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Abstract

Biocementation is a microbially induced technology that increases the shear strength of soil through the production of soil
particle-binding materials known as calcite (calcium carbonate). This process makes use of urease-positive microorganisms,
urea and calcium ions. The main aim of this study was to introduce an indigenous soil bacterium belonging to the genus
Staphylococcus that was capable of hydrolyzing urea and precipitating calcium carbonate (CaCOj;). Molecular identification
of this isolate by 16S rDNA sequencing showed 98% homology to Staphylococcus sp. Several culture media were employed
to investigate the growth, urease production and CaCO; precipitation of this strain (designated Staphylococcus sp. IR-103,
accession number LT853888). When Staphylococcus sp. IR-103 was grown in YN medium containing 20 g L™! of yeast
extract and 10 g L™! of NH,CI, maximal growth yield (ODy,), urease activity and carbonate precipitation values of 2.8 +0.1,
3.33+0.121U and 47.6 +£0.9 mg mL~" were obtained, respectively. The precipitated CaCO, was characterized by FTIR, AAS,
XRD and SEM analyses. In order to study the effects of the bacterium’s biocementation activities on soil strength, bacterial
suspension and cementation solution was injected into a column packed with uniform sandy soil under defined condition.
In conclusion, Staphylococcus sp. IR-103 is a high urease producer, which can grow on a simple and cost-effective medium
without staying viable for long following the biocementation process. Hence this newly isolated strain has the potential to
be employed in soil improvement for large-scale field applications.
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Introduction

Biocementation has been shown to enhance the mechani-
cal properties of soil such as strength and stiffness,
through microbial metabolic activities (Ivanov and Chu
2008). Microbial-induced carbonate precipitation (MICP)
involves the microbial hydrolysis of urea in a calcium-
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concentration, the local pH and the nucleation and sub-
sequent crystal growth (DeJong et al. 2006). The most
promising application of MICP is urea hydrolysis via ure-
ase-producing bacteria and precipitation of CaCOj; in the
presence of calcium chloride and urea. In order to carry
out the MICP process, urease-producing bacteria are first
cultivated aerobically in nutrient medium and then har-
vested at the late-exponential phase of growth. The bac-
terial suspension is then introduced to soil and supplied
with a cementation solution containing urea and calcium
chloride. The urease enzyme catalyzes the hydrolysis of
urea to ammonium and carbonate (Eq. 1). Accordingly,
the local pH increases as a result of ammonium production
by urease activity. The bacterial cell surface has a nega-
tive charge which may serve as a nucleation site for the
precipitation of positively charged calcium ions (DeJong
et al. 2006). Under these conditions, Ca** and CO32_ pre-
cipitate as CaCOj crystals (Ramakrishnan et al. 2001),
which form cementing bridges between the soil particles
(Eq. 2). In this way, loose sand is converted to cemented
sand or sandstone (Saxena and Lastrico 1978).

CO(NH,), + 2H,0 — 2NH} + CO3~ (1)

Ca’* + CO;™ — CaCO; 2)

A wide range of microorganisms are able to produce urease
(Mobley et al. 1995); however, the abilities of a few num-
ber of microorganisms have only been studied with regard
to the biocementation process. These include bacteria such
as Sporosarcina pasteurii and Proteus vulgaris (Whiffin
2004; Ivanov and Chu 2008; Stabnikov et al. 2015; Mac-
egoniuk 2013; Porter et al. 2017). S. pasteurii is a well-
known urease-positive bacterium that is used routinely in
the MICP process. Because this is an endospore-forming soil
bacterium, its spores remain dormant in the soil, until they
germinate under suitable conditions. This can be considered
as an advantage from a geotechnical perspective. However,
adding numerous microorganisms to any environment will
change the normal microbial flora of that environment,
inevitably leading to negative ecological consequences. It
is then evident that non-pathogenic bacteria with a fast rate
of growth that only require simple nutrients and produce
high amounts of urease and precipitate crystalline CaCOs,
will be highly valuable and applicable to the biocementation
process. Therefore, the main objective of this study was to
investigate the potential ability of a non-sporulating soil-
isolated bacterium that does not remain viable in the soil
for too long, in carrying out the MICP process. The growth
and urease activity of this bacterium were investigated in
different culture media, and its ability to precipitate calcium
carbonate in liquid medium and in a uniform sandy soil-
packed column was also studied.
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Date and location of the study

This study has been carried out in Bioprocess Lab, NIGEB,
Tehran, Iran, since 2016.

Materials and methods
Microorganisms

A bacterium, isolated from soil (NIGEB lawn; National
Institute of Genetic Engineering and Biotechnology, Tehran,
Iran) and belonging to the genus, Staphylococcus, was used
throughout this study. The isolate was grown in Luria-Ber-
tani medium (LB) containing (w/v) 1% peptone, 1% NaCl
and 0.5% yeast extract. Semisolid medium was prepared by
adding 1.5% agar to the liquid medium.

Sporosarcina pasteurii PTCC 1645 (DSM 33), a well-
known bacterium in the biocementation process, was pur-
chased from the Persian Type Culture Collection (PTCC)
and activated according to the protocol mentioned in its
brochure.

Both bacteria were stored as stock cultures at —20 and
—70 °C in peptone water supplemented with 15 or 30% glyc-
erol, respectively. For short-term storage, —20 °C is a suit-
able temperature. However, long-term storage temperature
of —70 °C is recommended.

Biochemical tests and molecular identification

Soil samples were aseptically taken from a lawn located at
NIGEB, Tehran, Iran. They were serially diluted and grown
in LB medium at 37 °C, for 24 h. The isolated colonies
were screened for their ability to produce high levels of ure-
ase following growth in urea agar medium, at 37 °C. The
resulting urease-producing isolate was then grown on LB
agar by the streak method to obtain single colonies in pure
culture. The morphology of the colonies was investigated,
and microscopic characteristics of the Gram-stained bacte-
rial cells were also analyzed. For further characterization of
the isolate, biochemical tests were carried out according to
the standard flowchart protocol for identification of Gram-
positive cocci (Holt et al. 1994).

Genomic DNA was extracted from the isolate using a
DNA extraction kit (Roche). For the polymerase chain reac-
tion (PCR) process, the following universal primers, 27F
(AGAGTTTGATCMTGGCTCAG) and 1492R (GGTTAC
CTTGTTA CGACTT), were used to amplify approximately
1500 bp of 16S rDNA. Amplified PCR fragments were
then visualized by agarose gel electrophoresis and purified
using a DNA purification kit (Roche). After sequencing of
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the purified fragments, sequence similarities for the com-
plete sequence of the 16S rDNA gene were determined via
BLAST analysis (Altschul et al. 1997) available in the NCBI
database.

Culture media and growth conditions

Seven simple culture media were considered for evalua-
tion of bacterial growth and urease production. All media
ingredients used in this study are shown in Table 1. The
media were sterilized by autoclaving at 121 °C, for 15 min
at a pressure of 15 psi. Urea was sterilized by a 0.2 pm dis-
posable membrane filter before being added to the sterile
medium. All media were initially adjusted to pH 7.0 for
Staphylococcus sp. and pH 8.0 for the moderately alkaliphi-
lic bacterium, S. pasteurii.

Both bacteria were cultured under sterile aerobic batch
conditions in LB medium at 30 °C, with shaking at 180 rpm.
When bacterial cells reached the late-exponential phase
(ODg(p=~2.5), they were inoculated into the abovementioned
media at 5% (v/v). The cultures were then incubated for 8 h,
during which bacterial growth and enzyme production were
measured.

Soil column preparation

In order to test the MICP process on sandy soil under labo-
ratory conditions, a core preparation of cells was needed to
be developed in which the sandy soil could be treated and
then extracted. Thus, according to ASTM D 4320 specifica-
tions, a 30-cm-long PVC tube with an internal diameter of
55 mm was positioned vertically and packed with Anzali’s
sand (grain size characteristics: d;,=0.4 mm (10% of the
grains have a diameter of this size or lower); ds;=1 mm;

Table 1 The name and components of different culture media

Name Components

YU medium Yeast extract (20 g L), Urea (10 g L™

YN medium Yeast extract (20 g L™1), NH,CI (10 g L™

YAS medium Yeast extract (20 g L71), (NH,),SO, (10 g L™

Y medium Yeast extract (30 g LY

LB medium Peptone (10 g L), yeast extract (5 g L"), NaCl
(10gL™

UP medium Urea (20 g L™1), peptone casein (15 g L™"), NaCl

Sg LY, soymeal (5 g LY

Table2 Anzali’s sandy soil properties according to laboratory tests

dgy=3.8 mm) to a dry density of 1.50 g cm™ and poros-
ity of 44% (Table 2). The column was positioned vertically
with downward and upward flow directions to ensure that the
reaction fluid is available to all parts of the sandy soil parti-
cles. Each end of the column was fitted with filter material
consisting of two layers of scouring pad (Scotch-Brite) on
the outside, and approximately 3 cm of filter gravel on the
inside, next to the sand (Fig. 1). Packing of the sand column
was conducted under water to the required density, so as to
avoid the inclusion of air pockets.

Before any experiments were conducted, water was
flushed through the column from the bottom inlet, filling
the sample gradually with a pressure low enough to avoid
hydrofracture, and to test the pressure transducers and main-
tain flow regulation of the pump at a constant flow rate of
about 450 mL h™!. Subsequent to flushing with water, flu-
ids were injected with a similar procedure, from bottom to

Input flow

Scouring pad Filter

o} o (o]
DLO,0,0,0-0
Gravel Filter / -7

t=3cm

Column . }

Ty
30cm

Gravel Filter e :: L

Scouring pad Filter

Output flow

Fig. 1 Schematic details of column packed with Anzali’s sandy soil

Soil name USCS classification  d;, (mm) dj, (mm)

dg, (mm)

d9() (mm) Ce Cu Gs ydmin (g/cmg) ydmax (g/cmz)

Anzali’s sandy soil ~SP 0.4 0.5 1.5

3.8 050 3.75 270 131 1.73
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top in order to displace the water. In the first step, 180 mL
(equal to 1 V, (volume of voids in the column)) of bacterial
culture at an ODg, of 2.8 with a urease activity equivalent
to 3300 mS was mixed with 360 ml (equal to 2 V,) of an
equimolar solution of urea and calcium chloride (1 M) and
then injected into the column, which was subsequently left
for 72 h at room temperature. Then, in the next step, all the
aforementioned stages were repeated but the direction of
flow was changed from top to bottom and vice versa for
six injections alternately. After the injection phases were
completed, the column was cut and the biotreated sand was
divided into appropriate pieces for further analysis. One of
the columns was injected with S. pasteurii in order to com-
pare the resulting soil strength to that of sandy soil treated
with Staphylococcus sp. IR-103.

Growth measurement

Optical density (OD) was used as an indication of bacte-
rial growth in the culture medium. It was measured using a
spectrophotometer at a wavelength of 600 nm (ODyj). One
milliliter of culture broth was harvested every 1 or 2 h and
immediately transferred to a glass cuvette, and its OD was
measured as mentioned above. According to the Beer—Lam-
bert law, the concentrated samples were diluted as needed.
The dilution coefficient was multiplied by the OD value.

Urease assay

Urea agar culture medium containing urea 20 g L™, agar
15gL~!, peptone 1 g L™ and phenol red 0.012 g L' as pH
indicator was used to assay the urease-producing ability of
both bacteria qualitatively.

In the absence of calcium ions, urease activity was quan-
titatively determined by the conductivity method. The urease
reaction involves the hydrolysis of the non-ionic substrate
urea to ionic products, thus generating a proportionate
increase in conductivity under standard conditions. One mil-
liliter of bacterial suspension was added to 9 mL of 1.11 M
urea (reaction concentration; 1 M urea), and the relative con-
ductivity change in mS min~! was recorded during 5 min.
(Whiffin 2004).

Precipitation in liquid medium

To evaluate the precipitation capability of both bacteria in
liquid medium, 5 mL of bacterial suspension at the logarith-
mic phase of growth (OD = 3.0) was mixed with 5 mL of an
equimolar solution of urea (1 M) and calcium chloride (1 M)
and incubated at 37 °C for 24 h. Thereafter, the mixture
was placed at room temperature to form precipitates. The
supernatant was subsequently discarded, and the resulting
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precipitate was washed with distilled water, dried in an oven
at 50 °C for 1 h and then weighed.

Analytical measurements
Fourier transform infrared (FTIR) analysis

The precipitated samples were dried, grounded and hand-
pressed in potassium bromide powder in order to form
homogenous clear disks, which were then subjected to FTIR
spectroscopic analyses (SHIMADZU, FTIR-8900, Japan).
Compliance with in-house specifications was determined
by computerized comparison of the spectrum with spectra
previously obtained from reference materials.

Atomic absorption spectrophotometry (AAS)

A series of standard solutions were used to construct a cali-
bration curve of atomic absorption. They were prepared in
purified water based on initial sample concentration and sen-
sitivity of the instrument. For preparation of samples, 1.0 g
of the precipitate consisting of CaCO; was diluted in nitric
acid (1 M) and shaken well to dissolve, and after filtration,
it was analyzed by AAS (Varian, AA240S, USA).

X-ray diffraction (XRD) analysis

X-ray diffraction (XRD) measurements were taken by a
SEIFERT diffractometer (XRD 3003 PTS, Germany) using
monochromatized Cu K radiation, in order to follow the
CaCO; precipitation pattern.

Scanning electron microscopy (SEM)

To provide a clear image of the connection between sandy
soil particles by calcium carbonate crystal precipitation dur-
ing the MICP process, SEM was used. Accordingly, samples
from cemented sandy soil were cut into appropriate sizes to
mount on the SEM apparatus (Philips, XL30). As the speci-
mens are brittle and non-conductive, they were coated with
an ultra-thin coating of gold, which acts as an electrically
conductive material.

Unconfined compression strength (UCS) test

The effect of the biocementation process on sand column
strength (initial sand cohesion is assumed to be zero) was
determined by the UCS test on treated sandy soil specimens.
This test was performed on an unconfined tester appara-
tus (Pars Geo Azma, Iran), in accordance with the ASTM
D2166 specifications. The load was applied to produce an

axial strain at a rate of 2% min~".
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Results and discussion

Gram staining and biochemical tests are classic methods
for identification of bacteria. The Staphylococcus isolate
showed up as white-yellow colonies, about 1-2 mm in diam-
eter, which were easily observed on semisolid medium after
overnight incubation on LB agar. Following Gram stain-
ing, microscopic observation of the cells showed spherical
shapes with purple-colored irregular clusters of cocci. This
isolate is a Gram-positive coccus which produces catalase
but is not able to produce coagulase and DNase. It ferments
mannitol and is sensitive to Novobiocin. According to the
determinative classification of bacteria, it is highly similar
to Staphylococcus epidermidis (Holt et al. 1994). Molecular
identification of the isolate was carried out using 16S rDNA
sequencing, which showed 98% homology to Staphylococ-
cus sp. confirming the classic identification results. The
sequence of the bacterial isolate, designated Staphylococ-
cus sp. IR-103, was submitted to EMBL, under accession
number LT853888. A phylogenetic tree was constructed by
means of the MEGA4 software using the neighbor joining
(NJ) algorithm.

When Staphylococcus sp. IR-103 was grown on urea agar,
the color of the medium changed from yellow to pink. The
color change to dark pink occurred after 8 h of cultivation
which was spread throughout the petri dish. However, it
took 18 h for S. pasteurii to finally change the color of the
medium to light pink. It can be concluded that Staphylococ-
cus sp. IR-103 is a high urease producer.

Bacterial growth and urease production in different
culture media

It is obvious that the composition of the culture medium has
a great impact on bacterial growth and metabolism. Experi-
mental results indicating the maximum growth, conductiv-
ity and urease activity of both bacteria in different culture
media are summarized in Table 3. The results showed that

the minimum amount of bacterial growth and urease activ-
ity was obtained in the UP medium. Despite the presence of
20 g L~! of organic nitrogen sources, such as peptone from
casein and soymeal, which was equivalent to the amount of
yeast extract in YU, YN and YAS media, they had no posi-
tive effects on the growth and urease production of both bac-
teria. It has previously been reported that the culture medium
containing yeast extract is suitable for S. pasteurii growth
and urease production (Harkes et al. 2010, Whiffin 2004).
The data obtained in this study indicated that despite the
presence of yeast extract as an essential component in the
culture medium, higher amounts of yeast extract or substitu-
tion of inorganic nitrogen sources, such as (NH,),SO, and
NH,CI, had no remarkable impact on the urease activity
of Staphylococcus sp. IR-103. Both bacteria grew on YU
and YN media and reached maximum growth after 6 h. It
is obvious that the growth media can be very strain specific
and should be studied further with respect to each strain.

As shown in Fig. 2a, b, urease is a growth-associated
enzyme because bacterial growth and enzyme production
occurred simultaneously. Urea is not only a nitrogen source,
but can also be employed for different applications by some
microorganisms. For example, Helicobacter pylori produces
urease and catalyzes urea to NH,* to provide a microenvi-
ronment of neutral pH near its cell surface, so as to protect
the bacterial cell from the very low pH environment of the
stomach (Marshall et al. 1990). S. pasteurii consumes urea
via the urease catalyst and produces NH," ions in order to
generate the required ATP in a high pH environment (Whif-
fin 2004). Maximum urease production was observed in
the YU culture medium, which could be due to urea acting
as an inducer of urease production in the medium (urease
activity of 10.1 and 5.7 IU for coccus and bacillus cells,
respectively).

Although the nickel ion is located at the urease active
site and has been suggested for use in culture medium to
improve enzyme activity during the MICP process (Harkes
et al. 2010; Whiffin 2004), but in our study, NiCl, had no
significant effect on urease activity (data not shown).

Table 3 The maximum growth

M Culture medium Staphylococcus sp. IR-103 S. pasteurii
(OD; close to 7 h), conductivity
and urease activity of OD Conductivity ~ Urease activity OD Conductivity ~ Urease
Staphylococcus sp. IR-103 and (us) 018)) (us) activity
S. pasteurii in different culture Iu)
media
YU medium 6.1 800 10.10 4.0 500 5.70
YN medium 2.8 340 3.33 2.4 330 3.19
YAS medium 22 300 2.74 0.5 10 -
Y medium 6.5 410 4.37 4.6 380 3.93
LB medium 4.8 450 4.96 4.2 400 4.22
UP medium 1.7 250 222 1.5 150 2.24

#No activity was detected

* @ Springer
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Fig.2 a Optical density (ODg) A 35 400
(diamond), medium conductiv-
ity (square) and urease activity 3 350
(triangle) of Staphylococcus sp.
IR-103 and b S. pasteurii grown —_ 300
in YN medium 3 2.5 Py
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Ca-carbonate precipitation

The various amounts of CaCOj; that were precipitated by the
biocementation reaction when Staphylococcus sp. IR-103
was grown in the YU, YN, YAS, Y, LB and UP culture
media, were found to be 47.0+1.6,47.6+0.9, 30.8 +1.3,
44.8+1.1,19.6+0.5 and 33.2+ 1.6 mg mL™, respectively.
The maximum amount of calcium carbonate precipitated by
S. pasteurii strain when grown in the YN culture medium
was recorded as 43.2+ 1.4 mg mL™".

In Fig. 2, the performance of the Staphylococcus sp.
IR-103 strain relative to that of S. pasteurii grown in YN
medium was studied. It can be seen that Staphylococcus sp.
IR-103 grows faster than S. pasteurii, with a slightly higher
growth yield. In addition, urease production reached a maxi-
mum level, which was higher than that of S. pasteurii.

Although higher urease activity and growth were obtained
in the YU medium, CaCO; precipitation in the YN medium

(]
’r @ Springer

2 3 4 5 6 7
Fermentation time (h)

occurred over a 5-day time period, which is notably much
earlier than that for the YU medium (15 days). This may be
attributed to the instability of the urease enzyme. Urease
produced during bacterial growth in the YU culture medium
catalyzed the available urea to NH,*, thereby increasing the
surrounding pH. After adding cementation solution, CaCO4
aggregates were observed immediately as a cloudy mass,
but the crystals attached to the wall and bottom of the tube
formed slowly during a period of 15 days. However, it seems
that higher amounts of urease were produced rapidly in the
YN medium following the addition of cementation solution
containing urea that affected the MICP process significantly
during 5 days of the biocementation process. Figure 3 shows
the CaCOj crystals after 15 days of adding cementation
solution to the bacterial suspension. Consequently, YN was
chosen as a suitable medium for maximal Staphylococcus sp.
IR-103 growth, urease production and CaCO; precipitation.
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Fig. 3 Calcium carbonate crystals precipitated after mixing Staphylo-
coccus sp. IR-103 suspension grown in YN medium with cementation
solution (1:1 v/v) for 15 days at room temperature

Microorganisms that are considered as suitable for bioce-
mentation, must in addition to being non-pathogenic, also
have the capacity to produce high levels of urease. The ure-
ase enzyme must be highly stable and should be produced
by the microorganism in a consistent and reliable manner.
Moreover, the microorganism should not require prepara-
tive processes prior to its use in the biocementation pro-
cess (Whiffin 2004). In this investigation, Staphylococcus

sp. IR-103 demonstrated suitable growth, proliferation and
urease enzyme production in all culture media, including
those that contained ammonium. It was also capable of
producing CaCO; under the 6 aforementioned conditions,
thus demonstrating its stability and reliability with regard
to the production of calcium carbonate precipitates. Fur-
thermore, the mode of proliferation and enzyme production
by Staphylococcus sp. IR-103 is not so different from that
by S. pasteurii. In fact, when the Staphylococcus strain is
used, precipitation time is reduced substantially. This can
cut operational costs in the long run.

Characterization of the bioprecipitated CaCO,

The FTIR spectrum of the precipitated disk is presented in
Fig. 4. It shows a smooth peak at 3404 cm™!, and because
of the humidity of the disk or precipitate, it has no serious
risk for analysis. The peak in the 1483—1404 cm™' region
is referred to as the carbonate functional group. Due to
the resonance effect and increase in the bonding energy,
this peak shifted from region 1500-1600 cm™' to region
1483-1404 cm™' (Ganendra et al. 2014; Cheng and Shahin
2016; Zhu and Dittrich 2016).

The amount of calcium in the precipitate was measured
by the atomic absorption spectroscopy method (AAS) in
order to assess its levels in the sandy soil following the

- .. 2513.07:

3404.13—

709.76—

875.62—

1421.44——

||ljv|r'|v|j|41||»

4000 3500 3000 2500 2000
FTIR Measurement

1500 1250 10|00 740
1lem

Fig.4 FTIR spectrum of calcium carbonate precipitated by Staphylococcus sp. IR-103 grown on YN medium
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biocementation process. Analysis was based on three stand-
ard solutions (Fig. 5). Accordingly, the concentration of
CaCO; in the sample was determined as 71.76% (sample
taken from a batch experiment).

X-ray diffraction was carried out to confirm the presence
of calcium carbonate precipitated by Staphylococcus sp.
IR-103 (Fig. 6). By comparison with the standard pattern
for the synthesized porous CaCO;, it was revealed that the
products of the precipitation test were composed of the min-
eral, vaterite.

New Rational - Cal. Set 1

0.06
0.04
» n
Ke]
<
0.02 —
0.00 T T T T T 1
0.000 1.000 2.000 3.000 4,000 5.000
Ca mg/L

Fig.5 AAS graph of calcium carbonate precipitated during the bioce-
mentation reaction by Staphylococcus sp. IR-103

Calcite, vaterite and aragonite are three polymorphs of
CaCO; in aquatic environments. All of them are insoluble
in water and are able to cement soil particles together, thus
strengthening and hardening the soil, thereby increasing
its liquefaction resistance (Burbank et al. 2011). As it has
been previously reported, vaterite is the predominant crystal
at high urease activity (90-180 mM urea h™!) (Kralj et al.
1990).

The scanning electron micrographs of the samples
obtained from the treated column showed that calcium
carbonate crystals precipitated on the surfaces and pores
between the sandy soil particles (Fig. 7). The bridges made
up of the CaCO; crystals were formed between the sandy
soil particles connecting them to each other.

From the perspective of soil improvement, placing CaCO,
precipitates in close contact with soil particles enables them
to bind together, thereby leading to better cementation and
increased sand resistance. Scanning electron micrographs of
the improved sand particles show that a notable amount of
the precipitated solids is located in the immediate vicinity
where sand particles bind to each other. It has been reported
that needle-shaped crystals were formed both on the sur-
face and between sand particles in MICP treated specimens
(DeJong et al. 2006). As concentration of microbes is a criti-
cal factor in MICP process, more bacterial injections during

W ) S |
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100
g
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\ ‘..“""I' l ‘ f
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Fig.6 The XRD pattern for calcium carbonate precipitated by the biocementation reaction demonstrates that the most dominant mineral compo-

sition is that of vaterite
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Fig.7 SEM micrograph of biocemented sandy soil. The biotreated
column samples were cut into small sections, coated with gold and
then scanned. CaCOj crystals formed between the sandy soil particles
and on their surfaces are clearly observed

column experiments, higher amounts of precipitated CaCO,
crystals appeared on the surface of sand grains and at par-
ticle contacts.

Effect of biocementation process on sandy soil
strength in the columns

The characteristics of the two columns filled with Anzali’s
sandy soil and bacterial suspension are shown in Table 4.

Table 4 The list of column characteristics and species of bacteria injected

After injection was completed, the UCS test was per-
formed on the samples obtained from the columns. The
dimensions of the samples cut from the columns treated
with Staphylococcus sp. IR-103 and S. pasteurii were found
to be (D=5.47 cm and H=8.84 cm) and (D=5.37 cm and
H=8.2 cm), respectively. Considering that the unconfined
compression strength for the untreated sand is assumed
to be zero and columns 1 and 2 achieved strengths of ca.
2.2 kg cm™2, it can be concluded that a significant increase in
UCS was observed when sandy soil was treated with Staphy-
lococcus sp. IR-103, which was also similar to that observed
for S. pasteurii.

Finally, small pieces of each column were then cut, pes-
tled and then poured into LB medium for subsequent cultiva-
tion. The results indicated the absence of viable staphylo-
cocci in the column after 5 days following the last injection.
In contrast, S. pasteurii remained viable in the column
because of its ability to sporulate.

Biocementation is a new technology in geotechnical
engineering based on the application of microbial activity
to improve the mechanical properties of soils. Contrary to
the environmental limitations of chemical and cement stabi-
lization during soil improvement, MICP is an environmen-
tally friendly method. Calcite precipitation may be achieved
by many different processes, but enzymatic hydrolysis of
urea is the most energy efficient of these procedures (Ivanov
and Chu 2008; Burbank et al. 2011). The process of MICP
depends on several factors such as calcium ion concentra-
tion, pH, and availability of nucleation sites, but it seems
that the main factor influencing the process efficiency is the
type of microorganism and its ability to produce urease.
Therefore, finding high urease-producing microbes, which
are capable of developing strength in the soil, but with no
adverse effects on the environment when applied to the soil,
is of great importance to the biocementation technology.

Conclusion

In order to improve soil strength, this study aimed to inves-
tigate and compare the ability of an indigenous urease-pos-
itive bacterium belonging to the Staphylococcus genus to
that of the most commonly used bacterium, S. pasteurii,

Column D (cm) H (cm) e* n¥* V:** (cm?) yd™" (g em™) Bacteria Medium ODg0 Conductivity
number
1 5.5 22 0.66 0.33 172 S. pasteurii YN 24 330
2 5.5 22 0.68 0.34 178 Staphylococcus YN 2.8 340
sp. IR-103

*Void ratio; **porosity; ***volume of voids; ****dry unit weight
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in carrying out the MICP process. First, growth and ure-
ase activity of both bacteria were studied in various culture
media. Staphylococcal growth was higher than that of S.
pasteurii in all culture media. Both bacteria showed maxi-
mum urease activity in the YU medium containing urea as
an enzyme inducer. But the highest amount of precipitation
was found in the YN medium, which was then selected for
further column studies. Finally, in order to study the per-
formance of Staphylococcus sp. IR-103 in the presence of
sandy soil, and its ability to cement soil particles, a sandy
soil column experiment was set up and a bacterial suspen-
sion and reactant solution were mixed and injected into the
sandy soil columns six times. The UCS test showed that
when Staphylococcus sp. IR-103 was used in the MICP pro-
cess, unconfined compression strength of the biocemented
sand increased by the same amount as that when S. pas-
teurii was used. Furthermore, Staphylococcal cells did not
remain alive in the sandy soil following treatment and did
not change the soil microbial flora. To sum up, because of
the potential of this bacterium in calcium carbonate precipi-
tation, it can be recommended as a suitable candidate for
improving the geotechnical properties of soil.
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