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Abstract: In recent years, soil solidification by EICP method is a green and
environmentally friendly foundation treatment technology that has become
popular in the field of geotechnical engineering. Compared with the
traditional chemical induction method and the MICP method, the EICP
method is not easily restricted by environmental factors associated with
engineering geological problems and is green and environmentally friendly
with lower cost. In this paper, a study was carried out to improve the
seepage-mechanical properties of sandy soils by the EICP method. First,
soybean urease solution extraction and its performance optimization methods
were explored. Tests were conducted to compare urease extraction and detect
activity. The activity of urease was 7.1% higher in deionized water than
Laoshan mineral water. Second, the EICP grouting mineralization test was
performed by using the carbon fiber reinforcement method. The CaCOs;
content, unconfined compressive strength, porosity, permeability and other
indicators of the sandy soil were systematically analyzed, and microscopic
tests were conducted. The test results showed that after carbon fibers were
added to the sand, the mineralization effect of EICP led to the precipitation
of CaCOs that adhered to the surfaces of sand grains and fibers and filled and
cemented the pores between sand grains, which improved the integrity of the
spatial structure and formed a stable solid sand-fiber monolithic composite
structure. When the carbon fiber content was 1.2%, all aspects of
performance were optimum. The above test results showed that the carbon
fiber-based EICP mineralization method could effectively inhibit the brittle
failure and improve the permeability and mechanical properties of sandy soil.
This method has good application prospects and development potential for
use in engineering geology.

Keywords: Carbon fiber; sandy soil; urease-induced carbonate precipitation;
performance optimization; permeability-mechanical properties

1 Introduction
Microbially induced carbonate precipitation (MICP) is a new geotechnical reinforcement
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technology that uses microorganisms to induce and regulate the growth of inorganic minerals and
improves soil properties by cementing sand particles and filling soil pores [1]. Compared with the
traditional chemical induction method, MICP is greener and more friendly to the environment. It has
been used successfully in geotechnical engineering The application of MICP technology in
geotechnical engineering has many successful cases, and it is widely used in sand consolidation [2-4],
restoration of cultural relics [5-7], seepage plugging [8, 9], foundation improvement [10, 11] and
other fields. With the continuous promotion and application of MICP, some new problems have
emerged in the overall process. For example, the cultivation process of microorganisms is often
restricted by the environment, and factors such as temperature [12, 13], humidity [14], and pH [15-17]
affect the application of the MICP method. While MICP technology has been fully promoted and
applied, some scholars believe that the method has too many requirements for the environment. To
ensure that the expected effect can be achieved in the promotion of engineering applications, it is
often expensive to create the environment required for cultivating microorganisms. Therefore, new
research proposes to obtain urease from crops for urease-induced carbonate precipitation. Gao Y [18]
and Nam [19] chose to extract urease from crops and found that the urase improved the effect of
inducing mineralization. Pratama [20] chose to extract urease from soybean flour to reduce costs, and
through tests such as measurements of urease activity and strength, they found that soybean urease
could replace bacteria for soil improvement. Lee [21] found that in terms of inducing carbonate
mineralization, the activity of urease extracted from soybean was better than that of urease secreted by
microorganisms.

Scholars have recently conducted relevant research on enzyme-induced calcium carbonate
precipitation (EICP) in different scenarios. Park [22] used the core plugging test to confirm that the
EICP mineralization method caused calcite to precipitate in pores, resulting in a decrease in the
permeability of a sandstone core. Gao Y [23] and Almajed [24] conducted field testing and discovered
that EICP greatly increased the sandy soils' resistance to wind erosion and surface strength. Chen Y
[25] found that the EICP technique could delay the occurrence of capillary barrier breach in sand
geotextiles. Moghal [26] found that the CaCO; precipitate deposited in the soil pores space after EICP
treatment could reduce the permeability and swelling of the soil.

The introduction of the fiber reinforcement method effectively improved the mineralization
performance of MICP. Mechanical properties such as strength and coefficient of permeability of the
soil can be enhanced by adding certain fibers to the soil [27-30], effectively compensating for the
brittle defects caused by mineralization of soil [31]. Some scholars combined the soil reinforcement
method with the soil mineralization method to explore the influence of the two methods on soil. Qiu
[32] found that the doping of carbon fibers promoted the mineralization effect of MICP and resulted
in higher strength of the soil. Cheng L [33] conducted an MICP experiment with a mixed source of
carbon fiber calcium and magnesium. They found that MICP had good efficiency in improving the
thermal conductivity of soil and adding carbon fiber further improved the efficiency.

The traditional chemical grouting mineralization method has side effects on the soil environment.
The urease active substance in the MICP grouting mineralization method comes from microorganisms,
and the requirements for the test environment and test operation are relatively demanding when
cultivating microorganisms. In this study, the EICP grouting mineralization method was tested using
sand used sand columns with different carbon fiber contents. The changes in sample permeability and
mechanical performance indicators were studied, and a microscopic analysis was conducted to reveal
the mechanism of EICP mineralization and interaction. This research method is simple to perform,
reduces the requirements for the test environment when cultivating microorganisms and is a more
promising method for allowing the surrounding soil to be green and pollution-free. This study
provides theoretical support for the extension of the EICP mineralization method to the field of
geotechnical engineering.

2 Experimental materials

2.1 Sand and fiber
The tested sand was natural quartz sand (40-60 mesh) from Chuzhou (Anhui Province, China).
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Sand grains mainly consisted of SiO; (99.64%) and Fe,03(0.021%). According to GB/T 50123-2019
[34], conducting particle sieving tests to obtain material properties of sand, such as the median
particle size (Dso), curvature coefficient (Cc) and inhomogeneity coefficient (Cy) (Fig. 1). Table 1 lists
the main indicator properties of the tested sand.
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Fig. 1. Sand particle gradation curve.

Table 1. Material properties of sand

Dso Pmax Pmin )
Sand sample (mm) Cc Cu Gs (glem?) (glem?) €max €min
Quartz sand 0.307 1.081 1.282 2.653 1.53 1.31 1.023 0.732

Notes: Dsg is the median particle size, C. is the curvature coefficient, C, is the inhomogeneity coefficient,
Gs is the the specific gravity, pmax is the maximum density, pmin IS the minimum density, emax iS the
maximum porosity, and emin is the minimum porosity.

Carbon fiber can improve the mechanical properties and thermal conductivity of cured sand. It is
an ideal reinforcement material. The carbon fiber used in this test was produced by Toray Corporation
of Japan (Fig. 2). According to GB/T 3362-2017 [35], mechanical properties of carbon fibers obtained
from compound filament tensile property tests. Table 2 lists the main index properties of the carbon
fiber.

Fig. 2. Carbon fiber.

Table 2. Material properties of carbon fiber

Thermal . Tensile Tensile elastic  Elongation Carbon

D'(a me)ter L(?:rgnt)h conductivity ?322%’ strength modules at break content
Hm Wimk) 9 (MPa) (GPa) (%) (%)
7 6 10 1.76 4900 240 2.0 99%

2.2 Sand column preparation

The sand column samples used in the test were prepared by using a syringe barrel. The operation
steps were as follows: 1) Scissors were used to cut a gap from top to bottom of the syringe barrel, it
was sealed with glass glue, and penetration-resistant tape was attached. Pad the bottom of the syringe
barrel with a strainer to facilitate slurry backflow and avoid leakage of quartz sand. 2) Different ratios
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of sand and carbon fiber were prepared; 243.85 g of quartz sand and discrete carbon fibers were
weighed corresponding to the mass percentages. The mixture was divided into 5 parts, placed into a
beaker, stirred evenly, and placed into a syringe barrel in layers. A metal hammer was used to tamp
the mixture (Fig. 3) to a predetermined height (22 mm per layer). Control the final height of the sand
column specimen at about 110mm, and the density was controlled at 1.46 g/cm®. According to the
different carbon fiber contents, three groups of samples were made for each type.

Fig. 3. Sample compaction.

2.3 Mineralization solution preparation

The activity of urease and the ratio of urease to cementing fluid all affect the formation rate of
cementitious materials, the distribution of cementitious materials in the soil. To obtain a better
mineralization effect, the chemical cementing solution was configured according to the 1:1 molar
concentration of urea and calcium chloride in the solution [36]. First, First, a 1.5 mol/L urea solution
was made by combining 45.05 g of urea with 500 mL of distilled water, while a 1.5 mol/L calcium
chloride solution was made by combining 83.24 g of anhydrous calcium chloride with 500 mL of
distilled water. The two solutions prepared were added to a 1 L Erlenmeyer flask at the same time and
vibrated vigorously to ensure that the mixed solution fully reacted to form a chemical cementing
solution with a molar concentration of 0.75 mol/L.

3 Experimental design and methods

3.1 Test plan

The soil used in this study was a sandy soil with large pores and good permeability, and
infiltration grouting was considered [37, 38]. To evenly distribute the urease-activated polymer gel
crystals in the sand column, the two-phase grouting method was performed under a saturated state.
That is, in the state of sand column saturation, the chemical cementing fluid and the urease extracting
fluid were injected successively. In this study, different proportions of carbon fiber (0%~1.4%,
increased by increments of 0.2%) were added to analyze the effect of EICP on sand consolidation. By
testing the porosity, permeability, CaCOs content, and strength of the sample and conducting a
microscopic analysis, carried out a study of the permeability mechanical properties of EICP
mineralized soils.

3.2 Urease Extraction

During the experiment urease was extracted from soybeans and then treated by filtration,
centrifugation, and refiltration. The reaction of urease mineralized alkali to stimulate polymer solution
is shown in Eq. (1):

C,Cl,(aq) + CO(NH,), (aq) + 2H,0(l) —2%™_5 2NH,Cl(aq) + CaCO,(s) (1)

In this study, pure very active urease was obtained by using soybeans grown indoors. The steps
of the procedure were as follows: 1) The soybeans were ground in batches; a small number of
soybeans were put into the electric grinder and ground for 30 seconds into powder (Fig. 4a). 2)

distilled water was added to the beaker containing soybean flour; the mass ratio of soybean flour and
distilled water was 1:5. To make the urease extraction more complete, it was preferable to add water
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to the soybean powder. The beaker was placed on a magnetic stirrer (Fig. 4b) for uniform, slow, and
continuous stirring for 25 min. When the slurry was observed to be evenly stirred, stirring was
stopped. 3) The slurry was refrigerated (Fig. 4c). The mixed solution separated into two layers of
liquid due to gravity, and large insoluble particles of impurities were observed at the bottom of the
beaker, which were bean dregs, and the light yellow liquid in the upper layer was urease. 4) The
mixed solution was filtered using a 120-mesh screen (Fig. 4d) to obtain a urease solution without
visible impurities. 5) The filtered urease solution was put into a 50 ml centrifuge tube and centrifuge
the filtered urease solution at 6000 rpm for 15 minutes to separate the fine insoluble impurities and
soluble impurities, which formed insoluble flakes and impurities in water (Fig. 4e). 6) Filtration was
performed again to obtain a clear urease solution (Fig. 4f).

[
(a) Saoy flour (b) Magnetic stirrer (c) Refrigeration

(d) Filter (e) Centrifuge (f) Urease solution
Fig. 4. Test Apparatus.

3.3 Performance optimization of urease

In order to have better results in the grouting mineralization test, the performance of urease
solution is a crucial factor that needs to be tested for its activity. The following reaction occurs (Eq.
(2)) when the urease solution is added to the urea solution. This reaction gradually produces charged
particles in a solution that was originally free of charged ions, thereby enhancing the conductivity of
the solution. Therefore, the higher the activity of the urease solution, the faster the rate of urea
hydrolysis and the faster the conductivity of the solution is enhanced. Urease activity can be
characterized by means of a thermal conductivity meter.

CO(NH,), (aq) + 2H,0(1) —>"— 2NH (aq) + CO;"(aq) @

The specific test of urease activity detection was as follows: When detecting activity, it is
advisable to apply 1 mL of urease extract to 10 mL of urea solution with a concentration of 1.5 mol/L.
In the course of the test, we performed a number of tests in order to measure quantities conveniently
with precise proportions. First, the test tube was filled with 5 mL of urea solution, which had a
concentration of 3 mol/L. Then 4 mL of water and 1 mL of urease extract were added into the test
tube, and the test tube was shaken quickly and completely. Following the insertion of the conductivity
meter's probe into the mixture, the number on the display of the conductivity meter increased rapidly
from 0, and after a period of high-speed growth, the growth rate became increasingly slower. When it
reached 2 ms/mL, the stopwatch was turned on, and this time was marked as 0 min. After 1 min, the
readings of the conductivity meter were recorded and then recorded at 2 min, 3 min, 4 min, and 5 min
in turn. Starting the timer from the moment when the instrument reached 2 ms/mL could effectively

reduce the measurement error.
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To release the maximum activity of urease in the solution, a control test was set up for the water
quality used in this activity test. When the room temperature was 22<C, the measured conductivity
value represented the test data of urease solution activity (Fig. 5).

I Laoshan mineral water is equipped with
urease, Deionized water to prepare urea
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Fig. 5. Urease solution activity expression based on electrical conductivity.

The measurement method of the conductivity meter: Referring to the method introduced by
Whiffin [39], the value calculated according to Eq. (3) characterized the activity of urease solution.

a=AE/Atx11.11xd (3)
where a is the characteristic value of urease extract activity, 4E is the conductivity difference of

the solution to be tested in a certain time interval, 4¢ is the interval time, and d is the dilution ratio of
the urease extract.

According to the above calculation method, the activities of the four groups of urease solutions
were obtained (Table 3). The unit U in the table represents the decomposition of 1 mol of urea per
minute.

Table 3. Characteristic values of urease activity in each test group

Test group Urease activity (U/mL)
Laoshan mineral water used to extract urease,

Deionized water used to prepare urea 22.00
Laoshan mineral water used to extract urease,
. . : 21.78
Laoshan mineral water mixed with urea
Deionized water used to prepare urease,
. . . 22.89
Laoshan mineral water mixed with urea
Deionized water used to prepare urease, 93.33

Deionized water used to prepare urea

Table 3 shows that when the urease solution and urea detection solution were prepared with
deionized water, the activity of urease reached 23.33 U/mL, which was 7.1% higher than that of the
urease solution extracted entirely from Laoshan mineral water.

3.4 Urease-induced carbonate precipitation grouting mineralization

The EICP grouting mineralized sand test device included a U-shaped tube, syringe tube,
peristaltic pump, waste liquid treatment tank, urease solution, cementing liquid, and fixtures. The
fixing device was a test bench made in this laboratory, and the syringe tube with the sand column
could be placed in the small hole of the test bench to facilitate the connection of the syringe tube with
the U-shaped tube and the peristaltic pump. The steps of EICP grouting mineralized sand were as
follows: 1) The bottom of the syringe tube was first connected to the U-shaped tube, and the top of the
tube is then connected to the peristaltic pump. A peristaltic pump was used to inject 1.4 times the
pores at a rate of 5 mL/min using the upward flow method. volume of deionized water, when the
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liquid level in the syringe was slightly higher than the sand surface, the sand column was in a
saturated state. 2) The two-phase injection method was used for EICP treatment. First, 74 mL of
urease extract was poured into the top of the syringe. Referring to the bacterial liquid injection method
proposed by Cui Mingjuan, a peristaltic pump was used at a rate of 5 mL/min. It was injected into the
specimen and allowed to stand for 2 hours to make the urease fully adhere to the soil particles. Then,
74 mL of cementing solution was injected, and when the chemical cementing solution disappeared on
the sand surface, the self-priming peristaltic pump was immediately turned off. 3) After the sample
was left to stand for 24 hours, step 2 was repeated for a total of 7 days of grouting to obtain the EICP
treatment and solidification of the molded sand column. The EICP treatment process device used in
this experiment is shown in Fig. 6a, b.

Needle push A
Needle ; fo i
EICP treatment 4—Hose o . s ‘ "' |
- et = N '; /
4—TU-shaped saturated "A‘{ s g
Filter .L liquid level N e
| | &
A &)
N -
(a) EICP Downflow Injection Processing (b) Saturated sample with water

Fig. 6. EICP grouting mineralization.
4 Test method

4.1 CaCOs; content test

The content of CaCO3; was tested by the pickling method [40]. Its specific operation was as
follows: (1) A small sample was weighted, its mass was recorded as ms, and then the test piece was
crushed. (2) A beaker containing a crushed test block was filled with an excess of 1 mol/L
hydrochloric acid to initiate a reaction. The calcium carbonate in the test piece reacted completely
with hydrochloric acid. The remaining solid matter in the beaker was cleaned and dried completely,
and the mass was recorded as ms.

(%) =t @

4.2 Unconfined compressive strength test

- : £
o i X AT\

(a) Compression failure of the sample  (b) The cracked sample  (c) Failure surface of the sample
Fig. 7. strength test.
The test soil in this study was sand treated with carbon fiber-doped EICP mineralization, and the

effects of EICP mineralization and carbon fiber reinforcement on the strength of the soil were
explored. The instrument used in the test was a strain gauge unconfined compressive strength tester.
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First, the prepared specimen was placed on the instrument, the height of the bottom was adjusted so
that the specimen was just in contact with the upper pressing piece, and then the force gauge was
adjusted so that the reading at this moment was 0 mm. After the above preparations were performed,
the pressure was slowly increased to measure strength of the specimen (Fig. 7).

4.3 Porosity test

The drying method was used in this test to measure the specimen's volume change [41]. First,
after injecting water into the hardened sand to make it saturated, the specimen was allowed to stand
for eight hours before the wet weight (m,) was measured. Then, the saturated specimen was placed
into the oven to dry to constant weight, and the specimen's dry weight (mq) was determined. The
mass of water contained in the pores of the specimen is obtained by calculating the mass variation
between the initial and subsequent specimens, and the porosity n of each sand column was calculated
by Eq. (5).

— m(n — md
FoAY

(0]

(®)

n

4.4 Penetration test

The sandy soil in this study had pores, and liquids such as groundwater could flow from the
pores to form seepage forces, which could remove mineralized crystals or soil particles, disrupt the
soil's structure, which will subsequently have an impact on the soil's mechanical characteristics. The
indoor penetration test was divided into the constant head method and the variable head method in
principle. The sand used in this test was relatively fine, and thus the variable head method was used.
The operation steps were as follows: First, the sand column after grouting was placed on a homemade
bench, water was poured at the top, and when there were stable water droplets at the bottom, then
connect the spout at the lower end of the syringe with the head gauge tube filled with water to saturate
the sand column and form an initial head difference. Then, the head valve was opened, and the
measurement was started. The measuring device is shown in Fig. 8a, and the schematic diagram is
shown in Fig. 8b. Referring to geotechnical test method standards [34], the permeability coefficient
was calculated using Eq. (6).

—H—1= o7
[J [—[ = ‘
,f/ . | _{-ﬂ Il: . a e
: B
Q e ‘ +— Head measuring Q B\ TR & s
arn £ ¢
. | |L - Switch IH
(a) Schematic diagram of the penetration test (b) Penetration test device
Fig. 8. Penetration test.
aL A
=2. Lg Ahy (6)

33—
Alt,-t) ~ Ah,
where L is the seepage diameter, equal to the height of sand column specimen, t; is the starting
time, t»is a certain time after starting, Ahs is the initial head difference, and Ah; is the head difference
at time t,.

4.5 Microscopic testing

Scanning electron microscopy (SEM) was used in this study. A desktop scanning electron
microscope with a built-in energy spectrometer produced by Hitachi, Japan was used. It could not
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only observe the microscopic morphology of the material surface but also conduct qualitative analysis
on the composition of a small area on the material surface at the same time. After the strength test,
undoped cement block samples (no carbon fiber) samples doped with carbon fiber (1.2% and 1.4%)
were selected, and typical parts with relatively flat cross sections were tested with the electron
microscope. Then, gold spraying treatment was carried out under vacuum to maximize the reduction
in the charge generated by the electron beam. Finally, the test block was magnified 1000 times for
electron microscope scanning.

5 Results and Analysis

5.1 Analysis of CaCOs content results

By analyzing the relationship between different carbon fiber dosage and the change of calcium
carbonate content in the sand column (Fig. 9), showed that with the increase of carbon fiber dosage,
the CaCO; content shows a tendency of increasing and then decreasing. The CaCOs content rose by
45.1% when the carbon fiber percentage increased from 0% to 0.6%. When the carbon fiber content
was increased from 0.8% to 1.2%, it only increased by 30.13%, at which point the CaCO; content
peaked. The production of CaCOs fell by 5.9% as the carbon fiber content rose to 1.4%. Therefore,
there was not a direct linear relationship between the amount of CaCQOj3; produced and the amount of
carbon fiber added, which was related to the interaction between urease, cementing fluid, carbon fiber
and soil. When the amount of carbon fiber was less, it occupied less sand pore space, and there is
more space in the sand body for urease to adsorb and participate in the EICP process, and the CaCOs3
precipitated by a series of reactions. When the quantity of carbon fiber doping reaches a certain
degree, the carbon fibers contact each other to form a spatial network that affects the normal
infiltration and migration of urease in the sample, and the hydrolysis rate of urea began to slow, but
the CaCOs precipitation still slowly increased. When the dosage exceeded 1.2%, the carbon fiber
occupied a large quantity of pore space. The limited pore space inhibited the metabolic activity of
urease, the production of CaCO3z was impacted, and prevented the cementing fluid from penetrating
into the sand for the EICP process. Therefore, the formation of CaCOz;was slightly less than before.

11r

10F

9Fr

8t

CaCO; content (%)

5 1 1 1 1 1 1 1
00 02 04 06 08 10 12 14

Carbon fiber content (%)

Fig. 9. Variation of CaCO; content in the sand column.

5.2 Unconfined compressive strength test results

The analysis of the results of sand column strength (Fig. 10) shows that as carbon fiber dosage is
increased, the unconfined compressive strength typically rises before falling. Due to the cementing
effect of calcium carbonate deposited between carbon fibers and sand particles. The carbon fiber and
sand solidified together, and carbon fibers were anchored in the sand, which made the carbon fiber's
surface rougher and expanded its area in contact with the sand, thereby increasing the friction between
the carbon fiber and the sand. The interaction between the two enhanced the interfacial force between
the carbon fiber and calcium carbonate, thereby increasing the overall compressive performance of
the sand specimen. When the fiber content was low (0.2%~0.6%), the amount of CaCOs significantly
increased, and the interfacial force between the carbon fiber and CaCOs also increased. However, it
was difficult to form an effective fiber network structure due to the large spacing of the spatial
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distribution of fibers. With increasing fiber content (0.6%~0.12%), the growth rate of CaCOs;
production slowed. But, the overall increase in compressive strength has improved considerably. But
the increase in the overall compressive strength greatly improved. This was due to the interfacial force
between the CaCOs reinforced fiber and the sand, and the spatial distribution of carbon fiber
transformed into a three-dimensional network structure, which exerted a three-dimensional
reinforcement effect of carbon fiber and increased the integrity and stability of the specimen. Once
carbon fiber doping hits a certain threshold (the amount of carbon fiber was 1.2%), the CaCOs
precipitation reached the peak, all of them were evenly attached to the carbon fiber, and the integrity
of the spatial structure reached the optimal state. As the fiber content continued to increase (1.4%), the
surface area of the carbon fiber increased. However, the specimen'’s unequal attachment to the carbon
fiber resulted from a decrease in CaCOs synthesis, and weakened interfacial forces between fibers and
sandy soil. Cause stress concentration phenomenon, reduce the integrity and compressive strength of
the specimen.
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Fig. 10. Unconfined compressive strength of the sand Fig. 11. Sand column porosity.

column.

5.3 Analysis of porosity test results

By analyzing the porosity of EICP-treated sand columns with varying carbon fiber dosage (Fig.
11) showed that for pure sand columns (carbon fiber content 0%), under the action of EICP, the
porosity was 37.15%. The porosity before mineralized grouting was 44%, which was reduced by
6.85%. It can be seen that the EICP mineralization grouting method had a significant effect on
increasing the compactness and reducing the porosity of the soil. At the same time, its porosity was
significantly impacted by the carbon fiber content of the specimens. When the sand column's carbon
fiber content was low, by increasing the amount, its filling ratio in the pores could be increased.
Besides the adsorption area of CaCO; precipitated by urea hydrolysis on the carbon fiber could be
increased during the EICP process. At this moment, the spatial distribution of carbon fibers gradually
became a three-dimensional spatial network structure. CaCO3 binds the separated sand grains together
and binds evenly to the carbon fibers. It compacts the sample's pores and limits the movement and
distortion of the sand grains. The combined effect of the porosity decreased continuously with
increasing carbon fiber content. But once carbon fiber doping hits a certain threshold (the amount of
carbon fiber was 1.2%), the pore space structure of the sand column was the most compact, and the
porosity reached the minimum. Continuing to add its dosage, at this time, the carbon fiber occupied a
certain pore space. The limited pore space affected the activity of urease and prevented the cementing
fluid from penetrating into the sand, thereby affecting the quantity of CaCOs precipitation and the
reduction of the adsorption area on the carbon fiber during the entire EICP process. As a result, the
pore volume of the sand column increased.

5.4 Analysis of permeability test results

The undisturbed sand column's permeability coefficient was 2.08x<10° cm/s, and the sand
column after one cycle of EICP mineralization had a permeability coefficient of 4.76x<10° cm/s. It
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was magnitude lower of penetration rates. According to the analysis of permeability coefficients of
EICP-treated sand columns with different carbon fiber dosages (Fig. 12), under the joint action of
EICP mineralization and carbon fiber on the specimens, with the increasing quantity of carbon fiber in
the specimens, the amount of CaCOs precipitated by the reaction increased, and the pore space inside
the specimens was blocked by the precipitated calcium carbonate, resulting in a certain degree of
decrease in the permeability of the specimens. The permeability reached its lowest value when the
carbon fiber doping reached 1.2%, with a permeability coefficient of 1.92 x 10° cm/s. When the
carbon fiber doping was increased from 1.2% to 1.4%, the permeability coefficient of the specimens
instead increased to 2.26 x 10° cm/s. At this time, with the increase of carbon fiber doping, the
specimens is occupied by carbon fibers to increase the pore space of the specimens. But due to the
reduction in the internal pore space, the urease activity decreased, and the cementing fluid had more
difficulty penetrating into the specimens. In turn, it affected the amount of CaCOs precipitated by the
hydrolysis of urea, the area attached to the carbon fiber decreased, and the clogged area of pore space
increased, leading to an increase in the sand column's permeability coefficient.
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Fig. 12. Sand column permeability coefficient value.

5.5 Microscopic test results

Fig. 13 shows the SEM images of the cured specimens without carbon fiber and with carbon
fiber contents of 1.2% and 1.4%. From the 1000 times magnified SEM image (Fig. 13a) of the cured
sample without carbon fiber content, the calcium carbonate precipitate generated by EICP adheres to
the sand grains and fills the pores to some extent. When the grout was completely saturated, it filled
the pore space and formed calcium carbonate crystals that were deposited in the pore space. It were
wrapped by precipitated CaCOs crystals of the sand grains, which improved the integrity of the
structure, thereby strengthening the sand samples that were treated with EICP.
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(a) Undoped carbon fiber (b) Carbon fiber content 1.2% (c) Carbon fiber content 1.4%
Fig. 13. SEM image of the carbon fiber-doped sample.

The cured sample (Fig. 13b), which had a 1.2% carbon fiber content, was examined under a
1000 times magnified SEM image to reveal the fibers pass through the holes between the sand grains
to form a three-dimensional mesh structure. In some measure, this structure limited the movement and
deformation between the sand grains. When the shear failure surface appeared on the sample, the
fibers on the shear surface generated tensile stress. It made up for the strength loss caused by the
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destruction of the nearby soil and could also inhibit the further occurrence of the shear plane. A this
point in time, a lot of CaCOs precipitate was attached to the surfaces of the carbon fibers, the contact
between the carbon fiber and the sand, and the surface of the sand. This increased the amount of
CaCOs; produced. Carbon fiber played the role of a bridge in the EICP process, while calcium
carbonate bonded the spaced sand particles together and evenly attached to the carbon fiber to play a
bonding role. The integrity of the spatial structure reached the optimal state. And the quantity of
carbon fiber rose (reaching a certain amount), the bridging effect became more obvious, and more
calcium carbonate precipitates were formed by the solidified body, thus forming a stable solid sand-
fiber overall composite structure. The surface roughness of the carbon fiber increased, thereby raises
the specimen’s internal friction, which raises strength of the specimen.

When carbon fiber doping is increased to a certain level after (Fig. 13c), the carbon fibers with a
content of 1.4% were entangled. Occupying a certain pore space inside the sand column, the limited
pore space affected the activity of urease and prevented the cementing fluid from penetrating into the
sand. At this time, CaCOs crystals precipitated only on the surfaces of the fibers, thereby this results
in lower CaCOs production. The specific surface area of the carbon fiber increases, the production of
CaCOs; decreases and unevenly wrapped around the carbon fiber, part of the calcium carbonate is
easily damaged by the rupture phenomenon. The interfacial forces between fibers and sand weakened,
resulting in stress concentrations and thereby reducing the integrity and compressive strength of the
sample.

6 Conclusions

In this study, a series of experimental studies were carried out on urease, which could induce
calcium carbonate cementation. Orthogonal experiments were conducted on sand columns by using
EICP grouting mineralization and adding carbon fiber. In this experiment, multiple control groups
were set up to highlight the effects of the EICP grouting mineralization treatment and carbon fiber on
the performance of the sand columns. By carrying out the mineralization test of sand column EICP
grouting with different carbon fiber dosage, the changes in the indexes such as porosity, permeability
coefficient, CaCO; content, and unconfined compressive strength of the study specimens were
compared and analyzed. The results showed the following:

(1) Under the same conditions, using deionized water instead of Laoshan mineral water to
dissolve soybean powder and extract urease increased the activity of the urease solution by 7.1%.

(2) Since calcium carbonate deposited between the carbon fibers and sand particles has a
cementation effect, the carbon fiber and the sand solidified together, and the carbon fibers were
anchored in the sand, increasing the roughness of the carbon fiber surfaces and the contact areas with
the sand, thereby increasing the friction between the carbon fibers and sand, and the interaction
between the two enhanced the interfacial force between them. Therefore, the overall compressive
performance of the sand specimen increased. As the content of carbon fiber increased, the CaCOs
content and unconfined compressive strength also increased. The dosage reached a peak at 1.2%, and
the CaCO; content decreased when the dosage exceeded this point.

(3) The EICP grouting mineralization method increased the compactness of the soil and
significantly reduced the porosity. Under the action of EICP grouting, mineralization decreased the
porosity by 6.85%. Moreover, with the increasing amount of carbon fiber in the specimen, the
guantity of CaCOs precipitated by the reaction increased, and it blocked the pore space inside the
specimen. As a result, the permeability of the specimen decreased to a certain extent. Under the action
of EICP and the optimal amount of carbon fiber (1.2%), the pore space structure of the specimen was
the most compact, the porosity reached the minimum, and the permeability reached the lowest value.

(4) Carbon fibers acted as a bridge during the EICP process, while calcium carbonate acted as a
bond, binding the sand grains together to form a stable solid sand-fiber monolithic composite structure.
The surface of the carbon fiber is coated with CaCQOs that is deposited during the EICP process, which
increased the internal friction of the specimen and improved the strength of the specimen. However,
when the amount of carbon fiber was increased to a certain extent, the carbon fibers did not entangle,
affecting the precipitation of CaCOs crystals only on the fiber surface. In addition, some calcium
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carbonate was easily damaged and cracked, and the interfacial force between the fiber and sand
weakened, resulting in stress concentrations that affected the performance of the sample.

(5) In the process of this study, the solidification of quartz sand material was studied, and good
results were obtained. However, the reinforcement materials studied individually. EICP can be
applied to the reinforcement of various sands and soils in future research and has good application
prospects and development potential for use in engineering geology.
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