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Abstract. This study investigates harnessing of microbially induced calcite precipitation (MICP) to use in soil
treatment to improve the engineering properties of loose sandy soils. Experiments were conducted in sand
specimens using a channel, a pond, and four sand-columns. A bacterial treatment followed by a cementation
reagent solution (CRS) was applied to trigger calcite (CaCO3) precipitates. The submerged and surface percolation treatment methods were carried out in sand using CRS as the treatment solution. The treatment solution
was maintained in an alkaline range (pH C 7). The alkaline condition ensures active microbial induced calcite
precipitation in the sand. The calcite precipitates bind the sand particles to increase the strength and stiffness of
the soil matrix. The calcite bridged the sand particles and formed a biocemented water-impermeable crust layer
(* 2 mm thick). The calcite act as pore-ﬁlling material through the bioclogging process to reduce porosity and
permeability. Permeability tests evaluate the effect of seepage control. The permeability was reduced to three
order-of-magnitude (* 99%) on the 7th day with little variation (* 100%) until the 14th day. The compressive
strength of the biotreated columns was between 585 and 875 kPa. The calcite content in the upper 10 mm thick
in different columns was in the range of 11–14% and was gradually reduced from 9.8 to 3.4% below 10 mm.
Hence, the observed 5–15% calcite content in natural biocemented products is comparable to MICP treated
specimens. The scanning electron microscopic images show the calcite distribution patterns in the sand matrix.
Keywords. Soil treatment; biocementation; bioclogging; microbially induced calcite precipitation;
Sporosarcina pasteurii.

1. Introduction
The microbially induced calcite precipitates (MICP) is used
as a soil treatment method to improve the engineering
properties of sandy soils. This method is suitable for constructing channels and aquaculture ponds in loose sandy
soils. The ureolytic bacteria induces calcite precipitates
through the biocementation and bioclogging process [1–7].
The microorganisms found in the soil produce mineral
deposits as a metabolic by-product, usually consists of
calcium carbonates in soils, caves, stalactites [8, 9], and
rocks in the presence of water through a prolonged process
of biocementation. However, the MICP process can make
mineral deposition faster. MICP is a bioaugmentation or
biostimulation process by simulating natural processes of
microorganisms to deposit calcite (CaCO3) on the surface
and below it in the bulk of sand. The soil treatment using
MICP is possible by using two microbial activity approaches referred to as biocementation and bioclogging. The
calcite precipitates bind the sand at particle contacts
through biocementation and increase the shear strength of
*For correspondence

the soil deposits. As a cementing material, calcite stiffens
the interparticle contacts and strengthens the soil, and
reduces the likelihood of liquefaction [10].
Bioclogging is the process of pore-ﬁlling using the calcite precipitates to reduce the pore volume of the soil. As a
result, the soil is densiﬁed, and its permeability is
decreased. The extracellular polymeric substances (EPS)
released by the cells increased the biomass that ﬁlls the
sand pores and improves the sand solidiﬁcation. Bachmeier
[11] observed that the urease content in ureolytic bacteria,
Sporosarcina pasteurii is almost 1% of the dry cell biomass. Besides, the microorganism releases gaseous byproducts, which are insoluble binding material. Bacteria
also produce polysaccharides that could provide a low-cost
seepage control technique and reduce hydraulic conductivity by 22% in irrigation channels [12]. Hence, the biocementation and bioclogging process helps strengthen,
plugging, and improve soils [1, 2, 13, 14]. Therefore, MICP
is applicable as a soil cover and a sealing material to control
leakage, surface-erosion, seepage in channels, and aquaculture ponds.
During the MICP process, the precipitation of calcite is a
result of a biogeochemical reaction between urease-producing
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bacteria (UPB), urea [CO(NH2)2], and calcium chloride
[CaCl2] in the presence of water. The urease-producing bacteria used in this study is Sporosarcina pasteurii (MTCC
1761), formerly known as Bacillus pasteurii. It has a very high
capacity to release urease enzymes (urea amidohydrolase: EC:
3.5.1.5), as reported [13]. The urease enzymes hydrolyze urea
into ammonia and carbonate ions depending on its urease
activity. The presence of ammonia raises the local pH, causing
2?
the carbonate ions [CO2
3 ] and the free calcium ions [Ca ] to
react in the pore ﬂuid to deposit calcite precipitates.
During microbial urease activity [15], bacteria consumed
1 mole of urea [CO(NH2)2] for energy source and is
hydrolyzed intracellularly and produces 1 mole of ammonia
[NH3] and 1 mole of carbamic acid [NH2COOH] in Eq. (1).
The carbamate spontaneously hydrolyzes to form an additional 1 mole of ammonia and carbonic acid [H2CO3] in
Eq. (2), and further hydrolysis of ammonia produces
ammonium [NH4?] and hydroxide [OH-] ions in Eq. (3).
Urea Hydrolysis:
NH2  CO  NH2 þ H2 O ! NH2 COOH þ NH3
NH2 COOH þ H2 O ! NH3 þ H2 CO3

ð1Þ
ð2Þ

Ammonia protonation and pH increase:
NH3 þ H2 O ! NH4þ þ OH 

ð3Þ

The products, as shown in Eq. (3), equilibrate in water to
form 1 mole of ammonium and hydroxide ions and bicarbonate ions [HCO
3 ] in Eq. (4), which increases the pH
level as a result of the enzymatic reaction. The rise in pH
enhances the formation of CaCO3 precipitates, as shown in
Eq. (5):
The shift of carbonate equilibrium:
CO2 þ OH  ! HCO
3

ð4Þ

Calcium carbonate precipitation:

Ca2þ þ HCO
3 þ OH ! CaCO3 # þH2 OðKsp
¼ 3:8  109 Þ

ð5Þ

The value of Ksp in Eq. (5) is the solubility product of
CaCO3 in water with very low solubility.
Under suitable conditions, most bacteria are capable of
inducing carbonate precipitation. Ion-exchanged can also
produce carbonate particles through the cell membrane as
in Eqs. (6) and (7):
Ca2þ þ Cell ! Cell  Ca2þ

ð6Þ

Cell  Ca2þ þ CO2
3 ! Cell  CaCO3

ð7Þ

Since the cell wall of bacteria is negatively charged and
carbonaceous, it has the afﬁnity to attract Ca2? ions to
deposit on their cell surface as in Eq. (6), When Ca2? ions
react with carbonate ions [CO2
3 ] that cause the

precipitation of CaCO3, which again serves as a nucleation
site [16] in Eq. (7).

1.1 Soil microorganisms
Geotechnical engineers explore the biogeochemical interactions to produce microbially induced calcite precipitates
(MICP) as a metabolic by-product of microbial activity
used for soil treatment to improve soil engineering properties. The microbes exist above 1012 microbes per kilogram of soil near the subsurface [16]. The sizes of Bacilllus
bacteria (Gram ? and Gram-) range from 0.5 to 3.0 lm in
length [4, 17]. Compatibility between soil pore throats and
bacterial size to allow free movement is essential for an
effective MICP process. Cells of S. pasteurii do not
aggregate, resulting in a high cell surface to volume ratio,
which is necessary to initiate effective cementation. As
bacteria possess low Reynold’s number, the cells are surrounded by a thin watery layer to form an interface between
the bacterial cell and the microenvironment. Hence, variable concentrations of pH, dissolved inorganic carbonates
(DIC), and Ca?2 would coexist in the microenvironment.
Some of the essential factors for an efﬁcient MICP
process are the concentration of S. pasteurii cells in the
bacterial solution (BS), the molar concentration of the
reagents (urea and CaCl2) in the cementation solution.
Besides, the use of compatible grain sizes for free movement of the bacterial cells, the pH level of the microenvironment, and the treatment duration are essential for an
efﬁcient enzymatic reaction.
The present work investigates in harnessing MICP to use
in soil treatment to improve the engineering properties of
loose sandy soils. The induced calcite precipitates act as a
sealing material to control seepage in channels and aquaculture ponds built-in loose and collapsible sand formations. During soil treatment, both biocementation and
bioclogging process occurred in the sand matrix using
calcite precipitates obtained as a by-product of biogeochemical interaction of bacteria, urea, and calcium chloride
in soil. These processes may facilitate the formation of
biocemented water-impermeable crust layers in the crossplane and in-plane as hydraulic barriers by sealing exposed
surfaces and sub-surfaces in channels and aquaculture
ponds.

2. Materials
2.1 Analysis of the sand
In this study, the sand specimen was collected from the
Yamuna river basin, New Delhi, India. After washing under
tap water in a 75 lm IS sieve, it resulted in clean sand. The
coarser cleaned sand retained on 75 lm IS sieve was ovendried at 105C for 24 h to carry out sieve analysis. The sand
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was grouped into three gradations, i.e., 0.425–1.18 mm
(* 3%), 0.150–0.425 mm (* 77%), and 0.075–0.150 mm
(* 20%). The ﬁne fractions (passing through 75 lm IS
sieve) were oven-dried and used as a ﬁller during specimen
preparation. From the grain size distribution curve
(ﬁgure 1), the observed value of D10 is 0.15 mm, D30 is 0.21
mm, and D60 is 0.28 mm, and, hence, the coefﬁcient of uniformity (Cu) and the coefﬁcient of curvature (Cc) are 1.3 and
1.05, respectively.
Based on the physical indices, namely, Cu and Cc, the
sand is classiﬁed as poorly graded based on the Uniﬁed Soil
Classiﬁcation System [18]. The poorly graded sand possesses unfavorable engineering properties in geotechnical
engineering applications, and such sands are considered
suitable for MICP treatment in the present study.

2.2 Preparation of specimens
The sand specimens were prepared with clean sand or a
mixture of clean sand with 10% ﬁne contents and designated as Type-A and Type-B. Three sand specimens,
namely a channel, a pond, and a sand-column, S1, were
prepared using Type-B sands in a rectangular metallic tank
which was painted with an anti-corrosive agent to avoid any
reactions. Four cylindrical PVC molds were also packed
with sand to prepare sand-columns, namely S1, S2, S3, and
S4, at a density of 1.35 g/cm3. The mold dimensions were
110 mm diameter x 100 mm in depth. The resulting sand
column sizes were (105 mm diameter x 60 mm depth). The
PVC molds consisted of two vertically cut parts glued with
a temperature resistant tape to ease the removal of the
treated samples. The bottom of the molds was closed with
perforated plastic sheets to prevent ﬂushing out of the
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bacterium with the efﬂuent solution during treatment.
Figure 2 shows the position of the test specimens in the tank.
Figure 2 shows the channel and the pond prepared with
Type-B sand in two separate chambers of the tank. The
specimen sizes have less signiﬁcance and were randomly
chosen to get a desirable cementation level and compressive strength during MICP treatment.
In the ﬁrst chamber of the tank, a channel of size (170
mm length 9 30 mm depth 9 5 mm width) and a base
thickness of 20 mm thick was prepared. The channel width
of 5 mm was lying in-between two opposite embankment
sections of size (170 mm length 9 20 mm width 9 50 mm
depth). The size of second chamber in the tank was (180
mm length 9 170 mm width 9 50 mm depth), and within
that a pond size of (110 mm diameter 9 30 mm depth) with
a base thickness of 20 mm was constructed centrally.
Above the pond base, a PVC mold packed with Type-B
sand was placed and designated as sand-column, S1. The
outer portions of the pond were sand-ﬁlled up to 50 mm
depth. The tank containing the three specimens was placed
in a treatment chamber of size (280 mm length 9 230 mm
width 9 155 mm depth). It was ﬁlled with 10 litres of 0.66
M CRS to treat the specimens under submerged conditions.
After treatment, the PVC mold containing the S1 column
will remove to form the pond. The portion lying outside of
the pond will act as sidewalls. A second sand-column,
designated as S2, was also packed in a PVC mold with
Type-A sand similar to S1 under the submerged condition
with 0.66 M CRS of 2.5 litres in a cylindrical treatment
chamber of size (150 mm diameter x 170 mm depth).
Two more PVC molds were packed with Type-B sand
and Type-A sand to form S3 and S4 sand-columns,
respectively, to be treated by the surface percolation

Figure 1. The grain size distribution curve of sand collected from the Yamuna river basin.

41

Page 4 of 14

Sådhanå (2021)46:41

Figure 2. Details of the prepared specimens of a channel, a pond, and a sand-column, S1.

Table 1. The sand types used for the preparation of various
specimens.
Specimens
4 Sand-columns
Pond and its chamber
Channel and its embankments

Notations

Sand

S3
S4

Type-B
Type-A
Type-B

S1
S2
–
–

Note: Type A sand denotes the clean sand specimen
Type B sand denotes the clean sand mixed with 10 % ﬁne content

method using a 0.75 M CRS. Table 1 summarizes the sand
type used in the preparation of the specimens.

2.3 Preparation of bacterial solution
The urease producing bacteria used in this study was collected from MTCC, Chandigarh, India, and is known as
Sporosarcina pasteurii (MTCC 1761). The bacteria were
cultivated in a growth medium that consists of 3 g/l nutrient
broth (NB), 20 g/l urea, 10 g/l NH4Cl, 2.12 g/l NaHCO3
under sterile aerobic conditions. Before the cultivation, the
medium containing NB, NH4Cl, and NaHCO3 was sterilized at 121C for 20 min in an incubator and urea by ﬁltration through a 0.2 lm Millipore ﬁlter to avoid thermal
decay. The prepared growth medium was inoculated with
the bacterial cells. The resulting growth medium was
incubated in a shaker at 200 rpm for 48 h at 30C before
harvesting. The bacterial solution was harvested at a cell
concentration of approximately 109–1010 cells/ml and
stored at 4C until its use to avoid contamination. The
optical density (OD600) of the harvested culture was varied
from 1.0 to1.4. The urease activity was measured by conductivity meter and adjusted to approximately 12–20 lM
urea/min. One unit of urease activity corresponds to the
amount of enzyme that hydrolyzes 1 lM of urea per

minute. Before its use, 5.25 g/l of CaCl2 was mixed
thoroughly with the bacterial solution to enhance bacterial
cell aggregation and their attachment to sand particles after
its application. The initial pH was adjusted to 6.5 by 1 N
HCl (hydrochloric acid). At this level of pH, there was no
precipitation of CaCO3 in amorphous states.

2.4 Preparation of cementation solution
The cementation reagent solution (CRS) was prepared by
adding urea and calcium chloride as reagents in distilled
water at a 1:1 molar ratio. The reagents were prepared at
two molar concentrations of 0.66 M (45.0 g/l urea and
110.20 g/l CaCl2) and 0.75 M (39.6 g/l urea and 97.02 g/l
CaCl2). The optimum concentration was found to be 0.66
M CRS for S. pasteurii [4], and this same molar concentration was used in this study for the treatment of S1 and S2
columns under submerged conditions. A higher molar
concentration of 0.75 M CRS was used in S3 and S4 columns to treat by surface percolation method. The pH of the
cementing solutions was maintained at 6.5 by 1 N HCl.

2.5 Soil sample from natural biocemented
products
12 samples were collected from the natural biocemented
stones, rocks, and caves by scraping to a depth of 20–50
mm from three sites, as shown in ﬁgure 3. The chemical
analysis using acid-wash of the samples in the laboratory
was carried out to check calcium carbonates.

3. Methods
3.1 MICP treatment process
During the MICP treatment process, the biological activity
in the soil was initiated by applying the bacterial solution
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Figure 3. Natural biocemented products (a) Nung Dolan (stone-staircase); (b) Khoupam waterfall ﬂowing through the rocks and stones;
and (c) Stalactites at Tharon cave in Manipur, India, where samples were collected to check the presence of CaCO3.

(BS) of 109–1010 cells/ml that possessed a urease activity of
approximately 12–20 lM of urea/min. Initially, the bacterial solution of 100 ml each was sprayed uniformly over the
specimens and retained for 8 h to adhere the cells on the
sand particles. After 8 h of bacterial treatment, the subsequent treatments were followed using submerged (channel,
pond, S1, and S2 columns) or percolation treatment (S3 and
S4 columns) schemes with 0.66 M and 0.75 M CRS,
respectively. Al Qabany et al [19] studied the effect of
chemical treatment used in MICP on the engineering
properties of cemented soils by using lower concentrations
below 0.5 M. It facilitates to obtain a uniform calcite distribution and to yield higher specimen strength than a
higher molar concentration of 1 M. Further, Jiang et al [20]
reported the applicability of the microbial calciﬁcation
method for sandy-slope surface erosion control. MICP
treatment with 0.2 M and 1.0 M cementation solution
improves surface erosion resistance; however, the treatment
with higher molar concentrations (2.0 M) does not improve
surface erosion resistance; rather, the soil is washed away
in cemented aggregates under rainfall impact. Hence, in
this study, 0.66 M and 0.75 M CRS (urea and CaCl2 as
reagents mixed at 1:1 ratio) were considered suitable to
enhance uniform calcite precipitation in embankment
slopes, base layers in channels, and aquaculture ponds to
prevent seepage.
The bacterial treatment was followed by treatment with
the cementation solution in both submerged and surface
percolation method. Initially, for submerged conditions, the
treatment solution of 0.66 M CRS was ﬁlled up to the level
of 5 mm below the specimen surfaces till the completion of

24 h of reaction with the bacterial cells. It was done to
allow the reaction of urea and CaCl2 with the bacterial cells
to precipitate calcites only in the bulk of sand below the
surface. After that, more treatment solution was ﬁlled into
the reservoirs to maintain a submerged depth of 60 mm
above the surface of S1 and S2 columns. The reaction
process of bacterial cells with urea and CaCl2 resulted in
the formation of calcite precipitation on the surface and the
bulk of sand below it. The specimens were kept submerged
up to 14 days of treatment, as shown in ﬁgure 4. If the level
goes down due to evaporation losses, new solutions were
added to maintain the same level. The solution was stirred
and aerated continuously to increase its interaction with the
bacteria for the uniform formation of calcite precipitates.
The temperature of the treatment solution was in the range
of 28–32C.
The S3 and S4 columns were also treated initially with
the bacterial solution for 8 h. After that, the surface percolation method was carried out with the treatment solution
of 0.75 M CRS. The PVC molds have an additional depth
of 40 mm above the column surfaces to reserve the treatment solution. A 300 ml of treatment solution was allowed
to percolate through the specimens after every 4 h and kept
the columns under saturated conditions. The treatment was
done at room temperature 24–32C, which were within the
optimum range of 20–37C for signiﬁcant enzymatic
reaction to hydrolyze urea for microbial carbonate precipitation [21].
The microbial calcite precipitates bind the sand-sand
particles lying on specimen surfaces for biocementation,
leading to the formation of water-impermeable crust on
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Figure 4. Sand specimens kept under submerged conditions within a temperature range of 28–32C.

sand surface and as a soft rock in the bulk of sand below it.
During that process, there will be an increase in the strength
and stiffness of the specimens. Further, the calcite precipitates ﬁll the sand pores, thereby reducing the permeability
of the soil.
A manual stirring of the solution enables the microbes to
absorb and react with the cementing solution. The pH of the
solution was maintained C 7 to keep the enzymatic reaction
active for microbial calcite precipitation. If the pH level \
7, then new doses of the bacterial solution of 100 ml were
added to the treatment solution to increase the microbial
activity to bring the pH level C 7 for the microbial activity
to induce calcite precipitates.
It was observed that during day 1–7, pH values were
varied between 7 and 8.5. After 7 days of treatment, the pH
has remained below 7 even after the daily addition of new
doses of BS and CRS up to 14 days of treatment. The lower
pH values after 7 days may be due to the low urease activity
of microbes to react with CRS.
After 14 days, the treatment solution was removed and
replaced with water and cured the specimens in the
respective reservoirs for another 14 days. The curing
checks whether the calcite materials (CaCO3) breakdown
after the biocementation and bioclogging process of soil
in situ. Later, the treated specimens S1, S2, S3 and, S4 were
dried in an oven at 60C for 48 h to carry out the UCS tests.
Based on the calcite content and the compressive strength
obtained through the S1 column, the same strength and
cementation level are valid for the channel and the pond
treated under the same condition.

the treatment temperature in both the reservoirs was
maintained between 28 and 32C by using a temperaturecontroller, as shown in ﬁgure 4. However, the sand columns
S3 and S4 were treated at room temperature 24–32C. For
the urease activity to remain active for microorganisms, a
treatment temperature range of 20–30C should be maintained [22]. The incubation temperature of 25C was found
to be optimum for bacteria to form CaCO3 precipitation [9].
Urease activity is negligible if the temperature is below 5C
[23]. The urease activity in S. pasteurii increased proportionally with a temperature range from 25 to 60C [24]. The
study on the effect of water content on the strength of biocemented sand in two drying temperatures (i.e., 30C and
60C) found that the strength enhancement was more for
drying at 30C than that at 60C under the same water
content [25]. In this study, the temperature for the treatment
solution varied in the range of 24–32C and is considered
suitable for microbial activity. Further, any variation in the
temperature may inﬂuence the crystal formation of different
polymorphs of calcium carbonate.

3.3 Unconﬁned compressive strength (UCS) tests
The unconﬁned compressive strength (UCS) tests were
carried out at Soil Mechanics Laboratory, Delhi Technological University, New Delhi. The oven-dried bio-cemented columns obtained after the MICP treatment were
used as specimens for UCS tests. The tests were conducted
under strain-controlled conditions at a uniform loading rate
of 1.0 mm/min.

3.2 Temperature
The temperature signiﬁcantly inﬂuences urease activity
affecting the biochemical reaction rate to promote calcite
precipitates during the MICP process. During experiment,

3.4 Determination of calcium carbonate content
After UCS tests, the fragments of the bio-cemented sands
from each column were collected from every 10 mm depth
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Figure 5. (a) Mounting of specimen column, S1. (b) Application of stress till failure load was achieved. (c) Formation of bio-cemented
crust layer on the sand surface.

Figure 6. (a) Mounting of specimen column, S2. (b) Application of stress till failure load is achieved. (c) Formation of bio-cemented
crust layer on the sand surface.

Figure 7. Specimen columns S3 and S4 (a and c). Failure of specimens S3 and S4 under applied stresses along the weak paths (b and d).

separately to determine CaCO3 content. The upper depth of
10 mm was observed to have more cementation than in the
bulk of sand below it. The fragments of each specimen
were oven-dried at 60C till their weights became constant.
Take 50 gm of each dried sample from every 10 mm depth
to determine the CaCO3 content. The specimens were acidwashed in 0.1 M HCl solution to dissolve the precipitated

CaCO3. Then, the samples were rinsed and oven-dried. The
ﬁnal weight without CaCO3 was measured. The difference
between the initial and the ﬁnal weight is considered as the
CaCO3 precipitated in the specimens and was expressed as
a percentage increase in CaCO3 content. Similarly, the 12
samples of the natural biocemented rocks were acid-washed
for chemical analysis to determine the calcite content.
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Table 2. The relationship between CaCO3 content and UCS of treated specimens.

Concentration of reagents in CRS

Sand-columns

(0.5–0.25) M

Reaction (days)

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10

(0.75–0.25) M

3
7
14
21
28
3
7
14
21
28

Axial strain (%)
–
–
2.5
2.0
2.3
–
–
1.5
2.0
2.5

UCS (kPa)
–
–
1442
1087
1083
–
–
2184
2174
1081

CaCO3
(% )
2.0
3.2
6.0
4.0
4.5
2.3
3.3
8.0
7.5
4.3

Note: Data for sand column specimens S1–S10 (60 mm diameter x 100 mm length) that were obtained from previous studies of Shougrakpam [22].

Figure 8. Stress-strain curves of the hardened bio-cemented sand masses.

Table 3. The inﬂuence of cementation level on stress-strain behavior of the biocemented sand-columns.

Molarity of CRS
0.66 M
0.75 M

Sandcolumn
S1
S2
S3
S4

Depth-wise range (mm) of CaCO3 (%) content
0–10 10–20 20–30 30–40 40–50 50–60 10–60 (average %) Axial strain (%) UCS (kPa)
14
12
15
11

9.8
8.6
9.3
7.8

7.0
7.2
8.1
5.5

6.2
6.3
7.7
4.8

3.5 Preparation of biotreated sand samples
to check for changes in particle sizes
The increase in particle sizes of the treated sands was
checked by sieve analysis using the fragments of

5.4
5.1
6.1
4.5

5.1
5.3
5.3
3.4

6.7
6.5
7.3
5.2

3.9
3.1
3.2
2.9

835
701
875
585

bio-cemented sand specimens after UCS tests. The specimens from each column were ground manually with a steel
rod and then kept submerged in water in separate jars for 24
h. It was done to remove any precipitated CaCO3 particles
attached to sand in amorphous states. Then, the samples
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Figure 9. Grain size distribution curves of the different bio-cemented sand-columns.

Table 4. Percentage increase in particle sizes of the bio-cemented sands.
Specimen types
S1
S2
S3
S4

-

(Type-B sands)
(Type-A sands)
(Type-B sands)
(Type-A sands)

Molarity of CRS
0.66
0.66
0.75
0.75

M
M
M
M

D10 (%)
26
20
33
20

D30 (%)
10
4.7
24
4.7

D60 (%)

Cu

Cc

UCS (kPa)

Avg. calcite content (%)

14
07
18
14

1.68
1.67
1.65
1.77

0.87
0.83
1.02
0.84

835
701
876
586

10.35
09.25
11.15
08.10

Figure 10. SEM images of the biocemented sand column S1: (a) 500 x and (b) 2 K x.

were oven-dried for 24 h at 105C to use for sieving. Sieve
analysis was carried out for each dried specimen to check
for any changes in the treated particle sizes. The different
grain size distribution curves of the bio-treated sand col-

umns were compared with the untreated sand curve. Such
curves may give useful information regarding the change in
grain sizes of bio-treated sand.
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Figure 11. SEM images of the biocemented sand column S2: (a) 500 x and (b) 2 K x.

3.6 Permeability test
Permeability tests were conducted to evaluate the effect of
MICP on seepage control. Tests were carried out in S3 and
S4 columns using surface percolation methods in two
stages. In the ﬁrst stage, a bacterial solution of 100 mL was
applied on the sand-columns and was allowed to retain for 8
h to attach the bacterial cells in sand grains. In the second
stage, 300 ml of 0.75 M CRS of the treatment solution was
percolated through the sand columns every 4 h till 14 days.

3.7 Microscopy
The bio-cemented sand fragments remained after the UCS
test was used to analyze the distribution pattern of the
calcite precipitates in the sand using the scanning electron
microscopy (SEM) images. The specimens were oven-dried
at 60C for 1 h for SEM analysis. Zeiss EVO 18 Research
SEM available at All India Institute of Medical Sciences
(AIIMS), New Delhi, was used for imaging the specimens.
Coupled with the ease-of-use provided by SmartSem software, EVO 18 Research was suitable for this study. Fractions of specimens were sputter-coated with silver using an
Agar Sputter Coater for SEM analysis to determine the
distribution pattern of calcite precipitates in between the
network of sand grains.

4. Results and discussions
4.1 Unconﬁned compressive strength and calcite
content in the biotreated sand columns
In the present study, a bio-cemented crust layer of about 2
mm thickness was observed to form on surfaces of the sand
columns, which resembles the characteristics of soft rocks.

Figures 5–7 show the failure patterns of the specimens
during UCS tests conducted in the laboratory.
During the UCS test, the specimens S1 (ﬁgure 5) and S2
(ﬁgure 6), S3, and S4 (ﬁgure 7) have maximum stresses at
low axial strains of 3–4%. A brittle failure was observed in
bio-cemented columns as there was a rapid drop in the
applied load with a further increase in the strain. Brittleness
and decementation of the tested specimens were initiated
from the periphery before moving inwards. The soil
structure of the inner portions remains intact even after
achieving the peak strength. The reason may be due to the
more effective and uniform distribution of calcite precipitation at particle to particle contacts in the interior portions
to give higher shear strength and stiffness. The relationship
between CaCO3 content and UCS at low axial strains
obtained in the bio-treated specimens reported [22] are
shown in table 2.
The results of the calcite content in sand-columns,
namely S1–S10, are also presented in table 2. These specimens were treated using different concentrations at two
stages from higher (stage I) to lower (stage II) concentrations as (0.5–0.25) M and (0.75–0.25) M for 5 columns,
each treated at different reaction times (3–7–14–21–28
days). Under both treatments at different concentrations,
the UCS and CaCO3 (%) are maximum on the 14 days
specimen and are considered as the optimum duration [22].
Therefore, the treatment beyond 14 days has no signiﬁcant
improvement in strength or calcite content.
A treatment duration of 14 days was considered for
sufﬁcient biochemical reaction for microbial calcite precipitation from the above results. The solidiﬁed sand
bearing UCS obtained after 14 days of treatment in S1 is *
20% more than S2 columns treated under submerged conditions. Further, S3 has * 50% more compressive strength
than S4 columns treated under surface percolation methods.
The specimens, S1 (835 kPa) and S3 (875 kPa) columns
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with 10% ﬁne particle content, have achieved more
compressive strength than S2 (701 kPa) and S4 (585 kPa).
Therefore, it can be concluded that the ﬁne particles act as a
ﬁller material in the sand mass and hence play an important
role in enhancing strength and stiffness to the soil as
observed by Trivedi [26, 27].
The stress-strain curves of the four bio-cemented sand
columns (S1, S2, S3, and S4) obtained during UCS tests are
shown in ﬁgure 8. Table 3 observed that a higher CaCO3
content with more mineral precipitation gives higher UCS.
Table 3 shows the inﬂuence of cementation level on the
stress-strain behavior of the four biocemented columns
treated for 14 days.
Table 3 also shows the average calcite content obtained
in the upper 10 mm of the specimens was in the range of
11–14% and 5.2–7.3% of lower depths. The reduction in
the calcite content is observed to be top-down, i.e.,
9.8–3.4%. Specimen, S3 with the highest average calcite
content of 15% at the upper 10 mm and 7.3% in lower
depths, has the highest strength of 875 kPa. Further, the
percentage of CaCO3 content in the upper 10 mm thick was
* 2 times the average in the bulk of sand below it.
Therefore, it can be concluded that there is more cementation on the upper zones than its lower ones.
The chemical analysis of the 12 samples collected from
the natural biocemented products found tested positive for
the natural calcite content in the range of 5-15%.

4.2 Permeability test results
Initially, 300 ml of 0.75 M CRS of the treatment solution
was allowed to percolate through the sand-columns S3 and
S4 every 4 h. Initially, the solution was inﬁltrated rapidly
through the columns S3 and S4 at a rate of 10-3–10-4 m/s.
It was reduced to 0.6 9 10-4 m/s after ﬁve treatments in
8–24 h. The permeability of the soil was then reduced to
three order-of-magnitude (from 0.6 9 10-4 m/s to 1.1 9
10-7 m/s) on the seventh day, which was approximately
99% reduction. On the 14th day, the permeability of the soil
was slightly reduced to 0.7 9 10-7 m/s (100% reduction)
from that of the initial day. This 100% reduction in soil
permeability is due to the formation of a hard and waterimpermeable crust layer with the calcite precipitates on the
sand surfaces and a biocemented solidiﬁed sand mass
below it. Besides, the sand pores were also ﬁlled up by the
calcite precipitates and facilitated the soil consolidation
process. Thus, the time of consolidation decreases with a
reduction in soil permeability as treatment time increases.
Chu et al [28] also reported a decrease in permeability to 14
mm/day (or 1.6 9 10-7 m/s) in both surface and the bulk of
sand below it. This reduction is due to cementation mechanisms that coat or bridge individual soil particles that
gradually reduce the pore throat and thereby lowering the
hydraulic conductivity of soil [4, 29]. Whifﬁn et al [1] also
used S. pasteurii cells to reduce the permeability in soil
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from 2 9 10-5 m/s to 9 9 10-6 m/s, and gain in UCS was
570 kPa, which is comparable with the results obtained in
the present study. The bacterium S. pasteurii can also grow
under subsurface conditions. Therefore, it was used in
sealing a wellbore by using the enzymatic precipitation of
CaCO3 [30]. Further, the distribution of bacteria in slope
soil drastically decreases with the depth of slope. The
number of cells per unit gram of soil at 10 mm below the
slope surface is 1.4 9 106, and that of the bottom slope is
5x 103. It indicates that more bacterial cells were retained in
the surface zone during the percolation process than in the
lower depths. Hence, a signiﬁcant amount of microbial
calcium carbonate precipitation results in a hard and waterimpermeable crust layer on sand surfaces.

4.3 Sieve analysis for biotreated sand samples
Figure 9 shows the grain size distribution curves of the
different bio-cemented sand-column specimens. The
observed values of treated particle sizes (D10, D30, and D60)
for different columns are shown in table 4. The percentage
increase in grain sizes of each column calculated based on
untreated sand grains having particle sizes (D10 = 0.15 mm,
D30 = 0.21 mm, and D60 = 0.28 mm) is also presented.
It is observed that there is a percentage increase in particle sizes (D10, D30, and D60) in each sand-column. There is
a signiﬁcant increase in particle sizes as observed for S1 and
S3 columns, and both have higher UCS and percentage
calcite content (w/w). The S2 and S4 columns have almost
similar calcite content even though S2 has gained (* 20%)
more compressive strength than S4 due to the formation of
more uniform and effective calcite precipitates. Hence, it
can be concluded that the specimens with ﬁne content will
provide a higher surface area to bind with calcites to gain
signiﬁcant strength and stiffness. Further, the higher calcite
content and UCS value for the S3 column revealed that the
percolation method is more effective than the submerged
method. The depth-wise average calcite content of 8–11%
in biocemented columns of 14 days treated specimens is
comparable to 5–15% of the naturally biocemented products., The shear strength parameters may be obtained for
slightly cemented sand as recommended for silty-sand
using relative compaction [31].

4.4 Scanning electron microscopy
Figures 10 and 11 show the scanning electron microscopy
(SEM) images of the biocemented sand columns S1 and S2.
The calcite distribution in the biocemented channel and the
pond may assume a similar pattern as the S1 column treated
in the same reservoir. The S2 column was treated in a
separate reservoir by maintaining the same treatment condition as S1. The SEM images of the S1 and S2 column
show the dense formation of calcite precipitates (i.e., in
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paste form of cementing materials, aggregates, and ﬂakes of
calcites). The calcite crystals are deposited at particle
contacts (i.e., binding crystals) and on their (i.e., surface
crystals) surfaces. The crystals that are at particle contacts
are more effective for biocementation than the crystals
formed on surfaces, as shown in ﬁgure 11(b). Effective
calcite crystals play an important role in improving the
strength and stiffness of the soil. The detached crystals
from the particle surfaces, in turn, clogged-in or ﬁlled-in
the sand pores. The bioclogging process within sand particles facilitates in the reduction of soil porosity and
thereby, decreases the permeability of the soil. SEM images
show the position of the crystals and have suggested that
both biocementation and bioclogging processes were
occurred during MICP treatment.
In ﬁgure 10(b), when the image was viewed in a 10 lm
scale, biocementation was observed in the form of a
cemented paste layer with numerous imprints of the rodshaped bacteria. The bacterial cells might have burned out
during the oven drying of the specimens before UCS tests
and SEM imaging. The existence of distinct calcite crystals
is not visible but rather in the form of ﬂakes of calcites
aggregated together on the grain surfaces, as shown in
ﬁgures 10(a) and 11(a).

5. Conclusions
This study investigated the performance and mechanisms of
the MICP in harnessing natural biogeochemical systems to
provide sustainable solutions to increase the strength and
reduce the permeability in structures built-in sandy soil
formations. The treatment was carried out using sandspecimens by using submerged, and surface percolation
methods at two concentrations using the bacterium S.
pasteurii has tested the effectiveness of induced calcite.
The biotreated sands have increased in particle sizes than
the untreated sands. The conclusions of the study are as
follows:
• The specimens with 10% ﬁne content (Type-B sands)
exhibit higher strength and stiffness (*19% for 835
kPa in S1 and 49% for 875 kPa in S3 for submerged
and percolation methods, respectively) than the specimens without ﬁne content (Type-A sands) i.e, 701 kPa
for S2 and 585 kPa for S4 columns. S1 is treated similar
to S2 and S3 to S4 using the same molar concentrations
under similar treatment conditions. The strength may
also be enhanced by ﬁlling the voids in the coarser
sand with the ﬁne particles. Similarly, the average
calcite content also increased by * 11.89% from S1 to
S2 for submerged conditions and * 37.65% from S3 to
S4 columns for percolation methods in specimens with
Type-B sands than Type-A. The increase in calcite
content may be attributed to the higher surface area of

Sådhanå (2021)46:41
the sand grains due to the presence of ﬁne particles
coated with calcite precipitates.
• The compressive strengths in S1, S2, S3, and S4
columns are 835 kPa, 701 kPa, 875 kPa, and 585
kPa. This range of peak strength may be classiﬁed as
soft rocks. The mechanism of cementation and damage
amid the grain formations may be analysed by a
hardening-softening process active among the rock
masses [26, 27, 32]. The average calcite content in S3
(11.15%) treated by the percolation method is higher
than the S1 (10.35%) column treated by the submerged
method. There was a gradual top-down reduction in
calcite content in all specimens. The average calcite
content obtained in biotreated specimens was in the
range of 8.10–11.15%, which is at higher ranges of
5–15% calcite content of the natural biocemented
products. The gain in higher strength and calcite
content in S1 may be due to a more uniform
distribution of bacterial cells and higher urease activity
within the pore ﬂuids to trigger calcite precipitates. In
the case of the submerged method, the bacterial cells
are more concentrated on the surface of the sand
specimens and prevent further entry of the bacteria in
the bulk of soil below the surfaces. There is less
variation in compressive strength, calcite content, and
grain sizes among the bio-treated sand specimens at
different molar concentrations of 0.66 M and 0.75 M
CRS. Hence, the treatment using a lower concentration
of 0.66 M CRS may be considered economical in large
scale MICP treatment.
• After 24 h treatment, permeability reduction in sand
columns S3 and S4 was 0.6 9 10-4 m/s treated under
percolation methods. It was further reduced to three
order-of-magnitude ( 1.1 9 10-7 m/s) after 7 days of
treatment. The permeability rate was continued to be of
the same magnitude up to 14 days of treatment at 0.7 9
10-7 m/s. Therefore, it can be concluded that there was
no signiﬁcant reduction in permeability after 7 days of
treatment. The subsequent treatments beyond 7 days
may be considered as wastage. Soils with such
permeability rates are comparable to acceptable leakage
values reported for mariculture ponds [33]. Hence, the
developed method will reduce seepage in aquaculture
ponds and channels constructed in sandy soil.
• The biochemical reaction of the bacterial cells with the
reagents was more in the surface zone, resulted in a
high cementation zone of bio-cemented crust layers.
The crust layers may ensure the long-term stability of
the water bodies such as the channel and the pond
against surface erosion, seepage loss, and reduction in
permeability. The calcite precipitates bind the sand
grains into coarser particle sizes, which can provide
good mechanical properties to resist wind-erosion,
rainfall-erosion, moisture, and ecological compatibility
in loose sandy soil regions.

Sådhanå (2021)46:41
• The urease activity was ensured if the pH level C 7
was monitored during the MICP process. The pH was
remained between 7 and 8.5 during 7 days of
treatment. After that, the pH was remained lowered
below 7 even after the daily addition of new doses of
BS and CRS. Lowering in pH may be due to slowdown
of urease activity as treatment time increases beyond 7
days. A similar observation was also made and
explained the slow down of the urease activity after
5 days [34], due to encapsulation of bacterial cells by
calcite precipitates as treatment time increases,
resulted to death of bacteria.
The experimental results show that the MICP treatment
process effectively reduces the permeability to prevent
seepage from aquaculture ponds and channels. It also
strengthens and stabilizes the sand surfaces with the formation of crust layers to resist surface erosion and to prevent seepage in an environmentally-friendly method. The
bio-cemented method may prevent levee failure due to
overtopping and surface-erosion, and sub-grade water
inﬁltration during road construction. The bio-stabilized
crust layer forms water-resistant barriers by impeding the
penetration of gravity water and capillary moisture. The
low viscosity of bio-cemented solution can penetrate the
ground without mixing with the soil to simplify the construction process. The potential applications of the methods
presented here could include the construction of runoff
collection ponds in deserts, watershed areas, aquaculture
ponds, or algae biofuel production ponds.
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