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Abstract—Biomineralization has been widely used as an
economical, clean and sustainable method for soil consolida-
tion. In this paper, calcium carbonate precipitation process
was catalyzed by soybean urease, and the mechanical prop-
erties and microstructure of the bio-treated sandy silt were
evaluated by unconfined compressive strength (UCS) test,
scanning electron microscope (SEM). The procedures of
deriving soybean crude urease and bio-treatment for soil
column samples were performed. The optimum concentra-
tion and grouting time of the biological solidification solu-
tion were determined. The findings demonstrate that the
unconfined compressive strength of bio-treated sample
reaches the maximum value of 9.87 MPa at the cement solu-
tion concentration of 1.5mol/L and the grouting times of 10.
The CaCOs precipitation formed in the samples gathered at
the contact point and the surface of the soil particles. mean-
while, it can observe in SEM image that crystal clusters
were formed. The above test results provide primary da-
tasets and theoretical instruction for the application in the
solidification of sandy silt.

Keywords—Soybean urease, enzyme-induced calcium car-
bonate precipitation (EICP), unconfined compressive
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l.  INTRODUCTION

Due to the shortcomings of insufficient strength and
stability, many kinds of soil from the nature cannot be
directly used as construction filling material. Convention-
al soil solidification methods are mainly divided into
physical methods and chemical methods. The physical
methods basically include drainage consolidation [1, 2],
sand compaction pile [3], dynamic compaction [4—6], etc.
The chemical methods are mainly include high-pressure
jet grouting [7, 8], deep mixing [9], grouting [10, 11] and
so on. The conventional solidification methods for soil
have the advantages of being simple in process, excellent
adaptability and convenient operation. However, the
aforementioned methods have the disadvantage of high
cost, high energy consumption and poor environmental
compatibility, which will produce an adverse effect on
the surrounding buildings and environment.
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In recent years, enzyme-induced calcium carbonate
precipitation (EICP) solidification technology is proposed
as a new soil solidification and anti-seepage technology.
With the advantages of simple technology, low cost,
small construction disturbance and ecological environ-
mental protection, enzyme-induced calcium carbonate
precipitation (EICP) technology is widely used in the
field of geotechnical engineering [12—14]. EICP is a bio-
geotechnical technique for improving the engineering
properties of granular soil in which calcium carbonate is
precipitated from an aqueous solution within the soil
pores. Calcium carbonate precipitation improves the
strength, stiffness, and dilatancy of the soil by pore filling,
particle roughening and interparticle binding. In the EICP
process, free urease enzyme catalyzes the hydrolysis of
urea in an aqueous solution, which results in carbonate
ion production. In the presence of calcium ions, the car-
bonate ions precipitate as calcium carbonate when the
concentration of carbonate ions exceeds the level of su-
persaturation.

Numerous studies have been carried out on the soil so-
lidification based on EICP method. Yasuhara et al. [15]
investigated the unconfined compressive strength and
permeability of bio-treated Toyoura sand with equimolar
concentrations of urea and calcium chloride. When pre-
cipitated carbonate content is 6% and 5%, the corre-
sponding unconfined compressive strength is 0.75 MPa
and 1.6 MPa, respectively. Gao et al. [16] proposed a
new method for the improvement of silty soil. This meth-
od adopts the calcium carbonate precipitation process
catalyzed by soybean urease. Crude urease is derived
simply by collecting the liquid formed by soaking soy-
bean powder in water. The activity of crude urease is
linearly related to the amount of soybean powder added
to the water, and is high enough to be used for soil treat-
ment. Putra et al. [17] added magnesium sulfate to the
EICP solution, fixing the concentration of urea at 0.50 M
and varying the concentration of urease from 1 to 5 g/L.
The low concentration of magnesium sulfate promoted
the formation of calcite, and the precipitation quality in-
creased with the increase of magnesium sulfate concen-
tration in the tube test was founded. When the magnesi-
um sulfate concentration was 0.10m, a large amount of
gypsum was formed. Up to present, the free urease used
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in most EICP studies has been isolated from crops such
as soybeans, beans, watermelon seeds and peas [18].

In this study, enzyme-induced calcium carbonate pre-
cipitation (EICP) method was applied to solidify the
sandy silt. The unconfined compressive strength (UCS)
tests and scanning electron microscope (SEM) analysis
were conducted to explore the influences of cement solu-
tion concentration and grouting times on the solidification
effect of sandy silt. These findings provide some insight
into the application of enzyme-induced calcium carbonate
precipitation (EICP) technology in the biomineralization.

Il. MATERIAL AND MEHTODS

A. Test Material

The test material in this study is dredged river silt. To
remove contaminants, the dried river silt was put through
a 2mm sieve. Particle analysis test and other fundamental
physical property tests were conducted on the river silt.
The grading curve for river silt was depicted in Fig. 1.
The basic physical characteristic parameters of the test
material are as follows. The coefficient of uniformity C,
is 5.08. The coefficient of graduation C. is 1.662. The
maximum dry density pamax is 1.65 g-cm=. The minimum

dry density pamin is 1.357 g-cm™. The liquid limit w is
23.8%. The plastic limit w. is 12.4%. The plastic index I,
is 11.4. The specific density Gs is 2.7.
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Figure 1. Grading curve of river silt.
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B. Test Program

In this paper, the samples with diameter of 50 mm and
height of 50 mm were prepared by PVC cylindrical mold.
The mold was placed vertically, and a layer of 300 mesh
nylon screen was placed at the top and bottom as the filter
screen. The levels of cement solution concentration were
set to 0.75 mol/L, 1 mol/L, 1.25 mol/L, 1.5 mol/L, and
1.75 mol/L. The grouting times were set to 4, 6, 8 10. The
relative density was controlled to 40%. The test program
is shown in Table I. There were 20 samples prepared in
this study.

C. Methods

In this study, the urease was extracted from soybean.
The following are the specific steps. A grinder was used
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to reduce soybeans to powder. A screen with a mesh size
of 100 was used to separate the powdered soy beans. De-
ionized water was added to the soybean powder, and the
mixture was agitated for 15 minutes. The soy bean pow-
der solution was then centrifuged for 30 minutes at a
speed of 4000 revolutions per minute. The extracted soy-
bean urease solution was filtered from the supernatant in
the centrifuge bottle.

TABLE I. TEST PROGRAM

cement solution

sample - concenration UL o
S-1 0.75 4 40
S-2 0.75 6 40
S-3 0.75 8 40
S-4 0.75 10 40
S-5 1 40
S-6 1 40
S-7 1 40
S-8 1 10 40
S-9 1.25 4 40

S-10 1.25 40
S-11 1.25 40
S-12 1.25 10 40
S-13 15 4 40
S-14 15 40
S-15 15 8 40
S-16 15 10 40
S-17 1.75 40
S-18 1.75 40
S-19 1.75 8 40
S-20 1.75 10 40

To examine the mechanical characteristics of soil col-
umn samples that have undergone biotreatment, uncon-
fined compressive strength tests were performed. The dirt
column sample was subjected to axial loading at a load-
ing rate of 1 mm/min until the sample ultimately failed.
Unconfined compressive strength ¢ is used to define the
maximum axial stress.

Following the UCS testing, the pieces from the dam-
aged sample were collected for microstructure examina-
tion. The evolution of precipitate's structure and shape
were examined using scanning electron microscopy
(SEM). The broken samples were first processed into 5
mm x5 mm %<2 mm Square sheet specimen and vacuum
freeze dried. For precision and sufficient microstructure
data, the samples’ microstructures were enlarged by
1000x and 3000x, respectively.

IIl.  RESULTS AND DISCUSSION

Fig. 2 displays the stress-strain curves derived from
unconfined compressive strength (UCS) tests. Uncon-
fined compressive strength is the greatest value of the
axial stress. Fig. 3 summarizes the distribution of uncon-
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fined compressive strength of soil column samples with
various bio-treatment methods.
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Figure 2. Unconfined compressive strength test results, (a). Stress-strain
curves of UCS tests (N=4; C=0.75/1/1.25/1.5/1.75 mol/L), (b). Stress-

strain curves of UCS tests, (N=6; C=0.75/1/1.25/1.5/1.75 mol/L), (c).
Stress-strain curves of UCS tests (N=8; C=0.75/1/1.25/1.5/1.75 mol/L),
(d). Stress-strain curves of UCS tests, (N=10; C=0.75/1/1.25/1.5/1.75
mol/L).

As depicted in Fig. 3, it is clear that the increase of
grouting periods increased the compressive strength of
the soil column samples. The compressive strengths of
the soil column samples with grouting times N=4, 6, 8,
and 10 are 1.45MPa, 3.82MPa, 6.89MPa, and 9.81MPa,
respectively, when the cement solution concentration is
C=1.5mol/L. When the cement solution concentration
C=1.5mol/L, the unconfined compressive strength of the
solidified soil column samples peaked at 9.81MPa. How-
ever, as the cement solution concentration approaches
1.75 mol/L, the unconfined compressive strength rapidly
decreases. The cause of this phenomenon may be due to
the fact that when the concentration of cement solution
above a particular threshold, the activity of soybean ure-
ase was inhibited and the yield of calcium carbonate was
impacted.
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Figure 3. Unconfined compressive strength of soil samples with differ-
ent concentration of cement solution and grouting times.

The distribution and development of calcium carbonate
precipitation in the sample are clearly analyzed by the
microstructure image. Fig. 4 displays the SEM micro-
structure picture of bio-treated soil column samples. The
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developed calcium carbonate crystals were continuously
piled as the EICP process went on, as seen in Fig. 4. The
calcium carbonate crystals that were created by the reac-
tion filled the spaces between the soil particles and ad-
hered to their surface. Calcium carbonate that had already
formed acted as the nuclear site, resulting in the for-
mation of crystallized calcium carbonate.

As demonstrated in Fig. 4(a) and Fig. 4(c), crystal clus-
ters accumulated and formed at the point of contact with
the soil particles. A cladding layer was built on top of the
crystal-line layer, and as the calcium carbonate crystals
atop the cladding layer interacted with one another, a
bedding structure gradually emerged, as depicted in Fig.
4 (c). The magnified calcite crystal's shape was shown in
Figures 4(b) and 4(d)). The gradual filling of the gaps by
calcium carbonate in this deposit pattern is an important
feature. This calcium carbonate accumulates in the adja-
cent pores and creates a strong adhesive force that can
increase high shear strengths.
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(d
Figure 4. Microstructure picture of bio-treated samples, (a). Calcium
carbonate crystal attached on the surface (the microstructure images
magnified by 1000x), (b). Calcium carbonate crystal attached on the
surface (the microstructure images magnified by 3000x), (c). Calcium
carbonate crystal filling the pores (the microstructure images magnified
by 1000x), (d). Calcium carbonate crystal filling the pores (the micro-

structure images magnified by 3000x)

IV. CONCLUSIONS

In order to evaluate the influence of cement solution
concentration and grouting times on the solidification
effect of sandy silt with bio-mineralization technology, a
series of unconfined compressive strength (UCS) and
scanning electron microscope (SEM) analysis were car-
ried out in this study. The main conclusions were drawn:
(1) The unconfined compressive strength of bio-treated
soil column sample with a initial relative density of 40%
is 9.87MPa when the optimal cement solution concentra-
tion C=1.5mol/L and the grouting times N=10. (2) The
calcium carbonate crystals produced by the reac-tion
were filled in the pores between the soil particles and
stuck to the surface of the soil particles. (3) After the bio-
treatment, the calcium carbonate gathered in the pores
formed a strong bonding force, which enhanced the shear
strength of the soil column samples.
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