are explicated in subsequent sections.

2.4 Needle penetration test

Needle penetration is a reliable test to indirectly determine
the unconfined compressive strength (UCS) of cemented soil
2012). SH-70 needle
Maruto Testing Machine

specimens (Ulusay and Erguler,
penetrometer (Manufacturer -

Company, Tokyo) was used in accordance with the standards
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recommended by the Japanese Geotechnical Society (JGS, 2012).
The cemented specimen was positioned laterally, followed by the
needle fixed onto the device was subjected to the penetration into
cylindrical surface of the specimen. For every specimen, three
number of penetrations were performed—top, middle and
bottom (respectively, at 1 cm, 3 cm and 5 cm depths measured
from the injection surface). During each test, readings such as
penetration resistance (measured in N) and penetration depth
(measured in mm) were obtained, and the UCS was determined
using the developed regression relationship between UCS and
needle penetration ratio.

2.5 Determination of CaCOz content

The precipitated CaCO; content was measured by acid
reaction method (Fukue et al., 1999). The oven-dried (60°C
for 48 h) representative sample of known weight was placed
into a closed chamber and reacted with concentrated HCI under
constant volume and temperature conditions. When the CaCO;
gets into contact with HCI, the dissolution occurs, which results
in the formation of CO, gas. The internal pressure variations
during the reaction were monitored using the digital manometer
fabricated with the system. From the pressure reading obtained
during the reaction, mass of the existed CaCO; was determined
using the developed calibration curve, hence the content of
CaCOj; was estimated using the Eq. 3.

(%) = Weight of CaCO;
o Weight of the oven dried specimen — Weight of CaCO;

(3)

CaCO; ¢
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FIGURE 3
Comparison of activities between whole-cell bacteria culture
and extracted enzyme.

2.6 Scanning electron microscopy, energy
dispersive spectroscopy and X-ray
diffraction

The representative samples were dried at 60° for 48 h and
preserved for SEM, EDS and XRD analyses. Using energy
dispersive X-ray fluorescence spectrometer equipped with
SEM (JSM-IT200(JEOL), Tokyo, Japan), the SEM-EDS was
performed at an accelerating voltage of 15kV. The preserved
segments were coated using carbon coater (EC-32010CC(JEOL),
Tokyo, Japan) prior to the analysis. XRD analysis was carried out
to the powdered samples using the diffractometer (MultiFlex-
Rigaku, Tokyo, Japan) equipped with CuKa X-ray source
(operating at 40kV and 40 mA). The testing was performed at
a scan rate of 6.5°/min and at angles from 5° to 70° (26).

2.7 Statistical analysis

To determine the significance of differences between the
means of obtained experimental sets, the experimental results
were analyzed using R Statistical Package (version 4.0.3). The p
value less than 0.05 (ie, p < 0.05) was considered as the
significance range.

3 Results and interpretations
3.1 Activity of the urease extract

Figure 3 presents the comparison between activities of the
bacteria culture (whole cell) and extracted enzyme, i.e., measured

immediately before and after sonication (at room temperature
conditions). The activity of the bacteria culture was 2.86 +

Frontiers in Built Environment
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FIGURE 4
Variation of urease activity against time under different
temperature conditions.

0.63 U/mL, and the activity of the urease extract (3.40 *
0.17 U/mL) revealed an increase around 18% compared to
that of original bacteria culture (p = 0.2251). The above
increase in activity could possibly be attributed to the reduced
transport constraints of urea molecules (substrate) through cell
membrane. During the sonication, the rupture of the bacteria cell
membrane occurs, resulting in the release of free urease in the
solution. This surges the exposure of substrate to urease enzymes
that are suspended freely in solution, rather than those localized
inside the cell membrane. Hoang et al. (2019) earlier pointed out
that the sonication (cyclic run-cool process) typically causes
around 20% evaporation of the solution, resulting in a
considerable increase in activity. It should be noted that to
avoid the impact of the evaporation, the sonicated solution
was diluted herein to be equivalent to the initial volume of
the bacteria culture.

Following the sonication, the urease extracts were stored at
different temperatures (15-35°C), and the activity of the urease
extract with the storage time are presented in Figure 4. The
observation indicates that there is a general decrease in the
activity of urease extract with the time, which might be
attributed to the enzyme denaturation. As well known, the
urease is composed of protein subunits and could naturally be
broken down into amino acids (Mobley et al, 1995). The
interesting finding here is that with the decrease in storage
temperature, the rate of drop in the activity is observed to
decrease. For instance, a sharp drop could be seen at the
beginning for the temperatures 35 and 30°C, while it is
inconspicuous for the temperature of 15°C. The initial activity
measured at 35°C was 3.5 U/ml, and at the end of the storage time
of 7 days, the extract almost (>95%) loses its activity (refer to
Figure 4). On the other hand, the loss in the activity was only
around 35% for the extract stored at 15°C, indicating high
stability of the urease at low temperature.
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Comparison of UCS between MICP and B-EICP samples of
fine sand—Onuma soil (where the case X-1 (O) is MICP, X-3 (O) is
B-EICP and C-0-2 (O) is the control).

3.2 Cementation responses of bacterial-
enzyme induced carbonate precipitation
and microbial induced carbonate
precipitation on fine sand

The cases X-1 (O) and X-3 (O) were respectively subjected to
MICP and B-EICP treatments to evaluate the cementation
responses on fine sand. All the testing conditions are
It should be noted that all the
conditions are identical in both the cases except the form of

summarized in Table 1.

biological solution, ie., the whole-cell bacteria culture and
extracted urease were used for the biological injection in MICP
and B-EICP, respectively. Figure 5 presents the comparison of the
MICP and B-EICP methods on fine sand in terms of UCS. It could
be seen that the MICP produced apparently a higher UCS

10.3389/fbuil.2022.1044598

compared to the B-EICP treatment for the identical treatment
cycles (p = 0.0001, 0.0069 and 0.0069 for top, middle and bottom,
respectively). Another notable observation is that the UCS value in
the MICP case was higher at the injection point (i.e., specimen
top), and that decreases with the depth of the specimen (the
physical appearance of the MICP treated sand is shown in
Figure 6A). The tendency observed here is consistent with
many prior MICP studies (Whiffin et al, 2007; Feng and
Montoya, 2016; Gowthaman et al., 2020). This can be explained
by the following two reasons: (i) filtration of the bacteria and (ii)
utilization of the resources. During the biological injection, the
bacteria cells that transported through pore spaces tend to position
themselves at particle-particle contact points via filtration (DeJong
et al,, 2010). During the percolation of bacterial culture, greater
concentrations of the microbes were reported to retain near the
injection port compared to those at distances (Harkes et al., 2010;
Martinez et al., 2013). At the same time, the zone closest to the
injection port is exposed to significantly more urea and calcium
chloride (van Paassen et al., 2010). As the result of the exposure of
more reactants to greater concentration of bacteria, high content of
carbonate apparently gets deposited at the specimen top. The
spatial distribution of calcium carbonate in different cases are listed
in Table 2, indicating around 9.7-folds higher precipitation at the
top compared to the bottom.

In the case of B-EICP, only the specimen bottom revealed the
measurable UCS of around 400 kPa (refer Figure 5), while the top
half of the specimen was found to be very lightly cemented. Even
the loose uncemented state of the sand was evident near the
specimen top (as indicated in Figure 6B). A possible explanation
can be that high proportion of the urease might be flushed out
through the larger void spaces of the fine sand during the
injection of cementation solution. Thus, the UCS and amount
of precipitated CaCO; within the sand columns were pretty
much lower compared to those observed in the case of MICP.
The calcium carbonate measurements further reveal that the
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FIGURE 6

Physical appearance of the (A) MICP treated fine sand (Onuma), (B) B-EICP treated fine sand (Onuma), (C) MICP treated silty sand (Watsu) and (D)

B-EICP treated silty sand (Watsu).
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TABLE 2 Spatial distribution of precipitated calcium carbonate over the specimen.

Specimen designation Test type
C-0-1 (W) Control
C-0-2 (0) Control
X-1 (0) MICP
X-3 (0) B-EICP
X-2 (W) MICP
X-4 (W) B-EICP
Representative samples collected from,
%1 cm depth measured from the specimen surface.
"3 ¢m depth measured from the specimen surface.
5 cm depth measured from the specimen surface.
1.4
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FIGURE 7

Comparison of UCS between MICP and B-EICP samples of
silty sand—Watsu soil (where the case X-2 (W) is MICP, X-4 (W) is
EB-EICP and C-0-1 (W) is the control).

precipitated content in B-EICP treated fine sand was about half
that of MICP under the same number of treatments. Similar
observation has also been reported by Hoang et al. (2019).

3.3 Cementation responses of bacterial-
enzyme induced carbonate precipitation
and microbial induced carbonate
precipitation on silty sand

Cemented column specimens of silty sand treated by MICP
and B-EICP methods are shown in Figures 6C,D, respectively.
The successful capability of B-EICP method to stabilize the full-
column specimen of silty sand is physically seen (Figure 6D). The
MICP, on the other hand, resulted the cementation only at the
specimen top, for a depth of less than 2 cm (out of 6 cm full-
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column). The UCS results (presented in Figure 7) reveal that the
highest UCS in the case of B-EICP (1.2 MPa) was achieved at the
top, and the values dropped with the increasing depth of the
specimen. Statistical analysis confirmed that the comparison
yielded a significant difference between the UCS achieved in
MICP and B-EICP cases (p = 0.0696).

In fact, there are two major factors that determine the retention
of bacteria cells or urease, and which are (i) gradation of the soil and
(ii) adsorption capacity of the bacteria or urease. The typical size of
the bacteria cells ranges between 1 and 8 um (Mitchell and
Santamarina, 2005), while the size of an enzyme is reported to
be nearly 12 nm (Blakeley and Zerner, 1984). In the case of silty sand
or well graded soil, the pore throat sizes are pretty much smaller,
having a high filtration capacity. Therefore, the larger bacteria cells
are more likely to get trapped on the surface zone rather penetrating
onto such soils. As the result, the MICP case showed the
improvement only at the surface zone.

When the extracted urease is used in the place of bacteria
cells, the UCS and the depth of cementation were considerably
higher (Figure 7). Worth mentioning that since the free enzymes
are in the scale of nanometers, they could possibly be transported
even through smaller pore throats with minimal seepage forces.
In the meantime, the enzymes are either filtered at the particle-
particle contacts or adsorbed at the soil surface, enabling their
possible distribution throughout the column depth. It should be
stated that the adsorption capacity of the bacteria cells or urease
rely on their biological nature such as the charge of the substance,
shape and surface roughness (Zita and Hermansson, 1994).

3.4 Cementation responses under various
injection volumes and frequencies

Many previous studies confirmed that the biological

treatments are strategy-dependent (Cheng et al, 2019; Tang
et al.,, 2020; Sharma et al.,, 2021). The UCS of the specimens
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FIGURE 8
Comparison of UCS between the cases treated under (A)
different injection frequencies of biological solution, (B) different
injection frequencies of cementation media and (C) different
injection volumes of cementation media.

treated under various strategies are compared in Figure 8.
Figure 8A presents the comparison between two cases treated
with different frequencies of biological injection. In the case of X-
4 (W
injection was once in 4 days for X-8 (W). The outcome indicated
that a 2.8-fold increase in UCS was achieved at the top when the

), the enzyme extract was injected once in 7 days, and the

injection frequency was increased (p = 0.0001); however, the
uniformity of cementation appears to decrease. This could
possibly be attributed to the influence by the previously
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FIGURE 9
Comparison of UCS between the cases treated under low
temperature condition.

formed calcite crystals. As reported by Whiffin et al. (2007),
the calcium carbonate starts to form immediately after the
injection of cementation media, and the formation within
pore spaces tends to narrow the pore throats while increasing
the roughness of soil surface. This results in diffusion barrier to
the urease injected in subsequent rounds. When the urease
extract was injected frequently [in the case of X-8 (W)], high
concentration of urease got adsorbed at or near surface, which led
to the rapid formation of calcium carbonate there. This was
evident by the clear improvement in UCS at the specimen
top. Amarakoon and Kawasaki (2018) also observed a higher
UCS value at the specimen surface when the biological injection
was performed on everyday-basis compared to that performed
on once in a two days-basis.

The increase in injection frequency of cementation media
also resulted the increase in UCS values in B-EICP treatment
(refer Figure 8B). However, the profile of UCS appears to become
less homogeneous over the column length when the cementation
media is injected every 12-h [Case C-4 (W)]. It was earlier
reported that shorter injection intervals lead to the formation
of smaller crystals in bluk, which are perhaps irregularly shaped
and combined of vaterite and amorphous precipitates (Wang
et al., 2019). This might possibly be the reason of observed UCS
buildup at the surface of C-4 (W) case (Figure 8B). Long injection
intervals (23-25h) are typically recommended owing to the
potential formation of large carbonate crystals which provide
effective bonding (Qabany et al.,, 2011).

In another case [C-2 (W)],
cementation media was increased to 20 ml, and the UCS

the volume of injected

results are compared in Figure 8C. A slight decrease in the
UCS could be seen for the case treated by 20 ml cementation
media [C-2 (W)] when compared with that treated by 10 ml [X-4
(W)]. A possible explanation is that a large proportion of urease
were flushed out during the increased injection of cementation
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FIGURE 10
SEM images of (A) MICP and (B) B-EICP treated fine sand (Onuma).

Sand particles

A

FIGURE 11
SEM images of (A) MICP and (B) B-EICP treated silty sand (Watsu).

GACO crystals 7~

media. Nevertheless, a similar gradient was evident in both the
profiles, with relatively high UCS values at the injection top that
decreased over the depth.

3.5 Cementation responses under low
temperature treatment

As discussed earlier, the temperature is one of the key factors
that govern the response of urease. Following the observation in
Figure 4, a set of B-EICP cases (refer Table 1) were treated at
15°C, and the UCS responses are compared in Figure 9 together
with that of the B-EICP case treated at 25°C [X-4 (W)]. Under
same injection phenomena, the case treated at 15°C [C-3 (W)]
showed a better surficial strength, i.e., with 25% increment than
that at 25°C [X-4 (W)] (p = 0.4279), and which could be
attributed to the increased stability of the urease under low
temperature conditions. Furthermore, when the injection
frequency of biological solution and cementation solution
were increased [the cases C-5 (W) and X-10 (W)], the
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surficial UCS promoted further, suggesting an increase of
around 3.3-fold and 8-fold, respectively (p = 0.0005 and
0.0001, respectively).

4 Discussion

From the results presented above, it is perceived that the B-EICP
method has a potential to offer a reliable pathway for EICP method
while eliminating the challenges associated with typical MICP
method. The activity of the extract solution was measured to be
34 + 0.17 U/mL (Figure 3), which indicated two important
information, (i) the sonication was successful in deriving the
intra-cellular enzymes in free suspension form without
destructing their functionality and (ii) the extract solution was
found to have a higher urease activity compared to the original
whole-cell culture. The turbidity of the bacteria culture (ODgg)
prior to the sonication was 3.0 + 0.2, while the turbidity of extract
solution was 0.3 + 0.1. This suggest that almost all the ruptured cells
were removed during the centrifuging process.
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(SEM)
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FIGURE 12

The SEM-EDS spectrum highlights (for Ca) for (A) untreated

silty sand (Watsu), (B) B-EICP treated silty sand (Watsu) at 25°C and
(C) B-EICP treated silty sand (Watsu) at 15°C.

Another notable finding is that the derived urease enzymes were
more likely to be stable under low temperature condition (i.e., 15°C)
(Figure 4). Our previous study, on the other hand, suggested that the
activity of the bacteria used in this study (Lysinibacillus xylanilyticus)
was more stable under the room temperature (25°C), and at 15°C,
the activity of the species was found to be trivial. Similarly, many
previous studies unveiled that the activity of the bacteria (such as
Sporosarcina pasteurrii, Pararhodobacter sp., etc.) is higher at
moderate to high temperatures, and which rapidly drops with
the decrease in temperature, particularly below 20°C (Whiffin,
2004; Fujita et al, 2017). The proposal to use the extracted
bacterial urease is therefore highly compatible and beneficial for
stabilizing the slopes located in cold regions like Hokkaido, Japan.

The observation verified that the effectiveness of B-EICP and
MICP would vary depending on the soil to be treated. From the UCS
results (Figures 5, 6), it is perceived that the B-EICP treatment is less
compatible for stabilizing sandy soils (i.e., uniformly graded), while it
appears to suit very well for silty sand (i.e., the slope soil with higher
fine-grained content). Figure 10 compares the SEM images for the
MICP and B-EICP treated fine sand. In both cases, the formation of
calcium carbonate crystals was evident. By closely observing the
crystals, the shape of the crystals in both the cases can be said to be
the same - smaller cubic or prismatic shaped. However, two major
differences have been observed between the cases. Firstly, the size of
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the crystals is found to be different in both cases. In the case of MICP
(Figure 10A), the calcium carbonate was found to mineralize as
larger clusters, while it was formed as many smaller crystals in
B-EICP treatment (Figure 10B). The observations are consistent
with the report by Almajed et al. (2019). The difference in the crystal
size can be explained by two reasons: (i) size of the bacteria cells or
enzyme and (ii) the rate of crystallization. The size of the bacteria cell
(in the scale of pm) is over 200-fold higher than the enzyme (in the
scale of nm); thereby, more or less of the size of the substance (that
provides nucleation site) would in turn result in the formation of
larger or smaller crystals, respectively. Since the rate of urea
hydrolysis in the case of B-EICP is shorter than that of MICP
case (as per Figure 3), the rate of CaCOj crystallization in B-EICP
would be faster. The faster the crystallization rate results in smaller
the crystals (Tang et al., 2020). Secondly, the location of the crystals
is also different. The crystals were formed at the particle-particle
contact points and on the grain surface, respectively in the cases of
MICP and B-EICP. This is due to the fact that the larger bacteria
cells are filtered at particle contact points, while a proportion of
smaller enzymes got attached all over the grain surface. It must be
mentioned that the crystals formed between the adjacent soil
particles is the one that contributes to the enhancement of
strength (Lin et al, 2016). The crystals formed in B-EICP exhibit
no connections to develop force chain between adjacent particles,
thus seeming to be ineffective to produce UCS.

Figure 11 compares the micrographs for the MICP and B-EICP
treated silty sand. In the case of MICP (Figure 11A), the crystals are
not clearly recognizable, suggesting that the formed crystals are
below the detectable threshold amount in the representative sample
obtained from the middle of the column specimen. This is due to the
reason that the transport of bacterial cells was restricted through
narrow pores of the soil. On the other hand, in the case of B-EICP
(Figure 11B), the smaller crystals were found in bulk all over the soil
matrix, localized almost everywhere including grain contact points
as well as grain surface. Cui et al. (2020) once reported that
formation of more cementation points of calcium carbonate
would produce more strength in EICP treatment, which
immensely pronounced in the measured UCS values (refer Figure 7).

The SEM images with EDS analysis depicted in Figure 12 show
the distribution of calcium (Ca) with different testing cases. The
Figures 12A-C corresponds to the control soil, the soil treated by
EICP under 25°C and the soil treated by B-EICP under 15°C,
respectively. It should be noted that there is no difference in the
crystal morphology between the B-EICP cases treated under 25°C
and 15°C. However, the spectrum highlights elucidate that the
quantity of precipitated calcium carbonate more likely to increase
with the decrease in treatment temperature, corroborating the
propensity observed in both the UCS and measured cement
content. Other than the temperature, the treatment phenomena
of both the cases were identical. Therefore, the possible reason
behind the observation is the persistence of higher enzymatic activity
for longer periods at 15°C than that of at 25°C. In most regions of the
world, the peak value of the soil temperature is not greater than 30°C,
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and the soil temperature (exclusive of winter season) in Hokkaido
also ranges between 5°C and 25°C with considerable day-night
fluctuations (Farukh and Yamada, 2018). It was earlier
anticipated that the neither MICP or EICP would be applicable
for the slopes located in cold regions (like Hokkaido, Japan). The
finding is, therefore, in significant and opens up a potential pathway
to implement the bio-cementation.

The XRD spectra shown in Figure 13 demonstrate that the
calcium carbonate that precipitated during the treatment is calcite,
irrespective of the cases. Figure 13A presents the XRD results of
untreated silty sand (Watsu). The major component of the soil was
found to be quartz. Figures 13B,C are respectively the MICP and B-
EICP treated silty sand. Even under low temperature conditions,
calcite was formed alone. Wang et al. (2019) reported that the calcite
(typically forms in rhombohedral shape) is the most stable form of
calcium carbonate, having higher binding strength than vaterite or
aragonite. The formation of calcite and vaterite crystals were
evidenced in the findings of Cui et al. (2020) for the case of
MICP. In this study, however, the spherical vaterites have not
been encountered. Overall, the analysis suggests that the
precipitation content, crystal shape, size and the location where
they formed would determine the strength characteristics of the
treated fine-grained slope soil.

5 Applicability and limitations

Slope surfaces often requires appropriate treatment to withstand
against erosion/aggregate transport during rainfall and snowmelt.
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The biological treatments aim to develop a calcite armor along the
surface, which greatly prevents the surfaces from aggregate loss and
excess infiltration. Adequate strength must be achieved by
producing calcium carbonate bonds between soil particles to a
sufficient depth. As discussed earlier, stabilizing fine-grained soils
to the required depth had been a great challenge, remained a major
hurdle in implementing typical biological methods for stabilizing
slopes with high content of fines. Through the B-EICP method, the
issues associated with the microbial transport through the smaller
pores have been eliminated, hence the applicability of biological
method has been expanded to fine sand and silty soils. The UCS
achieved in proposed B-EICP method was comparable with those of
conventional biocementation methods (MICP/EICP), satisfying
threshold requirements for slope surface stabilization. The
observed formation of fine calcite crystals is more likely to help
in retarding the rapid clogging of pore voids, favoring the treatment
of fine-grained soils. It should be noted, however, the applicability of
the B-EICP method for the case of clay soils might be still a challenge
due to their extremely low permeability characteristics, which may
require mechanical mixing or pressurized supply of the treatment
solutions, as reported in previous works (Islam et al, 2020;
Gowthaman et al., 2021a). Moreover, fine-grained soils are often
reported to consist of certain percentage of organic matter (Chen
et al,, 2022); therefore, the impact of humus on enzyme-induced
cementation needs to be addressed in future works to make the
technology fully feasible.

During the application, the B-EICP treatment solutions can
be simply introduced at the surface with minimal equipment
requirement. The spraying can be a better recommendation,
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XRD analysis results of (A) untreated, (B) MICP treated, (C) B-EICP treated (25°C)and (D) B-EICP treated (15°C) silty sand (Watsu).
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which is convenient at large-scale and time-saving (Dagliya et al.,
2022). The production of harmful ammonium ions is another a
matter to deal carefully here; the lasting solution containing
ammonium ions must be extracted from subsoil before
contaminating ground water and subjected to posttreatment.
Cation exchange with zeolite, precipitating ammonium as
struvite and biological nitrification-denitrification are some
posttreatment methods proposed for ammonium removal (Lee
et al,, 2019; Mohsenzadeh et al., 2021).

6 Conclusion

The paper presented an initial work performed to evaluate the
feasibility of Bacterial-Enzyme Induced Carbonate Precipitation
(B-EICP) for stabilizing the fine-grained slope soils obtained
from representative expressway slopes. The proposed B-EICP
offers an alternative pathway for typical EICP, involving bacterial
urease extracted through sonication process. The following key
conclusions are drawn from this study.

i) Intracellular urease enzymes could be extracted by cyclic
sonication of Lysinibacillus xylanilyticus bacteria culture
without disrupting the functionality. The activity of the urease
extract was 3.4 + 0.17 U/mL, which was found to be (18%) higher
than that of original bacteria culture. The derived urease enzymes
were more stable under low temperature conditions, i.e., 15°C.

ii) The effectiveness of B-EICP and MICP would vary depending on
the gradation of slope soil to be treated. The UCS results suggested
that the B-EICP treatment is less compatible for stabilizing sandy
soils (uniformly graded), while it appears to suit very well for silty
sand (the soil with higher fine-grained content). The highest UCS
in the case of B-EICP treated silty sand was 1.2 MPa, achieved at
the top; but, as expected, the UCS values dropped with the depth
of the specimen. At the same time, the MICP treatment on silty
sand showed an improvement only at the surface zone, and the
specimen bottom remained untreated due to the restriction
related to the transport of the bacteria.

ili) With the increase in injection frequencies of enzyme
solution, the formation of calcium carbonate appears to
increase. SEM-EDS analysis suggested that the treatment
at 15°C produced more calcium carbonate compared to
that at typical room temperature (25°C), indicating that
the proposed B-EICP can be potentially implemented in
slopes located in cold regions.

Microscopy analysis showed that the B-EICP treatment in
sand resulted the formation of numerous prismatic crystals
on the grain surface. The MICP, on the other hand, resulted
the formation of larger crystals at the particle-particle
connections. The B-EICP treatment on silty sand resulted
the formation of smaller crystals in bulk at both particle
contacts and grain surface. X-ray spectra results suggested
that regardless of the treatment cases, all the treatments
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could produce calcite which is the most stable form of
calcium carbonate.
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