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Abstract Microbe-induced calcite precipitation is a sus-
tainable improvement technique for sandy soil, which can
alter the properties of sand via microbial activity. In this
study, we investigated the loose-sand-consolidation effect by
controlling the injection velocity, bacterial and cementing-
solution concentrations, and hold times. The results demon-
strate that, as the cyclic batch increases, the utilization rate
of the bacterial fluid increases and both the optical density
(ODgyy) of the bacteria and urease activity decrease. Moreo-
ver, it was determined that a 3-h hold time for a 0.5 mol/L
cementing solution with a cementing fluid velocity of 2 mL/
min has the greatest bonding effect. The final strength of the
loose sand with an increase in calcium carbonate content
was further discussed.

Keywords Microbe-induced calcite precipitation -
Consolidation effect - Urease - CO, volume evaluation
method - Loose sand

Introduction

With the local and global acceleration of urbanization, the
demand for civil infrastructure is growing at an unprece-
dented rate. During the construction of water conservancy
projects, the soil mass that does not meet specific project
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requirements may be encountered. In such cases, the unsat-
isfactory soil must be strengthened.

Most foundation reinforcement methods use mechani-
cal or artificial materials (e.g., cement, epoxy resin, sodium
silicate, and polyurethane) to generate a bonding effect. Fur-
thermore, the entire strengthening process requires the con-
sumption of a large quantity of building materials [1]. For
example, a large consumption of cement is considered as an
important contribution to global warming [2, 3]. The disad-
vantages of cement usage, such as its high energy consump-
tion, high pollution emission, and high cost, significantly
limit its practical applications. As for chemical grouting,
most chemical pulp is toxic except for sodium silicate [4].
The main components of soil curing agents, which are not
environmentally friendly, will inevitably spread to the sur-
rounding environment.

Microbial mineralization is a common phenomenon in
nature. Several microbes can use their own metabolisms to
generate a variety of mineral crystals. Calcium carbonate is
one of the most widely distributed carbonates in nature, and
it is durable; therefore, the microbial deposition of calcium
carbonate has been a popular topic in the study of microbial
mineralization.

The application of microbial mineralization technology
in the field of building materials was successful [5—8]. This
technology has also been widely used in various fields, such
as waste water treatment [9], sand consolidation [10, 11],
and decrease in permeability [12]. Studies have found that
the greenhouse gases produced and the energy consumed
during the process of microbial reactions can be ignored
[13]. To summarize, microbe-induced calcium carbonate
precipitation (MICP) is a promising bio-mediated technol-
ogy and can be applied to many practices.

However, most studies of the microbe-induced calcium
carbonate mineralization process mainly focused on the
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environment of microbial solution [14, 15]. These studies did
not report the microbial mineralization process in loose sand
granular environments [16]. Therefore, the purpose of this
study is to achieve a better consolidation effect by control-
ling the injection velocity, concentrations of the bacterial and
cementing solution, and hold times in loose sand. At the same
time, we try to explain the effect of different CaCO; concentra-
tions on the mechanical properties of the sand.

MICP Technology

MICP technology is well-documented in Ref. [17]. In rock
and soil applications, loose sand is the main environment for
MICP. Given the presence of extracellular polymeric and
double layer structures, microorganisms tend to approach
the surface of particles (Fig. 1). The cell wall of microorgan-
isms usually possesses a large number of negative ions, which
facilitates the efficient adsorption of calcium ions. The reaction
equation is described as follows [Eq. (1)]:

Ca®* + cell — cell — Ca®". )]
Moreover, the reaction of organic substrate urea-accelerated
hydrolysis under the action of urease is expressed as follows:
— CO - NH, + 2H,0 — 2NH; + H,CO;, )
2NH; + 2H,0 < 2NH; + 20H". 3)

Urea decomposition leads to an increase in the pH value
of the microenvironment around the microbial cells [Egs. (2),
(3)]. The high pH conditions are conducive to the formation
of CO3™ from HCO; [18] [Egs. (4), (5)]:

H,CO; < HCOJ +H, )

HCO; +H* + 20H™ « COJ™ +2H,0. 5)
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Fig. 1 Schematic of calcium carbonate that is formed among loose
sand particles
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Finally, the following equation describes the nucleation
and crystal growth of calcium carbonate around the cell
[Eq. (6)]:

cell — Ca’* + CO3™ — cell — CaCOy3. (6)

Materials and Methods
Bacterial Solution

An isolated bacterial culture of Sporosarcina pasteurii
ATCC 11859 was used in this study. One mL of the strain
was inoculated in 100 mL of the culture medium (Table 1).
Then, the inoculated culture medium was placed on a shaker
table at 220 rpm for 24 h during growth. Subsequently, the
bacterial culture was harvested at the end of the growth
phase and was stored at 4 °C for subsequent use.

Cementation Solution

The type and concentration of the calcium source were
not the same as the amount of calcium carbonate that was
formed by microbial mineralization [19]. Compared with
other calcium sources, CaCl, is the most common source of
calcium. According to the bacterial consolidation mecha-
nism, urea and calcium sources are the basic substances used
in bacterial bonding. Here, a solution of CaCl, and urea
served as the fixation solution and cementation fluid.

Properties of Sand

The sand used in this experiment was standard sand. The
sand was sieved by a 0.6 mm sieve prior to use and the
smaller particles were chosen. A summary of the basic
physical properties and parameters of the sand is shown in
Tables 2 and 3. The grain size distribution of the sand is
shown in Fig. 2.

Instrumentation

A PVC mold with a height and a diameter of 9 and 3 cm,
respectively, was used to fabricate the specimens (Figs. 3,
4). According to the test conditions in the first phase
(Table 4), a 65 g metage of standard sand was placed into
the mold (6 cm in height and 3 cm in diameter). To provide

Table 1 Composition of the

. Reagent Amount
medium
Tris (g) 1.75
Yeast extract (g) 2
(NH,)SO, (g) 1

Distilled water (mL) 100
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Table 2 Engineering properties of the sand employed in this study

Property Value or description
Grain shape Round
Gravel «——]
Specific gravity (kg/m?) 2.65 Geotechnical
Medium size (mm) 0.21 fabric o
Peristaltic pump
Water content rate (%) 0 H
Tight porosity (%) 40.5 Sl’“if]‘“‘“ {
Chemical content (%) 98% SiO, Geotechnical

fabric

Table 3 Standard sand

Parameter Value
parameters == Bacterial solution
3 = - Emm— or
py (gfem) 1.380 ——-] gy cementing solution
p, (glem?) 1.574 [
v (%) 47.9
vy (%) 40.5 Fig. 3 Schematic of the mold

p, bulk density, p, dense pack-
ing density, v, loose porosity, v,
close packed porosity
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g.2 Grain size distribution of the sand

Fig. 4 Photograph of the mold

a better flow channel for the next phase of injection, the =~ Table 4 Test conditions
sand samples were passed into distilled water at a flow rate

) Injection velocity (mL/ Cementing-solution concentra- ~ Hold
of 2 mL/min for each column. Subsequently, 16.5 mL of i) tion (mol/L) time
the bacterial solution was introduced for each test condi- (h)
t%on, and. the bottom. of the .mold was closed for a.l-.h hf)ld 5 0.5 CaCl, + 0.5 urea 3
time. This step was immediately followed by the injection 0.5 CaCl. + 0.5 urea

. . . . ,+0.
of 16.5 mL of a cementing solution. The hold times were 5 1.0 CaCl, + 1.0 urea 3

3, 3, and 6 h after the injection of the cementing solution
to each of the sand columns. All samples were injected
with 16.5 mL of the cementing solution three times every
3, 6, and 3 h. One cycle consisted of three additions of
cementing solution and bacterial liquid, and a total of five
cycles were performed for each sample.
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Results and Discussion
Results for Bacteria

To analyze the adsorption effect of bacteria in the sand col-
umn and the urea hydrolysis ability, the oxygen demand
(OD) value and urease activity were calculated for each
batch of bacterial liquid outflow. The test results in Fig. 5
are discontinuous and exhibit a certain dispersion. However,
the overall trend shows that the adsorption rate of the first
batch of the bacterial liquid is low. With an increasing num-
ber of cyclic batches, the utilization rate of the bacterial fluid
increased. Furthermore, the OD value of the bacteria and
urease activity showed a decreasing trend.

For the 2 mL/min injection velocity and 0.5 mol/L con-
centration conditions of cementing fluid, the OD value
changed due to the bacteria at a 6-h hold time. The change
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Fig. S Changes in bacterial solution parameters: a 0.5 mol/L-2 mL/
min-3 h, b 0.5 mol/L-2 mL/min-6 h, ¢ 1 mol/L-5 mL/min-3 h
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was slower with an increasing number of cyclic batches
compared with the static 3-h condition. This result occurred
because of an increase in the hold time. Specifically, the
nutrient was consumed so that the rate and quantity of the
extracellular polymer that was caused by microbial cell
death and microbial metabolism decreased [19]. In contrast,
for a shorter settling time, the bacteria showed increased
activity. With the solidification and cementation of the sand
column, the internal space of the loose sand column was
gradually reduced. If a “bridge” was established among the
particles, then the number of bacteria that was adsorbed on
the surface of the particles increased and both the bacterial
OD value and urease activity decreased.

A test condition that included a 5 mL/min injection veloc-
ity and a 1 mol/L cementing-solution concentration was
compared with a test condition of 2 mL/min injection veloc-
ity and a 0.5 mol/L cementing-solution concentration for the
same static time of 3 h. Early cementation possessed its own
adequate calcium source, which was beneficial for the solidi-
fication and cementation of the sand column and eased the
enrichment of cementing formation. Nevertheless, bacteria
and sand remained as the internal cementation material in
the column because the injection velocity was large and the
injected cement liquid was washed away easily. Finally, this
test condition showed a high OD value and a high urease
activity of bacteria.

Calcium Ion Utilization Ratio

The abovementioned results show that an increase in the
cyclic batches increased the utilization rate of the bacte-
rial fluid. Therefore, the calcium ions in the solution can be
adsorbed through the cell wall surface of the microorgan-
isms, which are on the surface of the sand particles that
have a large number of bacteria. Quantitative analyses of
calcium carbonate in the sand columns under the three test
conditions were conducted to better analyze the calcium ion
utilization ratio.

Precipitated CaCOj; serves as a binding material, which
binds soil particles and improves the mechanical proper-
ties of the soil. Therefore, a reasonable method to quantify
the amount of calcite is important. This study used three
techniques to evaluate the calcite content: thermal decom-
position method, acid leaching method (ALM), and CO,
volume evaluation (CVE) method. According to Neupane
et al. [20], the calcite amount obtained using the ALM and
thermal decomposition methods was obviously higher than
the calcite amount that was evaluated by the CVE method. In
the ALM, the flushing of soluble impurities led to mass loss
during washing, which resulted in higher calcite percent val-
ues. In the thermal decomposition method, the presence of
ammonium as a by-product of the calcite precipitation reac-
tion and the boiling of the ammonium noticeably reduced the
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decomposition of CaCOjs; thus, the mass loss is attributed
to CaCO; decomposition and includes ammonium evapora-
tion. Detailed test procedures were introduced by Neupane
et al. [20] to improve experimental accuracy and to evalu-
ate the effect of calcium carbonate precipitation under the
selected conditions. This study utilized CVE as the calcite

HCL Bubble

CaCo;,

Fig. 6 Schematic of the experiment

(a) (b)

quantification method. The concentration of hydrochloric
acid was 1 mol/L. A schematic of the experiment is shown
in Fig. 6.

The sand calcium was divided into three parts: top, mid-
dle, and bottom. Every part of the sand column is fully
reflected in Fig. 7d. The test results are shown in Table 5.

The chemical equation shown below was obtained after
determining whether 3.285 g of CaCO; was thoroughly dis-
solved in 90 mL of hydrochloric acid. Table 5 shows that,
after the actual reaction, the calcium carbonate quantity was
noticeably less than 3.285 g. Therefore, the CaCO; was fully
dissolved in 90 mL of hydrochloric acid.

CaCO, + 2HCI = CaCl, + H,0 + CO, 1. %

A comparison of calcite in the test samples at differ-
ent positions is shown in Fig. 8. The CaCOj; content was
the largest at the top location of the three test cases, and
it was the lowest at the bottom. The CaCOj; content at
the same concentration was compared at different hold
times. The results indicate that for 0.5 mol/L. cementing

(c)

Fig. 7 Test samples: a 1 mol/L-5 mL/min-3 h, b 0.5 mol/L-2 mL/min—6 h, ¢ 0.5 mol/L-2 mL/min-3 h, d test samples at different positions
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Table 5 Properties of mixtures using the CVE method

Test condition Test position Test number HCI (mL) Total mass (g) Mass of calcite  CaCO; (%)

Am (g)

1: 0.5 mol/L-2 mL/min-3 h Top 1-A 90 10 1.57 15.7
Middle 1-B 90 10 1.38 13.8
Bottom 1-C 90 10 0.95 9.5

2: 0.5 mol/L-2 mL/min—6 h Top 2-A 90 10 1.82 18.2
Middle 2-B 90 10 1.14 11.4
Bottom 2-C 90 10 0.84 8.4

3: 1.0 mol/L-5 mL/min-3 h Top 3-A 90 10 1.18 11.8
Middle 3-B 90 10 0.76 7.6
Bottom 3-C 90 10 0.65 6.5

—&— 1 mol-3 h-5 mL/min

—#-0.5 mol-6 h-2 mL/min

—4&—0.5 mol-3 h-2 mL/min

Percentage of CaCO; (%)
o

Top Middle Bottom

Fig. 8 Relationship curves of the percentage of CaCOj; at various
positions

solutions, the top CaCOj; content was lower at a 3-h hold
time compared with that of a 6-h hold time. Furthermore,
the CaCOj; content decreased by 13.7%. In contrast, the
CaCO; content in the middle location at a 3-h hold time
was higher than that of a 6-h hold time. This tendency
was also observed at the bottom of the sand column. The
entire concentration achieved better uniformity at the 3-h
hold time. This result is consistent with the view that bac-
teria exhibit a high degree of activity over a short settling
time. As the number of bacteria that were adsorbed on the
surface of particles increased, their OD value and urease
activity decreased. With the solidification and cementa-
tion of the sand column, the internal space of the loose
sand column was gradually reduced. This phenomenon
is beneficial for the solidification and cementation of the
sand column.

At a 5 mL/min injection velocity, the CaCO; content
was lower at the top, middle, and bottom of the sand col-
umn. A lower content was also observed for the 2 mL/min
condition. This result occurred because the flow rate was
too fast and not conducive to the use of calcium ions; the
utilization rate was, therefore, reduced so that less CaCO;
was generated.

@ Springer

Fig. 9 Sand column specimens

Strength Analysis

The consolidated sand column specimens are shown in
Fig. 9. Subsequently, the sand columns were utilized for uni-
axial testing at a loading rate of 0.4 mm/min (or 2% strain).
The uniaxial compression test results are shown in Table 6.

The test results from Table 6 show that when the cement-
ing-solution concentration was 0.5 mol/L, the strength value
for the static 3-h condition was obviously higher than that for
the 6-h condition. Specifically, the specimen strength was 2
times that of the 6-h condition (Fig. 10). This phenomenon
occurred because of the static 3-h condition and low den-
sity of the calcium carbonate crystals, which were formed
in the urea hydrolysis by weak bacteria. Weak bacteria can
infiltrate the cementing solution and improve the overall
spatial distribution. For the static 6-h condition, there was a
weak bond effect because the cementing solution and bac-
teria showed a longer reaction time and the top density was
improved. These settings are not conducive to the infiltration
of the cementing solution. As a result, the material required
for the formation of calcium carbonate cannot be well pro-
vided, and the content of calcium carbonate was lower in
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Table 6 Uniaxial failure modes of the sand columns at various concentrations and injection velocities

Test condition Before loading

After loading

After loading (final)

0.5 mol/L-3 h
(2 mL/min)

0.5 mol/L-6 h
(2 mL/min)

1 mol/L-3 h
(5 mL/min)

35

30 F 3.29
25

201 1.63

o /MPa

0.5 F

0.0

0.5 mol/L-3 h 0.5 mol/L-6 h 1 mol/L-3 h

Fig. 10 Uniaxial test results at various concentrations

the sand column. However, an increase in the calcium car-
bonate content helped improve the strength index [21]. The
strength increased with an increase in CaCO; content [20].
For the 3-h hold time condition, the number of microorgan-
isms that were adsorbed on the surface of loose particles
increased and, hence, the CaCO; quantity increased. The
CaCOj; content was 39%, which was higher than that for the
6-h condition with a CaCOj; content of 38%. Therefore, the
3-h hold time yields better strength. Thus, the strength value
for static 3-h condition was obviously higher than that for
the 6-h condition.

For the 1 mol/L-3 h test condition, the calcium ion utili-
zation rate was low and led to the lowest strength among the
three conditions because of the high flow rate of the cement-
ing fluid. At higher cementing fluid concentrations (greater
than 1 mol/L), most of the urea and calcium ions were not
fully utilized [21]. Harkes et al. [22] concluded that low
concentrations of cementing fluid are beneficial for solidified
cementation. Our result shows that high concentrations and
flow rates do not improve the strength.

Additionally, an examination of Table 6 indicates that
the failure position was located at the bottom of the sand
column. The loading position on the sand column under the
1 mol/L-3 h test condition was switched to verify the failure
phenomenon. Once again, the failure position occurred on
the bottom. Therefore, the compactness of the top of the
sand column is greater, whereas the overall spatial distribu-
tion of the sand column is uneven. This occurred because the
top of the sand column preferentially reacted in the bonding
period, which leads to improved compactness. With circular
injections of the bacterial solution and cementing solution,
the sand voids near the top sand position were easily blocked
by calcium carbonate crystals. The internally porous sand
column was gradually solidified and compacted, and the
calcium carbonate in the sand samples was not uniformly
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distributed [10, 23]. The permeability gradually decreased
so that the bond strength at the bottom of the sand column
deteriorated. Thus, during the uniaxial test, the bottom end
was preferentially damaged.

The results demonstrate that during the entire uniaxial
compression test, all the curing processes followed the same
type of calcification with certain differences. Because these
processes belong to the same type of calcification process,
the influence of boundary effects was not considered in our
analysis of the compressive strength.

Based on the abovementioned results, both the cement-
ing fluid velocity and concentration have a large effect on
the influence of calcium carbonate cementing regardless of
whether the speed or flow rate are beneficial for the cement.

Conclusions

This study demonstrates that both the cementing fluid con-
centration and velocity significantly influence the uniform-
ity, strength index, and CaCOj; content of sand columns.
With an increase in cyclic batches, the utilization rate of
the bacterial fluid increased, and the OD value of the bac-
teria and urease activity showed a decreasing trend. Higher
concentrations and flow rates did not improve the specimen
strength.

An increase in the hold times decreased the calcite pre-
cipitation. Furthermore, the uniaxial compressive strength
decreased. Overall, the calcium carbonate content at the top
of the sand column exceeded the content at the bottom of
the sand column, and the 3-h hold time for the 0.5 mol/L
cementing solutions with a cementing fluid velocity of
2 mL/min provided a homogeneous calcium carbonate
distribution.

Furthermore, the results of the uniaxial compression tests
showed that the precipitated calcium carbonate can improve
the mechanical properties of the soil. The maximum strength
value reached 3.29 MPa. Decreasing the hold times and
maintaining a reasonable velocity will facilitate an improved
cementing process for field applications.
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