& frontiers | Frontiers in Earth Science

’ @ Check for updates

OPEN ACCESS

EDITED BY
Hong-Hu Zhu,
Nanjing University, China

REVIEWED BY
Narala Gangadhara Reddy,

Fiji National University, Fiji

Lalit Borana,

Indian Institute of Technology Indore,
India

*CORRESPONDENCE

Zhiqing Li,
lizhig-2002@163.com,
lizhiging@mail.iggcas.ac.cn

Zhongjian Zhang,
zhangzhongjian@cugb.edu.cn

RECEIVED 28 June 2023
ACCEPTED 07 September 2023
PUBLISHED 21 September 2023

CITATION

Zhu C, Li Z, Zhang Z, Zhang Y, Zhou Y and
Wang J (2023), Increased content and
uniformity of enzyme-induced calcite
precipitation realized by prehydrolysis
and an accelerated injection rate.

Front. Earth Sci. 11:1249295.

doi: 10.3389/feart.2023.1249295

COPYRIGHT

© 2023 Zhu, Li, Zhang, Zhang, Zhou and
Wang. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science

TvpPE Original Research
PUBLISHED 21 September 2023
Dol 10.3389/feart.2023.1249295

Increased content and uniformity
of enzyme-induced calcite
precipitation realized by
prehydrolysis and an accelerated
injection rate

Chenhao Zhu'?, Zhiging Li**°*, Zhongjian Zhang®*, Yu Zhang’,
Yingxin Zhou® and Jianhong Wang?®

!Sino Rail Information Engineering Group Co., Ltd., Beijing, China, *Beijing Zhongyan Tiandi Technology
Co., Ltd., Beijing, China, *Key Laboratory of Shale Gas and Geoengineering, Institute of Geology and
Geophysics, Chinese Academy of Sciences, Beijing, China, “College of Earth and Planetary Science,
University of Chinese Academy of Sciences, Beijing, China, *Innovation Academy for Earth Science,
Chinese Academy of Sciences, Beijing, China, ®School of Engineering and Technology, China University of
Geosciences, Beijing, China, ’Anhui Wantou Real Estate Co., Ltd., Anhui, China, ®Yunnan Communications
Investment and Construction Group Co., Ltd., Kunming, China, °Yunnan Huigiao Expressway Co., Ltd.,
Quijing, China

The utilization of enzyme-induced calcium carbonate precipitation (EICP) to
consolidate aeolian sand has received significant attention in recent years.
When EICP was used and cementing solution was injected in stages, the
calcium carbonate content and uniformity were not improved simultaneously.
A method is proposed to alleviate this problem by pre-reacting urea and urease
before injecting the cementing solution and speeding up the injection rate.
Experiments were designed to compare staged injections of EICP-cemented
aeolian sand with and without the use of prehydrolysis and with different
injection rates. The results show that 1) at the same injection rate, the content
of calcium carbonate in the prehydrolysis samples after 12 injections was 66.1%
higher than that in the samples without prehydrolysis. 2) When using prehydrolysis,
the calcium carbonate content as a function of the injection rate decreased in the
following order: 10 mL/min >15mL/min >7.5 mL/min. The highest amount of
calcium carbonate was generated at an injection rate of 10 mL/min and was
mainly distributed on the surface. The calcium carbonate generated with an
injection rate of 15 mL/min was uniformly distributed in the sand. These results
indicate that the method could improve the efficiency of calcium carbonate
generation and distribution uniformity, and could also be applied to form a
hard crust on the surface of sandy soil or for reinforcing sandy soil by multiple
injections.

KEYWORDS

aeolian sand, enzyme-induced calcium carbonate precipitation (EICP), microbially
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1 Introduction

Recently, microbial mineralization technology, a new
technology in the field of geotechnical reinforcement, has
received extensive attention from scholars (Dejong et al, 2011;
2015).  Microbially
precipitation (MICP) has been studied extensively due to its high
efficiency (Bibi et al.,, 2018; Lv et al,, 2020). The results show that
MICP technology effectively strengthens the soil and reduces its
permeability (Montoya and Dejong, 2015; Helmi et al., 2016). The

basic principle is to use urease from urease-producing bacteria such

Montoya and Dejong, induced calcite

as Sporosarcina pasteurii to decompose urea and produce carbonate
ions: carbonate ions and calcium ions in the environment use urease
bacteria as nucleation sites to produce calcium carbonate crystals,
thus filling soil pores and leading to cementation between soil
particles (Pan et al., 2020; Tiwari et al, 2021). The improved
method of using urease to directly decompose urea based on
MICP is called enzyme-induced calcite precipitation (EICP)
(Martin et al., 2020). Microbial mineralization technology has
been widely used in many applications, such as reinforcing sandy
soil (Pan et al., 2020; Tiwari et al., 2021), strengthening concrete and
stone materials (Gavimath et al., 2012; Achal et al., 2013; Khan et al.,
2015; Jiang et al., 2016), suppressing dust (Hamdan et al., 2016; Liu
et al.,, 2020; Miao et al.,, 2020), and controlling pollution (Mitchell
and Ferris, 2005; Lai et al., 2020; Zhao et al., 2020; Singh et al., 2021).
Compared with traditional reinforcement methods, EICP and
MICP technologies can be controlled in terms of reaction rate
and cementation strength, with less environmental pollution
(Mitchell and Santamarina, 2005; Portugal et al., 2020). The
key to using microbial mineralization technology is to increase
the amount and uniformity of calcium carbonate because the
effectiveness of EICP reinforcement is related to the amount of
calcium carbonate produced. In general, higher amounts of
calcium carbonate lead to lower permeabilities and higher
strengths (Cheng et al., 2013; Dakhane et al., 2018; Phua and
Royne, 2018). For the same amount of calcium carbonate, a more
uniform distribution provides a better reinforcement effect (Sa
et al., 2021). However, when injecting solutions with identical
concentrations and volumes in stages into sandy soils, the runoff
colloid must be recovered and reinjected, or the high injection
rates will result in a more uniform distribution of calcium
carbonate but a lower content because the solute is washed
away by the solution; with lower injection rates, more calcium
carbonate will be produced, but it will not penetrate deeply
because the calcium carbonate on the surface will clog the
material (Konstantinou et al., 2021). To enhance the amount
or uniformity of calcium carbonate, some scholars have proposed
methods such as repeated injection of low-concentration
cementing solutions (Qabany et al., 2012), injection from the
bottom of the sample (Martinez et al., 2013), and controlling of
the pH of the solution (Cheng et al, 2019). However, these
methods have difficulty achieving the goal of simultaneously
increasing the amount and uniformity of calcium carbonate.
To increase calcium carbonate content and improve the
uniformity of its distribution in the sand, inspired by the fact
that sand particles can be used as nucleation sites to help
precipitate calcium carbonate and improve its production (Ferris
et al., 2004; Cheng et al., 2013), this paper presents a method to mix
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FIGURE 1

Particle size distribution of the aeolian sand from the Mu Us
Desert, Inner Mongolia.

urea and urease and then increase the injection rate of the solution to
increase the calcium carbonate content, and then increasing the
solution injection speed to improve the uniformity of calcium
carbonate. The research on this method has not been reported so
far. Control experiments to consolidate aeolian sand using EICP
were designed, ie., with or without prehydrolysis and with
and different these
experiments, the amounts of calcium carbonate produced in the
top, middle and bottom sections of the samples after 3, 6, 9, and

prehydrolysis injection rates. During

12 injections were examined. In addition, the colloidal morphology
of the calcium carbonate was observed using scanning electron
microscopy (SEM).

2 Materials and methods

2.1 Materials

The sand used for the experiments was natural wind-deposited
sand from the Mu Us Desert in Inner Mongolia, China (coordinates
E107.4, N38.2). To reduce the contamination of aeolian sand
components by human activities, all aeolian sand was harvested
from an open area 100 m away from the road. The gradation curves
obtained from particle analysis experiments are shown in Figure 1.
The results show that d50 = 0.18 mm, the curvature coefficient Cc =
1.01, and the uniformity coefficient Cu = 2.63<5, so this sand was
judged to be poorly graded. In addition, a natural density of p =
1.61 g/cm® was observed. Before being used in the experiments, the
sand was rinsed with distilled water to remove soluble salts and a
standard of 2 g of distilled water per gram of dry sand was used.
Then, the aeolian sand samples was sterilized (aeolian sand was
heated in a 100°C baking oven for 24 h to eliminate the effect of
microorganisms).

Anhydrous calcium chloride and urea were purchased from
Tianjin Hengxing Chemical Preparation Co., Ltd. with purities
of CaCl, > 96.0% and CO(NH,), > 99.0%, respectively. The
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TABLE 1 Content of cementing solution and injection methods used for each group of samples.

Urease
(mg/L)

Urea
(mol/L)

Number Net weight of CaCl,

(mol/L)

dried sand (g)

Injection rate Second injection

(mL/min)

First injection

Gl 292.5 | 290.2 2934 1 0.67 10 7.5 CaCl, and urease Urea solution (67 mL)
solution (67 mL)
2944 | 298.7 3011
297.2 | 2949 2962
298.5 | 299.0 2958
2932 | 2958  296.7
3004 2921 2979
G2 298.6 | 297.2  301.1 1 0.67 10 7.5 CaCl, solution Urea and urease solution
(67 mL) (Prehydrolysis 2 h in advance)
2999 | 2919 296.6 (67 mL)
299.4 | 298.6 294.8
297.5 | 2923 2902
2956 | 2929 2917
301.1 | 2943 3015
G3 2953 | 2979 2921 1 0.67 10 10
292.8 | 290.7 2972
293.0 | 2984 297.7
300.7 | 293.0 296.3
291.5 | 302.0 2952
3019 | 2957 298.6
G4 291.8  300.6 300.8 1 0.67 10 15
301.2 | 2984  300.9
2952 | 2986 301.6
294.6 | 296.1 @ 295.7
2934 2985 2973
2904 | 3025 2988

urease was purchased from Kamaxu (Shanghai) Biotechnology
Co., Ltd. was extracted from giant beans, and exhibited an
100 U/mg at
Cylindrical moulds were used for the preparation of the sand

enzyme activity of room temperature.
column sample. The mould for holding the sand was made of
high-density polyethylene and had a cylindrical shape, with a

diameter of 5cm and a height of 10 cm.

2.2 Sample preparation and treatment

To better simulate the natural state of wind-carried
deposition, a sand pourer was used to allow the dried sand to
fall freely from a height of 80 cm into the mould (Li et al., 2014).
Based on the water content rate of the dried sand after reaching
water saturation, each specimen was designed to be injected with
67 mL of the solution at a constant rate using a peristaltic pump
at each phase. The concentrations of urea and calcium chloride
were 1 mol/L and 0.67 mol/L, respectively (Almajed et al., 2018).

Frontiers in Earth Science

The concentration of urease was then set at 10 mg/L. A solution
injection rate >5.83 mL/min prevented specimen clogging
(Whiffin et al., 2007) in total, four groups and three injection
rates were used: Group 1 (G1) and Group 2 (G2) with an injection
rate of 7.5 mL/min, Group 3 (G3) with an injection rate of 10 mL/
min, and Group 4 (G4) with an injection rate of 15 mL/min. The
cementing solution that flowed out of the mould was not recycled
for injection. Table 1 lists the amounts of sand, urea, calcium
chloride, and urease added to each sample and the injection rate
for each group.

The solution injection and sample curing methods are shown
in Figure 2. Specifically, before injection, each sample was covered
with a layer of filter paper on top. At the time of injection, G1 was
injected with 67 mL of a mix of calcium chloride and urea in the
first stage and then held at room temperature for 1 h. In the second
stage, 67 mL of a urease solution was injected, and the sample was
placed into a thermostatic water bath box for maintenance.
According to the suitable reaction temperature and reaction
time of EICP, the temperature in the thermostatic water bath
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FIGURE 2

Injection of cement solution and sample maintenance method:

(A) injection of a cementing solution into the sample using a peristaltic
pump; (B) maintenance in a thermostatted water bath at a
temperature is 30°C +1°C.

Top

v

Bottom
Sand Column Sample

FIGURE 3
Locations of sampling positions for acid washing after sample
injection (unit: mm).

box was designed to be 30°C, and the curing time was 48 h
(Sahrawat, 1984).

G2, G3, and G4 were designed as pre-reaction experimental
groups, that is, urease and urea were reacted at room temperature for
2 h before injection. The G2, G3, and G4 were injected with 67 mL of
calcium chloride solution in the first stage and then left standing at
room temperature for 1 h. In the second stage, 67 mL of the mixed
solution of urease and urea pre-reacted for 2 h was injected, and
immediately placed in a thermostatic water bath box at 30°C
for 48 h.

A complete injection in each group included the first and second-
stage injections and 48 h post-injection maintenance, and 12 complete
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injections were performed in each group. Four samples were removed
after 3, 6, 9, and 12 injections to detect calcium carbonate content
which was not used after the measurements. A total of 12 injections
and 4 tests were performed. Therefore, 16 samples were needed for
each group of 4 tests. To avoid sample damage affecting the
experiment, 2 additional samples were made for each group as
backups, so 72 samples were made in total.

When the sand inside the sample was saturated, the flow field of
the solution would be in a relatively controlled state (Martinez et al.,
2013). In this experiment, the sample was saturated after the first stage
of injection, so the internal solution flow field was in a relatively
controllable state, which ensured the relative uniformity of calcium
carbonate content in the same height plane during sampling. The
amounts of calcium carbonate generated at different locations and the
total amount of calcium carbonate generated within the samples were
measured. The former was used to evaluate the uniformity of calcium
carbonate distribution affected by different injection methods, and the
latter was used to evaluate the total amount of calcium carbonate
generated by different injection methods within each sample. The
amount of calcium carbonate produced was tested using the acid-
washing method (Montoya and Dejong, 2015).

Because the sample was settled after injection, to test the amount
of calcium carbonate generated at different locations, 2 samples were
cut along the vertical direction over the center of the circle, as shown
in Figure 3, and sand samples were taken for testing from the top,
middle, and bottom of the cut surface at three locations in proportion
to the height. The sampling volume was 10 mm x 5 mm x 5 mm. The
amount of calcium carbonate generated after the nth group of the dth
injection was recorded as Gn-d. Each sample was sampled once at
each location, and the average of the experimental results of two
samples at the same location was taken for analysis.

To test the total amount of calcium carbonate generated, take
out two new specimens, then pour out the sand sample, stir to mix
well, and take out about 5 g sand for the acid washing test. This
experiment was repeated three times and the average of the three
results was taken for comparison.

The removed samples were put into glass dishes injected with
distilled water and washed with stirring to remove soluble salts. To
avoid aspiration of fine solid particles, the upper layer of clear liquid
was aspirated after standing for 1h and dried after repeating this
3 times, and the dry matter mass was noted as ml. An excess of
0.1 mol/L HCI solution was injected into the dry matter, it was
stirred until no bubbles emerged, left for 1 h to aspirate the upper
clear layer, rinsed 3 times with distilled water, and then dried. The
mass of the dry matter was noted as m,. The mass difference for the
dry matter after two drying cycles (m;-m,) divided by m, was taken
as the amount of calcium carbonate generated within a unit of
dry sand.

The uniformity of calcium carbonate distribution was calculated
using Eq. 1.

—\2 —\2 —\2
d _ 4d d _ ,d d _ ,d
(ot~ )"+ (t, —x2)" + (e, — x4

7=\ 3 W

Where 09 is the standard deviation of calcium carbonate

genertation after the dth injection in Gn; x%, x4 and x% are

the percentages of calcium carbonate content in the top, middle and
bottom positions after the dth injection in Gn (%), respectively; and
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FIGURE 4
Status of the sample after EICP treatment and before acid washing.
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FIGURE 5
Distribution of calcium carbonate in the vertical direction after
different numbers of injections of G1 and G2.

x4 is the mean value of the percentage of calcium carbonate content
in the top, middle and bottom positions after the dth injection in Gn
(%), respectively.

2.3 Observation of calcium carbonate
cementation morphology

SEM photographs were taken to visualize the sizes and
attachment patterns of calcium carbonate. Sampling was
performed after 12 injections at 2 locations, the top surface
and 1 cm below the top surface, to analyze the internal and
The SEM model is Zeiss

external cementation states.

crossbeam 540.
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Standard deviation of calcium carbonate distribution after
different injections of G1 and G2.

3 Results

3.1 Effect of prehydrolysis on the generated
calcium carbonate

Figure 4 shows the state of the sand at the top of the sample taken
after the corresponding number of injections and before acid washing.
Figure 4 shows that after 3 injections, a small amount of calcium
carbonate precipitation, the insoluble white-grey particles shown in
Figure 4, began to appear in the G2 samples, and the substance was not
observed in G1. After 6 to 12 injections, a large amount of insoluble
white-grey particles appeared in the G2 samples, and G1 began to show
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Total calcium carbonate content after different injections of
Gl and G2.

a small amount after 6 to 9 injections and a large amount of the
substance after 12 injections. The white-grey particles disappeared
immediately after the injection of hydrochloric acid solution. This is
because the hydrochloric acid reacts with carbonates.

Figure 5 shows the calcium carbonate distributions of the G1 sample
without prehydrolysis and the prehydrolysed G2 samples. The amounts
of calcium carbonate produced in the top and middle positions of
G2 samples were higher than those of G1 samples after each injection,
and the differences became more significant after multiple injections. The
difference in calcium carbonate contents between the tops of the G2 and
G1 samples after the 9th injection reached the highest level of 93.4%.
However, the difference in calcium carbonate contents at the bottoms of
the samples was small, and the amount of calcium carbonate generated at
the bottom of G2 was even smaller than that of G1 after the first nine
injections; the largest difference occurred after the 6th injection when
G1 generated 36.1% more calcium carbonate than G2 at the bottom. This
may be because, during the injection of the solution, the calcium
carbonate generated later was separated from the solution by the
calcium carbonate produced earlier (Singh et al,, 2021). This resulted
in lower uniformity for G2 than for G1 at all times after different
injections (Figure 6).

Figure 7 shows the total calcium carbonate content after different
numbers of injections for G2 and G1. The data illustrate that, first, the
total amount of calcium carbonate produced within the sample
increased gradually after several injections, regardless of whether it
was prehydrolysed. Comparing the slope of each segment of the curve
showed that the slopes for G2 increased in each segment and that the
slopes of G1 changed less. The slope represents the growth rate for total
calcium carbonate content, so the total calcium carbonate content of
G2 grew more rapidly with increases in the number of injections.
Second, the total calcium carbonate content was higher in G2 than in
G1. A total of 10.4% more calcium carbonate was produced in G2 than
in G1 after 3 injections and 66.1% more calcium carbonate was
produced in G2 than in GI after 12 injections. The above 2 points
suggest that prehydrolysis increased the total calcium carbonate
content, and calcium carbonate content grew at increasingly faster rates.
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FIGURE 9
Standard deviations of calcium carbonate distributions after
different injections in samples G2, G3, and G4.

According to Figures 5-7, the use of prehydrolysis improved the
total calcium carbonate content by 66.7% after 12 injections, but
prehydrolysis caused an uneven distribution of calcium carbonate
within the sample; sample G2 showed more calcium carbonate
concentrated mainly in the top part than Gl due to the low
injection rate (7.5 mL/min).

3.2 Effect of different injection rates on
prehydrolysis content of calcium carbonate

Figure 8 demonstrates the amounts of calcium carbonate
produced at the top, middle and bottom positions for different
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FIGURE 10
Total calcium carbonate content of G2, G3, and G4 after different
injections.

injection rates with the prehydrolysis samples. These results showed
that the amounts of calcium carbonate produced at different
locations in G3 (10 mL/min) after each injection were greater
than those of the corresponding locations in G2 (7.5 mL/min).
However, the amounts of calcium carbonate produced at
different locations of G3 were lower than those at the
corresponding location of G4 (15 mL/min) after 3 injections.
After 6 injections, the calcium carbonate content in the top and
middle sections of G3 began to exceed those of G4; especially after
9 injections, G3 produced 66.7% more calcium carbonate than that
produced at the top of G4. This indicates that when the injection rate
was increased from 7.5 mL/min to 10 mL/min while using the
method, the
produced at different locations was improved after several

prehydrolysis amount of calcium carbonate
injections, but the amount of calcium carbonate produced at
different locations started to decrease after reaching a rate of
15 mL/min.

Figure 9 shows standard deviations for calcium carbonate content
with each group using prehydrolysis and different injection rates.
These results showed that the standard deviation of calcium carbonate
distribution tended to increase with the number of injections, with the
standard deviations decreasing in the order G3>G2>G4 after
12 injections. The distribution of calcium carbonate in the
G3 sample was the most uneven because calcium carbonate in
G3 was mainly produced in the top section; content in the middle
section was 66.4% of that in the top part and content in the bottom
section was only 42.0% of that in the top part. The distribution of
calcium carbonate in G4 was the most uniform, and the standard
deviation was only 46.7% of that for G3 after 12 injections, which
indicated that the uniformities of the prehydrolysis samples were
improved by increasing the injection rate to 15 mL/min.

Figure 10 demonstrates the total calcium carbonate content after
different numbers of injections for the G2, G3, and G4 samples.
These results show that the total amount of calcium carbonate
produced after 12 injections decreased in the order G3 > G4 > G2.
Total calcium carbonate content was higher in G3 than in all other
groups except after the 3rd injection when it was lower than that in
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G4. For example, after 12 injections, G3 produced 59.0% and 28.5%
more calcium carbonate than G2 and G4, respectively. Therefore,
the optimal injection rate for increasing total calcium carbonate
content after prehydrolysis was 10 mL/min.

According to Figures 8-10, the injection rate corresponding to
the highest amount of calcium carbonate produced after
prehydrolysis was 10 mL/min, and 16.7% calcium carbonate was
produced per gram of dry sand after 12 injections. However, since
calcium carbonate was mainly distributed at the top, this calcium
carbonate distribution was the most uneven. The most uniform
distribution of calcium carbonate was that for G4, with a standard
deviation that was 46.7% of that for G3 after 12 injections, and a
calcium carbonate content that reached 77.5% of that for G3.

3.3 Differences in the cementation state of
calcium carbonate in different positions

Figures 11A-D shows SEM images of the cementation
morphologies of calcium carbonate in the samples treated with EICP.
Figures 11A, B show that the generated calcium carbonate precipitate
formed a thick film blocking the pores between sand particles at the inlet
surface of the solution injection, which explained why solutions injected
in the first and second stages could not penetrate downward when the
solution was injected in phases. Figures 11C, D show that the thicknesses
of calcium carbonate were approximately 10-25 pm inside the samples,
and calcium carbonate was generated around sand particles serving as
nucleation sites and attached to the sand particles instead of being
distributed between the pores in a diffuse state. This suggests that Sand
particles can be used as nucleation sites for the separation of calcium
carbonate from solution (Banfield and Zhang, 2001; Kawaguchi and
Decho, 2002; Achal and Mukherjee, 2015; Bains et al., 2015; Hamdan
and Kavazanjian, 2016; Almajed et al.,, 2020).

4 Discussion

4.1 Mechanism by which prehydrolysis
promotes calcium carbonate content

The results for the distribution of calcium carbonate content and
total calcium carbonate content with and without the use of
that
prehydrolysis effectively increased the total content of calcium

prehydrolysis, as shown in Figures 5, 7, indicate
carbonate, but under the condition of low flow rate, the more
generated calcium carbonate is mainly distributed in the top.

The reason why prehydrolysis increased EICP content is that
prehydrolysis accelerated the 2 processes of the EICP, reaction, and
precipitation cementation. The EICP reaction can be divided into
three stages (Ferris et al., 2004); in the first stage, the ammonium
carbonate generated by the hydrolysis of urea reacts with calcium
chloride, and a supersaturated calcium carbonate solution is formed.
In the second stage, calcium carbonate crystals nucleate at critical
saturation points. In the third stage, the calcium carbonate
precipitate grows at the nucleation site by stable precipitation.
We consider prehydrolysis to be optimized for all three phases.
In the first stage, part of the carbonate produced by prehydrolysis

reacts rapidly after injection with adjacent calcium ions to produce a
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FIGURE 11

SEM images of calcium carbonate cementation states after 12 injections of the G3 sample: (A,B) show views from the top surface of G3; (C,D) show

views from 1 cm below the top surface of G3.

supersaturated calcium carbonate solution, which partially solves
the problem of calcium ions being washed away. In the second stage,
the rapidly formed supersaturated calcium carbonate solution
nucleates and precipitates around the sand particles. In the third
stage, the calcium carbonate generated first becomes a site for later
calcium carbonate nucleation (Cheng et al, 2013), helping the
subsequent formation of calcium carbonate precipitates from the
supersaturated calcium carbonate solution and reducing the amount
of calcium carbonate carried out by the water flow. Thus, after
12 injections at the same injection rate, the total calcium carbonate
content in G2 reached 1.7 times that of G1, demonstrating that
prehydrolysis substantially increased calcium carbonate content.

The reason for the low content of calcium carbonate in G1 is that as
biologically active materials, the rate of the urea and urease reaction was
much slower than the rate of reaction between calcium ions and
carbonate. The rate of decomposition of urea at 20°C was only
1.1 mmol/(L*day), and the rate of decomposition tended to decrease
gradually with increasing temperature (Mitchell and Ferris, 2005). Even
when all materials were mixed in a test tube, it took 15 min to observe
turbidity in the solution, and 30-40 min before calcium carbonate
slowly formed a precipitate (Martin et al., 2020). Although the use of
phased injection of the cementing solution brought about a more
uniform spatial distribution of calcium carbonate, it caused the
material injected water to wash away the first injected solution; the
higher the injection rate was, the more significant this negative effect
was. Even using a minimum injection rate of 7.5 mL/min with G1, it
took less than 9 min to inject 67 mL of solution, a period during which
the urea and urease could not achieve full contact and react within the
samples to form ammonium carbonate.

Frontiers in Earth Science

4.2 Effect of injection rate on calcium
carbonate content during prehydrolysis

Figure 7 shows that prehydrolysis increased the amount of
calcium carbonate produced, but the results of Figure 6 reveal
that prehydrolysis increased the inhomogeneity of calcium
carbonate. Combining Figures 9, 10 shows that simultaneous
increases in total calcium carbonate content and homogeneity
were achieved by accelerating the injection rate to 15 mL/min of
the cementing solution.

At an injection rate of 7.5 mL/min, prehydrolysis decreased
the uniformity of calcium carbonate distribution, although it
increased the amount of calcium carbonate produced. This was
due to the low injection rate. Therefore, after using
prehydrolysis to increase the amount of calcium carbonate
produced, it was possible to use a higher injection rate to
improve the uniformity of calcium carbonate distribution and
achieve increased calcium carbonate content and uniformity of
distribution at the same time. The total amounts of calcium
carbonate produced in the samples after repeated injections
were higher for G3 with a 10 mL/min injection rate than for
the other groups. Accordingly, analysis of Figure 8 shows that
the calcium carbonate distribution in G3 was also more uneven
at the latter stage of the process due to the large amount of
calcium carbonate produced at the top. With a 15mL/min
injection rate, the total amount of calcium carbonate
produced reached 78% of that of G3 after 12 injections.
Figure 8 shows that the distribution of calcium carbonate in

G4 was more uniform, and the standard deviation of calcium
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carbonate content was the lowest among the three groups using
prehydrolysis. A prehydrolysis injection rate of 10 mL/min was
suitable for spraying to form a hard crust on the dust surface and
prevent wind erosion because calcium carbonate was mainly
generated in a depth range of 0-5 cm at this injection rate (Jiang
et al, 2016). A prehydrolysis injection rate of 15mL/min
promoted a more uniform distribution of calcium carbonate
in sandy soil, which was suitable for generating more calcium
carbonate to enhance the overall mechanical strength of sandy
soil after repeated injections (Cheng et al., 2013). The injection
rate of 15 mL/min is the optimal condition for the experimental
objectives.

5 Conclusion

This paper proposes an optimized approach involving
prehydrolysis of urea and urease with accelerated injection
rates to improve the amount and uniformity of calcium
carbonate content before using EICP to reinforce sandy soils.
Through comparative tests, the effects of prehydrolysis and
different injection rates on the amount and distribution of
calcium carbonate content are examined. Meanwhile, the
mineralized external cementation state was observed by SEM.
The following conclusions are obtained:

1. At the same injection rate, the content of calcium carbonate in

the prehydrolysis samples was higher than that in the samples
The
increased calcium carbonate content is that prehydrolysis
accelerated the 2 processes of the EICP, reaction, and
precipitation cementation, which can reduce the amount of

without prehydrolysis. reason why prehydrolysis

calcium carbonate carried out by the water flow.

2. The injection rate affects the total amount and uniformity of
calcium carbonate when using the staged injection method.
10 mL/min produces the greatest amount of calcium

carbonate but is only mainly distributed at the top. While

15mL/min results in a uniform distribution of calcium
carbonate inside and outside the sand. Higher injection rates
can be used to improve the uniformity of calcium carbonate
distribution.

3. The Prehydrolysis and an Accelerated Injection Rate could be
a viable method to simultaneously improve the efficiency of
calcium carbonate generation and distribution uniformity,
and could also be applied to form a hard crust on the
surface of sandy soil or for reinforcing sandy soil by

multiple injections.
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