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The application of microbial technology has created new opportunities for the
development of civil engineering. Microbial induced carbonate precipitation uses the
microbially catalyzed hydrolysis of urea to produce calcium carbonate crystals which
can bind sand particles to give similar chemical and physical qualities of sandstone and
can increase the strength and stiffness of sand and stone. In this work, we investigated
the process of calcium carbonate precipitation induced by Sporosarcina pasteurii. Effects
of bacterial cultural and cementation conditions on the urease activity and stability are
discussed. Add 10 uM NiCl, in the culture could improve the urease activity. Adding
carboxymethyl cellulose (CMC) could improve the amount of calcium carbonate; the
strength and the acid tolerance properties of sand columns. Optimal conditions obtained
allow for the practical uses of this new technology in civil engineering applications.
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Recent advancesin the study of microbial
mineralogy and chemistry reveal that under certain
environmental and nutritional conditions,
microorganisms in soils and rocks can, through
metabolism and degradation, precipitate significant
amounts of various mineral crystals such as
carbonates, phosphates, oxides, sulfidesand silica
sinters, athough these processes typically occur
very sowly inthe natural environment®=. Bacteria
processes that bind metals and form minerals are
widespread and represent a fundamental part of
key biogeochemical cycles*5. Microbially Induced
Carbonate Precipitation (MICP) is an important
aspect of biomineralization, and has been
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investigated extensively due to its wide range of
technological implications, especially by the urea
hydrolysis processes 7. Sporosarcina pasteurii
isacommonly used bacterial speciesin biochemical
engineering studiesaimed at using mineral crystals
for civil and environmental engineering
applications 811, Recent scientific findings show
that S pasteurii have amarked ability to adhesively
solidify loose sand, which can be used to increase
the shear resistance of sand and influence the
sei smic wave propagation of sand 1213, Earthquake
triggered liquefaction could be therefore mitigated
by the MICP technology . Also the effects of
various conditions on the enzyme activity of S
pasteurii for long-term and large scale foundation
improvement have also been studied . The
ability of the organism to produce calcium
carbonate in the pore space of sand columns, and
therel ationship between the strength acquired from
thebonding of sand columnsby the microorganism
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and the production of calcium carbonate have been
investigated. Some of these studies haveincluded
simulation analysis #2, And scaled model tests
have shown the effectiveness of MICP at healing
or stabilization of cracksin concrete and masonry
2126 gand immobilization heavy metal s,

This study investigated the
characteristics of S. pasteurii and optimization of
culture conditions to increase the urease activity
of this species. In order to provide solid basic
microbid experimental datafor microbial cementing
and bio-grouting methods as alarge-scale ground
liquefaction remedy, the study also includes
research on the conditions required to induce the
production of calcium carbonate to consolidate
loose sand-filled columns.

MATERIALS ANDMETHODS

Strain and culturemedium

The Sporosarcina pasteurii strain (ATCC
11859) was obtained from the American Type
Culture Collection and was cultured in NH,-YE
mediumwith: yeast extract 20 g/l, (NH,),SO, 10g/l,
. NiCl, was added in the medium with final
concentration of O uM, 5 uM, 10 uM, 50 uM and
100 uM. All themediawereautoclaved at 121°Cfor
20 min. S. pasteurii was cultured at 30°C and 200
rpmfor 12h.

M easur ement of optical density (OD600)

During the course of the experimentsthe
optical density measured at 600 nm was used asan
indication of biomass concentration. The optical
density at 600 nm (OD,,) was measured using a
Unico 2000 absorption spectrophotometer (UNICO
Instruments Co., Shanghai, China)

M easurement of ureaseactivity

Urease activity was measured
immediately after sampling. In the absence of
calciumions, urease activity was determined by a
conductivity method. The ureasereactioninvolves
the hydrolysis of non-ionic substrate ureatoionic
products thus generating a proportionate increase
in conductivity under standard conditions. One
ml of bacterial suspension was added to 9 ml of
1.11 M urea and the relative conductivity change
in(mS.cm~.min) wasrecorded over 5min at 20°C.
In the measured range of activities mS.cm™.min’?
correlated with a hydrolysis activity of 11.1 mM
ureamin,
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Sand column packing and biochemical treatment

Sand columnswere packed with Chinese
I SO standard silicasand produced by Xiamen1SO
Standard Sand Co., Ltd. The sand was manually
screened into different particle sizes; the diameter
of the screened sand was 0.16-0.315 mm. The sand
column mold wasa50 ml syringe case that was 30
mm in diameter and 110 mmlong. In the middle of
the sand column mold, there was a 100 mm long
sand column that needed to be bonded. To avoid
congestion of the grout port on the top section,
double-layered gauze filters were placed on both
ends of the sand column. The top end of the
syringe was tightly capped by a rubber stopper
with athree-way tube.

Each syringe case was packed with
approximately 50 ml of sand. For groups 1-4,
deionized water was added before sand packing to
pack sand densely and avoid air bubbles; group 5
was packed with sand soaked with bacterial broth.

To saturate the sand prior to the
experiment, 150 ml of deionized water was pumped
into each sand column at aspeed of 1ml/min using
aperistaltic pump. Each column wasthen infused
with 40 ml of bacterial broth followed by 40 ml of
additives. The columns were then grouted with a
Calurea mixture solution in batches to generate
MICP in situ in the sand columns. The Ca/urea
mixturesolution contained 1M CaCl, and 1 M urea.
Each time, 40 ml of aCal/ureamixture solution was
injected at a speed of approximately 0.1ml/min 6
times at intervals of 24 h, as shown in Table 1.
During the experiment, the volume of outflow fluid
was recorded, and 5 ml of each sample was saved
for further use.

M easur ement of solution calcium concentration

The groups of samples according to
grouting procedure were digested with acid for
total calcium measurement. The calcium
concentration was measured using a calcium ion
detector (Shanghai San-Xin Instrument, MP518)
following the electrochemical analysis method. To
ensure accuracy, the calcium ion detector was
calibrated before each use with two concentrations
of calcium chloride (two-point calibration); during
detection, the calcium concentration was kept
between the concentrations of the two calibration
solutions and as close to the concentration of one
of the calibration solutions as possible. In order to
maintain the Ca?* concentration of the diluted
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solution close to that of one of the calibration
solutions, the dilution of the sample was varied.
Mor phology of treated sand columns

An environmental scanning electron
microscope (ESEM) FEI Quanta200 (FEI Company,
USA) was operated between 10 and 20 kV. The
samples were placed onto an aluminum stub and
viewed at aworking distance of 2.0mm.
Acid resistancetest

A series of solutions with different pH
was prepared for testing the acid resistance of the
deposited MICP. The pH was as follows from 0.5
to5.5at aninterval of 0.5 pH unit. A drop of dilute
HCI solution with pH 5.5 wasfirst dripped on the
deposits and a magnifier was used to observe the
reaction with the deposits carefully for 2 min to
seewhether air bubbles appeared. If no air bubbles
appeared, it could be concluded that the deposited
CaCO, could resist the corrosion of HCI solution
at this pH. Decreased pH of HCI solution was
subsequently dripped on the same deposits until
CO, bubbles were generated under a certain pH,
the acid resistance value of the deposited layer
was the previous pH value preceding the current
one ,
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RESULTSAND DISCUSSION

Theinfluenceof nickel ionson ureaseactivity

Urease has been reported to be a nickel-
containing oligomeric enzyme, and nickel ionshave
been shown to be very important in the process of
urea hydrolysis #’. We therefore tested the effect
of nickel ions on the urease activity by including
various concentrations of nickel ionsinthe culture
medium. The results of these tests are shown in
Figure 1. Whenthefinal concentration of NiCl, in
the culture medium was 10 uM, the urease activity
reached amaximum of 17.8 mM.min™. Thereforein
all subsequent experiments, 10 uM NiCl, wasadded
to the culture medium.
Optimization of sand column cementation

In this study, the sand column was
grouted 3 times, which were designated A, B, C;
before each grouting, S. pasteurii were cultured.
Using a multi-step grouting method in which
grouting was performed in two rounds. In each
round, the bacterial culture was infused first,
followed by infusion of various additives; the
reaction solution (cal cium chloride and ureamixture)
was then infused six times every day.

Table 1. Grouting procedure and solution compositions

Group No.  Filler Day 1 Day 2 Day 3-8

1 sand bacterial broth deionized water CaCl +urea
2 sand bacterial broth nutrient solution CaCl +urea
3 sand bacterial broth glutinousrice paste  CaCl+urea
4 sand bacterial broth CMC* CaCl +urea
5 sand soaked bacterial broth deionized water CaCl +urea

with bacterial broth

*CMC: sodium carboxymethyl cellulose

This experiment included five groups of
samples, which were numbered 1-5. Each group
consisted of three columns, which werelabeled A,
B, and C, respectively. The additives used were as
follows: micro-biological culture medium (yeast
extract/ammonium sulfate), which provides
nutrition for bacteriain the sand column, promotes
their growth, and increases calcium carbonate
production; glutinous rice paste, which was
historically used as mortar in ancient Chinese
buildings and shows excellent bonding strength,
stiffness, and impermeability 3!; and sodium

carboxymethyl cellulose (CMC), which has the
functions of bonding, thickening, enhancement,
emulsification, water conservation, and
suspension. The columns that received these
additiveswere designated groups 2-4, respectively;
group 1 was the control.

After grouting, the columnswere allowed
to stand for 48 h before the mold was removed to
observethe condition of bonding. Then, each sand
column was removed, and the plastic case of the
syringe was discarded. The results demonstrate
that the loose sand grains in the 12 sand columns
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of groups 1-4 formed into bonded sand columns
with characteristic shapes. The sand grainsin the
sand columnsingroup 5 did not forminto adefinite
shape, and the strength of these columnswas low;
as the sand was wet and the porosity was too
great.

The concentration of Ca?* in each column
was measured so that the amount of MICP
generated at each time could be calculated. The
results show that group 4 had the highest average
calcium carbonate production rate; however, the
overdl leves, whichweregpproximately 0.022-0.024
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M/day, did not differ greatly between the groups.
These values indicate that the conversion rate of
CaCl, was above 50%. Unexpectedly, group 2,
which was supplemented with nutrient solution,
had a lower rate of CaCO, production than the
other groups, while group 1, which was not
supplemented with any extra nutrients, had a
remarkable production rate.

In this experiment, ahydraulic universal
testing machine used in the building materials
laboratory, with an accuracy of 40 N per grid, was
used. The loading speed was controlled at
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Fig. 1. Theinfluence of the addition of NiCl,to NH,-Y E medium on urease activity and on specific urease activity
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Fig. 2. Uncompressed tensile strength stress-strain curves of the cemented sand columns
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approximately 0.2 N/s. The measured uniaxial The data show that the compressive
compressive strengths (UCS) and the stress-strain  strength of the columnsin group 4 wasthe highest,
curves are shown in Figure 2. reaching 2.490 M Pa. The compressive strength of
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Fig. 3. (A) Scanning el ectron micrographs of cemented sand columns (B) Chemical element analysisof MICPby EDAX
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the columnsin group 3, which reached 2.265 M Pa,
wasthe second highest. The uniaxial compressive
strength of the columnsin group 2 was also higher
than that of those in the control group 1. These
results indicate that the all of the treatments used
during the grouting process can increase the
uniaxial compressive strength. The effect of CMC
was the most prominent, and the addition of
glutinous rice paste also played a role. These
effects are likely aresult of CMC and glutinous
rice paste having acertain viscosity; they not only
function in sand bonding but also prevent theloss
of bacterial broth asakind of porous material and
adsorb calcium carbonate on their surfaces. The
addition of culture medium in group 2 can promote
bacterial growth in situ, thus increasing urease
activity in situ and increasing calcium carbonate
production.
Scanning electron microscopy analysis of sand
columns

Bonded sand samples from groups 1, 3,
and 4 wererandomly selected for scanning electron
microscopy analysis, as shown in Figure 3A. In
group 1, hexahedral calcium carbonate crystalswere
observed between the sand grains, and there were
numerous holeswith lengths of 3 um and diameters
of 0.5 uminthecrystals. Thisresult suggests that
S. pasteurii actsasacrystal nucleusduring MICP
production. In group 3, spherical and hexahedral
calcium carbonate crystals were also observed; in
addition, small spherical glutinous rice particles
could also be seen adsorbed on the sand, indicating
that these particles have an adhesive bonding
function. In the group 4 samples, the bonding
between sand grains was even tighter, and there
was more calcium carbonate, which existed in
pieces, possibly asaresult of the adhesive bonding
effectsof CMC. Chemica element andysisof MICP
with EDAX was shown in Figure 3B, which
confirmed the presence of MICP.
Analysisof acid-toleranceproperties

The microbial cement and grouting
technology is mainly used outdoors. When
exposed to the environment, bio-grouted structures
will bethreatened by acid rain; therefore, the acid-
tolerance of the material needs to be examined.
The acid-tolerance capacity was defined asthe pH
level was the closest to that at which the sand
column generated bubbl es. The acid-tolerance pH
of the sand columnsin groups 1, 2, and 5 was 2.5
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and that the acid-tolerance pH of those in groups
3and4was?2. Thus, al of thetested sand columns
would be expected to be resistant to acid rain. We
therefore conclude that they can withstand acid
rain and other acid materials in the environment.
Furthermore, the sand columns supplemented with
the glutinousrice paste and CM C had greater acid
tolerance than the other columns.

CONCLUSIONS

This study investigated the culture
characteristics of S. pasteurii and optimization of
its culture medium. As acofactor of urease, NiCl,
plays an important role in urease activity. The
concentration of NiCl, was optimized as 10 uM.
For the efficient production of urease, bacteriathat
have reached the logarithmic growth phase can be
maintained at room temperaturefor aperiod of time
no longer than 5 days. During the bonding
process, sand columns prepared by the grouting
method using CMC as an additive produce the
greatest amount of calcium carbonate. They have
the highest strength and exhibit the best acid
tolerance properties.
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