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Abstract: Enzyme-Induced Carbonate Precipitation (EICP) is an innovative technique to improve soil strength and reduce permeability. However, the use of EICP for
reinforcing underwater sand beds remains largely unexplored. To advance EICP implementation in various geotechnical applications, this paper develops a model
box system to investigate the effectiveness of the EICP technique in reinforcing underwater sand beds. An "injection-extraction" system is designed to facilitate the
flow of the EICP solution through underwater sand layers. Key parameters, including conductivity, pH, and Ca2* concentration of the solution, are measured and
analyzed. Electrical resistivity tomography (ERT) is utilized to evaluate the reinforcement effect in the underwater sand bed. The permeability of the model is tested
to verify the feasibility of EICP technology for strengthening underwater sands. Furthermore, scanning electron microscope (SEM) is performed to investigate the
growth mechanisms of calcium carbonate (CaCOs) crystals. The results show that the permeability of the model decreases from 1.28x10-2m/s to 9.66x10-5m/s,
representing a reduction of approximately three orders of magnitude. This verifies that the EICP technology can greatly reduce the permeability of underwater sand
beds. With increasing grouting cycles, the resistivity of the underwater sand initially decreases and then increases. This variation in sand resistivity is significantly
influenced by the ion concentration in the solution, resulting in marked differences in resistivity at various depths and positions within the sand. The findings from
this study offer a theoretical basis for the application of EICP technology in reinforcing seabed foundations and supporting marine infrastructure such as offshore
pipelines, wind turbines, and oil platforms.
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1. Introduction

Engineering projects in challenging geological conditions are often unavoidable. When constructing in areas with highly permeable layers,
liquefiable soils, or other adverse geological conditions, it is typically necessary to implement anti-seepage reinforcement measures. These
measures help mitigate the impact of groundwater seepage on the stability, safety, and longevity of the structures (e.g. Hafidz et al., 2024; Wang
et al, 2024a). The primary goal of these measures is to reduce soil permeability using physical or chemical methods. Conventional soil
anti-seepage reinforcement methods, such as pressure grouting, filling, sealing, and surface treatment, can reduce soil permeability to a certain
extent. However, these methods are often limited by poor bonding properties, low durability, high costs, and adverse environmental effects
(Yang et al,, 2016). In the context of the current global push for green and sustainable development, these limitations are becoming increasingly
problematic (Sun et al., 2024a). As a result, there is a pressing need to develop innovative and environmentally friendly soil anti-seepage
reinforcement technologies.

Enzyme-induced carbonate precipitation (EICP) is an emerging biotechnological technique for soil stabilization, showing great potential in
various geotechnical applications (e.g. Arab et al,, 2021; Li et al., 2022; Liu et al., 2023; Wang et al.,, 2023a). This technique offers a broad range of
material sources and is relatively easy to implement, making it more environmentally friendly by reducing carbon emissions and energy
consumption (e.g. Park et al, 2014; Nam et al., 2015; Zhang et al., 2023a). Numerous studies have demonstrated its adaptability for reinforcing
various soil types, including Ottawa 20-30 sand, desert sands, and other granular soils (e.g. Gao et al, 2019a; Cui et al.,, 2021; Montoya et al.,,
2021; Wu et al, 2024). By utilizing free urease extracted from plants, the EICP technique lowers construction costs in various geotechnical
applications (e.g. Khodadadi et al., 2020; Xu et al., 2023a), such as soil improvement (e.g. Wang et al., 2023b; Jiang et al., 2024a), dust control (e.g.
Song et al,, 2020, Sun et al., 2021), heavy metal immobilization (e.g. Xue et al., 2022; Huang et al., 2024a) and thermal conductivity improvement
(e.g. Li et al, 2023a, b). Many studies have reported improvements in soil properties using the EICP technique, including enhanced
micro-mechanical properties (e.g. Huang et al,, 2021; Liu et al,, 2024), macro-mechanical properties (e.g. Xiao et al., 2018; Montoy et al., 2021),
liquefaction resistance (Xiao et al., 2020), and corrosion inhibition (e.g. Sun et al., 2023; Wang et al., 2024b). Additionally, the EICP solution
exhibits superior fluidity and diffusivity, allowing it to penetrate fine soil pores more effectively than conventional methods. This characteristic
enhances its applicability in practical engineering situations (e.g. Jiang et al,, 2016; Meng et al,, 2021; Huang et al., 2024b). In summary, EICP
technology provides significant advantages in both seepage prevention and soil reinforcement, presenting promising prospects for various
engineering applications (e.g. Xiao et al., 2018; Gao et al,, 2019b; Liu et al., 2021; Sun et al.,, 2024b).

Several researchers have conducted extensive research on the impermeability of bio-cemented soil under unsaturated conditions (e.g.
Martinez et al.,, 2014; Gomez et al., 2017). Chu et al. (2013) applied bio-cementation technology in the construction of a water reservoir. The
results showed that the permeability of the sandy soil decreased from 10 m/s to 107 m/s, a significant reduction of approximately three orders
of magnitude in hydraulic conductivity. Gao et al. (2019a) incorporated bio-cementation technology into seepage control for canals, utilizing
four different reinforcement methods for stabilizing canal surfaces. The results indicated that the leakage rate of samples treated with these four
methods could be reduced by 1/379 of the original. Nafisi et al. (2019) reported that the hydraulic conductivity of three types of sands with
varying particle sizes decreased by more than one order of magnitude following EICP treatment. Jiang et al. (2024b) also observed a substantial
reduction in hydraulic conductivity after EICP treatment, with the permeability of the specimen decreasing by more than two orders of
magnitude. Numerous studies have demonstrated that the hydraulic conductivity of soils treated with EICP technique is reduced by two orders
of magnitude or more (Cheng et al, 2017; Do et al,, 2019; Zamani et al., 2019). However, the studies mentioned above concerning the
effectiveness of EICP technology were primarily conducted under unsaturated conditions. The application of EICP technique for reinforcing
sandy soil in saturated water environments is considerably under-researched. To advance EICP implementation in various geotechnical
applications, more efforts should be made to investigate the effectiveness of the EICP technique in reinforcing underwater sand beds prior to
field applications.

Furthermore, it is essential to utilize effective and nondestructive monitoring methods for evaluating the reinforcement effect of saturated
soil. Electrical resistivity tomography (ERT) is one of the most widely used geophysical techniques (e.g. Loke et al., 2013; Tucker et al,, 2015). It
enables the identification of subsurface resistivity distributions based on surface measurements and has been successfully applied in various
fields, including geological surveys, structural health monitoring, agricultural studies, and contaminant detection (Bearce et al., 2016). During
the EICP mineralization process, ERT can capture resistivity changes caused by spatial variations in the soil matrix and solution concentration,
thereby effectively assessing the reinforcement effect. Zhang et al. (2024) employed three-dimensional (3D) ERT to monitor the biocementation
process of a sand-packed column and collected electrical responses at various treatment stages along with the calcium carbonate (CaCOs)
contents. Shi et al. (2024) conducted electrical resistivity measurement techniques to investigate the electricity resistivity of MICP-treated
calcareous sand foundation based on model tests. Consequently, ERT has been proven to be an effective tool for assessing the reinforcement
effect of sand treated with EICP technology.

This study investigates the reinforcement effect of an underwater sand bed using EICP technique based on model tests. Conductivity, pH,
and Ca?* concentration measurements were taken from embedded and extraction pipes to assess the extent of EICP mineralization reactions.
ERT was employed to monitor the reinforcement effect of the underwater sand bed. The overall permeability of the model was evaluated to
validate the feasibility of EICP technology for reinforcing underwater sandy soils. The results in this study establish a theoretical basis for the

application of the EICP technique in the reinforcement of seabed foundation and the mitigation of submarine landslides.



2. Model tests and materials

2.1. Model box system and "injection-extraction” system

2.1.1. Model box system

Fig. 1 shows the model box system that is designed to simulate the reinforcement of underwater soil using EICP technique. The model box
system includes the following components: model box, perforated steel plates, geotextile, inner and outer grouting pipes, suction pipe, grouting
and pumping equipment, and ERT measurement lines. As illustrated in Figs. 1 and 2, the model box enclosure is constructed by welding and
assembling 2 mm thick steel plates, resulting in dimensions of 2 m in length, 1.6 m in width, and 1 m in height. The overall shape of the enclosure
is a rectangular prism without a lid. The model box is divided into three segments along its length in a ratio of 1:8:1. The central segment
measures 1.6 m x 1.6 m x 1 m, while the water storage segments at both ends measure 0.2 m x 1.6 m x 1 m. The central segment of the model
box is filled with field sand, while the water storage segments are filled with water. Two perforated steel plates separate the central segment
from the water storage segments at both ends. These perforated plates primarily simulate a saturated water environment, allowing water to
flow freely from the storage segments into the central segment of the model box. To prevent sand from entering the water storage segments,
geotextiles are placed on both perforated steel plates, acting as sand-retaining barriers. Four grouting pipes are arranged around the sand,
positioned 20 cm from the model box. Additionally, a suction pipe is located at the center of the sand, 80 cm from the model box. Three ERT
survey lines are arranged on the sand surface, with each line featuring 60 high-density resistivity electrodes. These ERT lines can measure the
resistivity of the sand at diverse depths within the same cross-section. The water head difference can be controlled through the inlets and

outlets to assess the permeability of the model before and after reinforcement.
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Fig. 1. Schematic diagram of the model box system design.
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Fig. 2. Overview of model box system: (a) model box system; (b) suction pipes and grouting pipes; and (c) Grouting equipment and pumping equipment.

2.1.2. "Injection-extraction" system

The pumping and grouting equipment primarily consists of a metal frame shell, grouting pump, water extraction pump, filter valve,
flowmeter, pressure gage, flexible tubing, tubing connectors, and valve switches (see Fig. 2c). The metal frame shell protects the grouting pump,
water extraction pump, and associated water pipes. The grouting pump and water extraction pump provide the necessary power for extracting
and pumping slurries. The filter valve, located at the front of the water pipes, is responsible for filtering out debris that may inadvertently enter
the processing fluid. The flowmeter controls the volume of the solution extracted and grouted, allowing for subsequent measurements of the
solution's pH, conductivity, and calcium ion concentration at different extracted volumes. These indicators indirectly reflect the cementation
effectiveness within the model box. The pressure gage monitors the grouting pressure, as both excessive and insufficient pressure can adversely
affect the test results. In the model test, four grouting pipes require tee pipes to split the water flow into four streams, enabling simultaneous
grouting. Four PVC rigid-to-flexible tubing adapters are used to connect the tee pipes.

Several researchers have observed that the application of the EICP technique to large-scale sand often results in significant unevenness in
reinforcement effects (e.g. Zeng et al,, 2021, 2022; Xu et al,, 2023b). To address this challenge and achieve gradual consolidation of large-scale
sands, inner and outer grouting pipes have been designed for step-by-step reinforcement of the sand at varying depths (Fig. 2b). Initially, the
inner pipe is positioned at the bottom of the model, and as reinforcement progresses, it is gradually moved upwards. As the inner pipe ascends,
the reinforced zone shifts upward as well, facilitating the gradual consolidation of the large-scale sandy soil. During the reinforcement process,
the outer grouting pipe remains stationary within the sand, while the slightly smaller inner grouting pipe is allowed to move freely. The
arrangement of the inner and outer grouting pipes helps reduce the vertical unevenness associated with the EICP technique. To further
minimize horizontal unevenness, the extraction pipe is centrally positioned within the model. During the injection of the cementation solution
and urease solution, water is concurrently extracted from the model via the suction pipe, thereby enhancing the horizontal diffusion radius of
the EICP solution.

2.2.Materials

2.2.1. Tested Sands

The sand used in the experiment was collected from a typical sand layer near Guanxun Stream in Xiamen City, Fujian Province, China. The
chloride ion content complies with the requirements set by Chinese standards (JGJ 52-2006, 2006; GB/T 14684-2011, 2011). The particle size
distribution curve of the sand is shown in Fig. 3b, revealing that the particle diameters range from 0.1 to 4 mm. Specifically, Deo is 1.6 mm, D30 is
0.7 mm, D19 is 0.35 mm, and the average particle diameter (Dso) is 1.35 mm. The sand exhibits poor grading, characterized by an unevenness
coefficient (Cv) of 4.57 and a curvature coefficient (Cc) of 0.875. The void ratio of the sea sand is 0.53, and its density is 1.47 g/cm3.
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2.2.2. Cementation solution

The cementation solution used in this study consists of calcium chloride and urea. Specifically, in the EICP mineralization reaction, calcium
chloride primarily provides calcium ions, while urea serves as a substrate for urease hydrolysis, supplying carbonate ions. These ions
subsequently combine to form CaCOs precipitates. Previous studies have demonstrated that the insufficient solution concentration may yield
inadequate CaCOs precipitation for effective particle cementation, while excessive calcium ion concentrations could suppress urease activity and
thereby hinder carbonate formation (Xu et al.,, 2023c). After careful consideration, the cementation solution concentration of 1.5 mol/L was

selected for this study, with a volume ratio of soybean urease to cementation solution set at 1:1. Fig. 4d illustrates the preparation process of the
cementation solution.

(a) Soybean powder (b) Stirring the urease solution (¢) Standing the urease solution

Fig. 4. Preparation process of urease solution and cementation solution: (a) Soybean powder; (b) Stirring the urease solution; (c) Standing the urease solution; and (d)
Preparation of cementation solution.

2.2.3. Soybean urease solution

The soybean urease solution was prepared using a modified plant-derived enzyme extraction method (Cui et al., 2024). The soybeans used
in this study were sourced from Heze, Shandong Province, China. Fig. 4 illustrates the preparation process of the urease solution, which involves
the following three steps: (1) The soybeans were thoroughly dried in a drying oven, ground into a powder, and then sieved using a No. 100 mesh
sieve. The soybean powder was stored in a dry environment at 4 °C for future experimental use; (2) Every 100 g of soybean powder was mixed
with 1 L of water containing 0.01 mol/L CaClz, and the mixture was stirred at 500 rpm for 20 min. The addition of 0.01 mol/L CaCl: aimed to
reduce the turbidity of the solution (Lai et al., 2024); and (3) Gravitational stratification occurred during 12-h quiescent settling, yielding a lower
phase of soybean residue (discarded) and an upper crude urease solution (utilized for subsequent experiments).

2.3.Model preparation and injection scheme

2.3.1. Model preparation

The model preparation involved several steps:



(1) A geotextile layer was installed inside the model box. Holes were punched on both sides of the geotextile, corresponding precisely in
position and size to those in the perforated steel plates.

(2) A layer of gauze was laid over the geotextile to prevent sand particles from escaping through the holes. This allowed water to freely
permeate, thereby establishing a saturated water environment.

(3) Four grouting pipes were positioned at the four corners of the model box, 20 cm from each side. A suction pipe was placed at the center,
60 cm from both steel plates. Simultaneous grouting and suction were employed to enhance the diffusion radius of the EICP solution and
mitigate the inherent heterogeneity of the EICP technique.

(4) A layered backfill method was employed, with each layer of sand being 10 cm thick. Upon reaching the designated height, the surface
was leveled using a tamping tool. This process was then repeated until the desired backfill height was attained.

(5) During backfilling, embedded tubes were installed in stages based on the sand height: tube B at 20 cm, tubes A, C, E, and F at 40 cm, and
tube D at 60 cm. After grouting was completed, the solution was extracted through these tubes to measure conductivity, pH, and calcium ion
concentration, indirectly reflecting the internal cementation status.

(6) Three ERT lines were fixed on the sand surface in consistent positions: line 1 near the suction pipe, line 2 between the suction pipe and
grouting pipe, and line 3 near the grouting pipe. Electrical resistivity measurements were taken at these three locations. Resistivity served as an
indirect indicator of ion migration and diffusion, thus reflecting the cementation level of the internal sand.

2.3.2. Grouting scheme

A single-phase grouting method was employed, utilizing 100 L of crude urease solution and 100 L of cementing solution per batch. These
solutions were mixed within a three-way valve and then injected into the model box through grouting equipment. The grouting pressure was set
at 0.2 MPa to ensure effective injection. This value was chosen to minimize the risk of damaging previously formed CaCOs, during subsequent
grouting cycles. Grouting was conducted simultaneously through four injection tubes, with flow meters ensuring uniform delivery of the EICP
solution. To enhance the diffusion radius of the EICP solution and improve sand cementation within the model, the grouting and extraction
equipment were operated simultaneously. At extraction volumes of 50 L, 100 L, 150 L, and 200 L (representing 25%, 50%, 75%, and 100% of
the total volume), the extracted fluid was collected for analysis of parameters, e.g. calcium ion concentration, electrical conductivity, pH. After
grouting, fluids from six embedded tubes (A-F) were also sampled for the same analyses. This sequence constituted one grouting cycle, with an
interval of 2 d between cycles to allow sufficient reaction of the EICP solution within the model. The grouting process was repeated 10 times,
with the internal injection tubes raised by 10 cm after every two cycles to achieve gradual depth-wise reinforcement.

2.4. Test methods

2.4.1. Electrical resistivity test

The ERT method, a geophysical exploration technique, is based on the fundamental principle of utilizing resistivity differences (e.g. Zhang et
al, 2023b, 2024). For this experiment, the Wenner array («) configuration was employed as the primary measurement method, with the
electrode arrangement and traverse layout illustrated in Fig. 5a. Initially, the electrode groups AM, MN, and NB were employed from left to right
at a fixed unit electrode spacing, acquiring data points corresponding to the first subsurface layer. As the experiment progressed, the electrode
spacing was gradually increased. This enabled the AM, MN, and NB groups to collect data at double the unit spacing, thereby acquiring data for
the second subsurface layer. This process continued with increases in electrode spacing, enabling the collection of data points at varying depths
below the surface, ultimately producing a trapezoidal resistivity profile.

Because the ERT method is commonly used for field detection with electrode spacings typically ranging from 1 m to 5 m, it is unsuitable for
direct application in the model tests. To solve this problem, the ERT measurement lines were specifically designed for the model test, as
illustrated in Fig. 5c. The preparation materials for the ERT measurement lines primarily consisted of aviation connector, ribbon cable, copper
screws, and wooden boards for electrode fixation. The preparation process of ERT measurement lines primarily includes wires to plugs welding,
wires to screws welding, and welds encapsulatin. The layout of the ERT measurement lines is shown in Fig. 5b. It consisted of three lines
positioned on the sand surface. Each line is composed of 60 high-density resistivity electrodes. Each measurement recorded the apparent
resistivity values of the sand at different depths within the same cross-section.
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2.4.2. Permeability test

The permeability of the model was measured following the initial (0th) and the subsequent 2nd, 4th, 6th, 8th, and 10th grouting cycle.
Water was injected through the inlet on the right side, while the drain outlet on the left side was opened to create a significant head difference.
This head difference was maintained for a specific duration to establish a stable seepage flow. The volume of seepage collected at the left drain
outlet was recorded over 5 min, with each test repeated three times. The average value was then used as the final result. The permeability
measurement process for the model is shown in Fig. 6, and the coefficient of permeability k was calculated as

Qo
AtAh @

where k is the permeability of the model, Q is the seepage volume, L is the width of the model, 4 is the cross-sectional area of the model, Ah is the

water level difference, and t is the seepage time.
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2.4.3. Conductivity, pH and Ca?* concentration of the solution

Conductivity and pH serve as indirect indicators of the diffusion extent of the solution and the reinforcement effectiveness in the sand (Zeng
et al, 2021). Meanwhile, the calcium ion concentration provides an indirect measure of the urease-catalyzed decomposition of urea. In Fig.7, six
detection tubes (A-F) were embedded into the model at specific locations. Tubes A, C, E, and F were placed at a depth of 40 cm, while tubes B and
D were embedded at 20 cm and 60 cm, respectively. After each grouting cycle, a peristaltic pump was used to extract small volumes (less than 20
ml) of the solution. The extracted solution was immediately collected for of conductivity, pH, and Ca?* concentration measurement, with
detailed records maintained. When the extracted grout volume reached 25%, 50%, 75%, and 100% of the total injected grout volume, 100 mL of
solution was collected using a beaker to measure conductivity, pH, and Ca2* concentration from the extraction tubes. The Ca2* concentration was
determined using the ethylene diamine tetraacetic acid (EDTA) method (e.g. Choi et al,, 2017; Lai et al., 2021), while conductivity and pH were
measured using a conductivity meter and a pH meter, respectively.
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2.4.4. SEM

In this study, the SEM analysis was performed using an FEI CZECH REPUBLIC S.R.0,, field-emission scanning electron microscope (FE-SEM)
operated at a specimen acceleration voltage of 15 kV. After gold coating treatment, SEM was performed to analyze the internal characteristics
and structure of the EICP-treated specimens. The SEM images reveal the distribution and morphology of CaCOs precipitates formed via EICP and
are useful in identifying the extent of mineralization, crystal size, and attachment between sand particles.

3. Results of model tests

3.1.Conductivity, pH and Ca?* concentration of the solution from the extraction pipe

The values of conductivity, pH, and Ca%* concentration in the solution extracted through the extraction pipe can serve as indirect indicators
of the extent of EICP mineralization reactions. A flowmeter was installed on the extraction pipe to monitor these parameters. The Ca?*
concentration, conductivity, and pH were measured when the extracted solution volume reached 25%, 50%, 75%, and 100% of the total
grouting volume. Fig. 8a shows the conductivity results of the solution extracted through the extraction pipe during different grouting cycles. As
illustrated, the solution’s conductivity increases progressively with each grouting cycle. After the first grouting cycle, the conductivity is
approximately 10 ms/cm, increasing to 150 ms/cm after the 10th cycle, indicating a 15-fold increase. This sharp rise is primarily due to the
decomposition of urea by urease, which produces CaCOs and NH4*, thereby increasing the ionic content in the solution. Since conductivity
correlates with ionic concentration, the continuous decomposition of urea leads to higher ion concentrations, resulting in an increase in
conductivity. Moreover, analyzing the conductivity after the second grouting cycle reveals that at 25%, 50%, 75%, and 100% extraction
volumes, the conductivity of the solution is 27.7 ms/cm, 29.1 ms/cm, 32.8 ms/cm, and 33.8 ms/cm, respectively (Fig. 8a). A slight increase in
solution conductivity is observed with an increasing extraction volume. Notably, at 25% extraction, the solution near the extraction pipe is
primarily withdrawn, while at 100% extraction, the solution farther away is sampled. This suggests that mineralization reactions are more
intense in areas farther from the extraction pipe, resulting in higher ionic concentrations in those regions.

Fig. 8b illustrates the pH of the solution extracted through the extraction pipe over different grouting cycles. As shown, the pH gradually
decreases with each successive cycle. This decline is mainly due to Ca2* combining with CO3% to form CaCOs, this process depletes CO3% and
promotes the ionization of HCOs-. The increased H* concentration in the solution ultimately lowers the pH (Weng et al., 2024). The pH of the
solution ranges from 6.8 to 7.6, indicating a near-neutral environment, which is consistent with the pH variation observed during CaCOs3
precipitation in the EICP mineralization process.

Fig. 8c shows the Ca?* concentration of the solution extracted through the extraction pipe across different grouting cycles. Fig. 8 indicates
that between 1 to 5 grouting cycles, the Ca?* concentration ranges from 0.01 mol/L to 0.06 mol/L, while between 6 to 10 grouting cycles, it
increases slightly, ranging from 0.02 mol/L to 0.07 mol/L. Notably, the Ca?* concentration in the solution maintains a consistently low level,
remaining below 0.1 mol/L (Fig. 8c). Two primary factors contribute to this: first, a substantial portion of the injected Ca2* combines with CO3%
produced by urea decomposition to form CaCOs, leaving only a small fraction of free Ca?* in the solution. Second, the model test is conducted in a
saturated water environment, where the injected cementing solution is diluted by the surrounding water, keeping the Ca?* concentrations
consistently below 0.1 mol/L. Additionally, Fig. 8 shows that as the volume of extracted solution increases, the Ca2* concentration gradually
rises. This increase may result from the extraction of larger volumes of solution from regions adjacent to the grouting pipe, where the Ca2*
concentration is higher.
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Fig. 8. Grouting pipe test results under different grouting numbers: (a) conductivity; (b) pH; and (c) Ca?* concentration.
3.2.Conductivity, pH and Ca?* concentration of the solution from the pre-embedded pipe

Fig. 9a presents the conductivity results of pre-embedded pipes under different grouting cycles. As shown in Fig. 9a, the conductivity of all
six pipes (A-F) progressively increases with each grouting cycle. For example, the conductivity of Pipe F is only 10.6 ms/cm after the first cycle,
but it rises to 156.7 ms/cm by the 10th cycle, representing nearly a 15-fold increase. This significant rise is primarily due to the accumulation of
ion concentration in the solution as the grouting cycles progress, which in turn raises the conductivity. Furthermore, Fig. 9a shows that under
the same grouting cycle, the conductivity of the solutions at locations A and B exceeds that at other locations. For example, after the second
grouting cycle, the conductivities of pipes A and B were 51.1 ms/cm and 46.8 ms/cm, respectively, while those of pipes C, D, E, and F were 26.1
ms/cm, 25.1 ms/cm, 23.6 ms/cm, and 21.1 ms/cm, respectively. This difference is primarily attributable to the closer proximity of pipes A and B
to the grouting pipe, where the majority of the injected cementitious and urease solutions accumulate, resulting in higher conductivity at these
locations during the grouting cycles. Additionally, the conductivity of the solution at location F remains consistently lower than at other
locations. This is primarily because Pipe F is situated farther from both the grouting and suction pipes and is not along the seepage path between
them. As a result, there is less accumulation of EICP solution at location F, leading to weaker EICP mineralization reactions and, consequently,
lower conductivity.

Fig. 9b presents the pH results of pre-embedded pipes under different grouting cycles. Fig. 9b shows that as the number of grouting cycles
increases, the pH values of the solution in six pipes generally trend downward. This decrease is primarily due to the reaction between Ca2* and
CO3?% in the solution, resulting in the formation of CaCOs. The consumption of CO3% facilitates the ionization of HCOs, leading to a sharp increase
in H*, which subsequently lowers the pH of the solution. The extent of the pH decrease can also indirectly indicate the degree of the EICP
mineralization reaction.

Fig. 9c presents the Ca?* concentration results of pre-embedded pipes under varying grouting cycles. During the initial stage of grouting
reinforcement, the Ca2* concentrations at pipes A and B were higher, while those at pipes C and D were lower. For example, in the first grouting
cycle, the Ca2* concentrations at locations A and B were 0.25 mol/L and 0.20 mol/L, respectively, whereas those at locations C and D were 0.08
mol/L and 0.07 mol/L, respectively. This difference was primarily due to the positioning of the internal injection pipe at the bottom during the
initial grouting stage, resulting in the majority of the injected EICP solution accumulating in the lower area of the model.
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Fig. 9. Pre-embedded pipe test results under different grouting numbers: (a) conductivity; (b) pH; and (c) Ca2* concentration.

Furthermore, as the number of grouting cycles increased, the Ca2* concentrations at locations A and B gradually decreased, while those at
locations C and D gradually increased. This trend could be attributed to the upward movement of the internal injection pipe with each
subsequent grouting cycle, which increased the depth of the injected EICP solution. The altered position of the internal injection pipe resulted in
changes in the location of the injected solution, thereby causing variations in the Ca?* concentrations at the different pre-embedded pipes. In
contrast, the Ca2* concentrations at locations E and F remained relatively constant, hovering around 0.05 mol/L. This consistency was due to the
distance of pipes E and F from the injection pipe, which made it difficult for the injected EICP solution to diffuse to these locations.

3.3. Variations of sand resistivity with different grouting cycles

Fig. 10 illustrates the variations in sand resistivity across different grouting cycles. As shown in Fig. 10, the apparent resistivity of the sand
transitions gradually from red to yellow and subsequently to blue with progressive grouting cycles. The areas of red and yellow diminish, while
those of blue and green expand correspondingly. The different colors signify varying resistivity levels within the respective regions, where red
indicates a higher resistivity, and blue/green indicates lower resistivity. This phenomenon reflects a gradual decrease in sand resistivity as the
grouting cycles progress. This change is primarily attributed to the significant influence of NH4* and Ca?* in the solution on sand resistivity (e.g.
Zhang et al,, 2015; Wang et al., 2017). The injected urease solution decomposes urea to generate Ca?* and NHs*, while the cementing solution
also contains Ca?+, contributing to a gradual increase in ionic composition and concentration within the solution. Consequently, with progressive
grouting cycles, the high-resistivity regions of sand decrease, while low-resistivity areas expand.

Fig. 10 illustrates significant differences in the resistivity variation patterns of sands at varying depths and locations, indicating notable
unevenness in the EICP reinforcement efficacy of large-scale model tests. Existing studies on the non-uniformity of EICP-treated large-scale
samples have primarily focused on aspects such as strength, stiffness, and apparent cementation effects (e.g. Martinez et al.,, 2014; Gomez et al.,
2017). The apparent resistivity of the sand in the central region appears red, indicating relatively high resistivity, whereas the sand on both
sides exhibits yellow or blue hues, signifying lower resistivity. This difference is primarily due to the placement of the grouting pipes at the sides,
through which the EICP solution flows toward the suction pipes. Consequently, most of the EICP solution is distributed between the grouting
and suction pipes, resulting in lower concentrations of EICP solution near the suction pipes. As a result, higher resistivity is observed in the
central region of the model.
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Fig. 10. Variations of sand resistivity under different grouting cycles: (a) 1 cycle; (b) 2 cycles; (c) 3 cycles; and (d) 5 cycles.

To further analyze the variation in sand resistivity, the data points obtained from the ERT method are categorized based on both depth and
position. Specifically, the sand resistivity data are divided vertically into four layers, with data points from the fifth, tenth, fifteenth, and
twentieth rows designated as the first, second, third, and fourth layers, respectively. Horizontally, the sand resistivity data are divided into six
columns, where the 5th, 10th, 15th, 20th, 25th, and 30th data points, counted from the leftmost within each layer, are selected as points A-F,
respectively.

Fig. 11 illustrates the variations in sand resistivity with reinforcement cycles at different locations and depths. As shown in Fig. 11, as the
number of grouting cycles increases, the sand resistivity at various locations exhibits a consistent trend. During the initial stages of grouting, the
resistivity of the sand decreases significantly, dropping from approximately 30 0 m to around 10 Q m, corresponding a reduction of 20 Q m (Fig.
11a). This marked decline is primarily attributed to the increasing ionic concentration in the solution, as previously explained. However, during
the later stages of grouting, an inverse trend is observed, with the resistivity values of the sand rising with subsequent grouting cycles. For
instance, the resistivity at location A after the fourth grouting cycle is 6.08 Q m, which increases to 10.94 Q m following the fifth grouting cycle,
indicating an increase of 4.86 (1 m. Similar patterns are observed across different depths and horizontal positions, suggesting that this
phenomenon is neither accidental nor a result of experimental error. Comparable behavior has also been reported in the model experiments
conducted by Shi et al. (2024). This phenomenon may be attributed to the gradual blocking of pores in the sand due to the precipitation of CaCOs3
crystals. This blocking effect reduces the availability of ion exchange channels, subsequently lowering the ionic concentration and contributing
to the rise in resistivity. At this stage, the formation of CaCOs in the sand becomes the dominant factor influencing sand resistivity. In Section 4.2,
a mechanistic explanation for this intriguing phenomenon is provided, specifically focusing on the influence of CaCOs on sand resistivity in a
saturated environment.
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Fig. 11. Variations of sand resistivity under depths and locations: (a) 1st layer; (b) 2nd layer; (c) 3rd layer; and (d) 4th layer.

3.4. Variations of sand resistivity with different cross-sections

Fig. 12 presents the sand resistivity in different cross-sections under the same grouting cycles. The apparent resistivity colors in section I
and II are predominantly blue and green, with only small areas exhibiting red and yellow hues. In contrast, section III shows a predominance of
red and yellow colors, with limited blue regions. This observation indicates that the mean resistivity values in sections I and II are relatively low,
while those in section III are comparatively high. According to the layout of the ERT measurement lines (Fig. 5b), section III is positioned
farthest from the grouting pipe, section I is closest, and section II lies between the grouting and suction pipes. The higher average resistivity in
section III can be attributed to its greater distance from the grouting pipe, resulting in a lower concentration of EICP solution compared to
sections I and II. As previously discussed, sand resistivity in a saturated environment is significantly influenced by ion concentration. The lack of
EICP solution in section III leads to a reduced ion concentration, thereby contributing to its higher average resistivity. Conversely, the lower
average resistivity values in sections I and II can be explained similarly. Additionally, all three sections exhibit a central region of high resistivity,
with section Il displaying a larger area of red.



Length

6.25

46.3

Depth

143

197 | (a) Section I

157 | (b) Section II

mm

99.0

High-resistivity area

0

Reslstivity in 2 m

-D--JE-IF-ZJ---D------

S 15 259 584 High-resistivity area

0 400 800 1200 mm

Resistivity in 2 m

NN N [ ([T T

Length

20 45 10 23 51 115 259 584
[

mm
6.25 - -

46.3

Depth

143

197

99.0

(c¢) Section 111

ignificant amount of
Resistivity in £2 m

[ T T 1 I [wl=josl Josjmfofos] | ] ]| high-resistivity areas

To quantitatively analyze the influence of the aquatic environment on sand resistivity, selected data points from the first and second layers
were analyzed, following the pre-established ERT data categorization approach. Fig. 13 presents a comparative diagram of sand resistivity
before and after drainage at varying depths and locations. In the first layer, the sand resistivity before drainage remains relatively consistent
across different cross-sections, averaging approximately 20  m. In contrast, after drainage, the sand resistivity increases significantly to around
200 Q m, indicating a nearly tenfold increase. A similar trend is observed in the second layer, where the resistivity difference before and after
ntial, approaching a tenfold change. This highlights the significant effect of the saturated environment on sand resistivity,
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Fig. 12. Variations of sand resistivity at different cross-sections: (a) section I: (b) section II: and (c) section III.
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3.5. Variations of permeability with different grouting cycles

Fig. 14 illustrates the changes in model permeability across different grouting cycles. As the number of reinforcement cycles increases,
model permeability experiences a dramatic decline from an initial value of 1.28x102 m/s to 9.66x105 m/s, representing a reduction of
approximately three orders of magnitude. This significant decrease is primarily attributed to the precipitation of CaCOs3 crystals between sand
grains, which reduces porosity and obstructs seepage pathways, thus diminishing permeability. This observation confirms the successful
occurrence of urease-catalyzed urea hydrolysis during the model tests, leading to CaCO3 production.

During the first six grouting cycles, permeability decreases at a consistent rate, largely due to the filling of numerous voids in the sand. In
the subsequent cycles (6th-8th), a more pronounced reduction is observed, with permeability dropping from 8.2x10* m/s to 1.01x10* m/s,
nearly a one-order-of-magnitude decrease. This notable shift can be explained by the fact that most pore spaces have already been filled by the
6th cycle. During the 6th-8th cycles, the deposited CaCOs begins to cement sand particles together, transitioning from merely filling pores to
enhancing the structural integrity of the sand matrix. This cementation restricts many seepage channels, leading to a further substantial decline
in model permeability. From 8th to 10th cycles, however, permeability remains relatively stable, experiencing only a slight decrease of 4.4x10-6
m/s. This minimal change can be attributed to the earlier CaCOs crystals blocking most seepage channels, which impedes further penetration of
subsequent EICP solutions into the sand. As a result, the already clogged pathways limit any significant changes to permeability.
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Fig. 14. Permeability of model under different grouting cycles.

3.6. Microscopic analysis

To analyze the microscopic characteristics of EICP-treated sand at varying distances from the grouting pipe, samples were collected from
three distinct zones: close to the grouting pipe, between the grouting and suction pipes, and far from the grouting pipe. Fig. 15 presents the SEM
images of EICP-treated sand across these different locations. In Fig. 15a, the sample nearest to the grouting pipe reveals numerous CaCOs
crystals on the surfaces of sand grains and at inter-grain contacts. When magnified to 5000x, tightly cemented CaCOs crystals become apparent,
indicating significant crystal formation and effective cementation in this area. This observation corroborates previous findings related to

solution conductivity and sand resistivity.
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Fig. 15. SEM diagram of EICP treated sand with different distance from the grouting pipe: (a) near grouting pipe; (b) between extraction pipe and grouting pipe; (c) far from
grouting pipe

Fig. 15b depicts the intermediate zone. At a magnification of 1000x, a few small, spherical CaCOs crystals and layered, plate-like structures
can be seen. At 5000x, thin CaCOs shells (approximately 3 um thick) and irregular, plate-like crystals are clearly visible. In contrast, Fig. 15c¢
represents the sample from far from the grouting pipe. At 1000x, no significant large CaCOs crystals are observable. At 5000x, the sand grains
are only sparsely coated with a thin layer of CaCOs crystals, and only a few tiny crystals can be observed. This indicates that the CaCO3
production is limited and the cementation effect is weakened in this region, which is consistent with the earlier conductivity and resistivity
results. In summary, CaCOs crystals formation decreases with increasing distance from the grouting pipe. This decrease can be ascribed to lower
concentrations of urease and cementitious solutions in areas farther from the grouting pipe, resulting in reduced urease-induced crystallization.

4. Discussion

4.1. Growth pattern of CaCOs crystals in model tests

The EICP technique is based on urease-catalyzed urea hydrolysis, which generates COs? that subsequently react with Ca?* to form CaCOs
crystals (e.g. Park et al,, 2014; Nam et al,, 2015). These crystals act as a cementing agent for loose sand particles, and their formation is crucial
for enhancing the strength of the sand. Fig. 16 illustrates the growth pattern of CaCOs crystals, showing that these crystals expand radially
outward from the center of the grouting pipe as the number of grouting cycles increases. The cementation area also expands outward from the
center of the grouting pipe, which is consistent with the earlier findings derived from the sand resistivity results. However, the resistivity data
indicate that although the cementation zones expand around the grouting holes, there are variations in their extents and directions. This
discrepancy can be ascribed to spatial variations in sand compactness and porosity at various locations, which affect the diffusion paths of the
EICP solution.

Two distinct forms of CaCOs precipitation are observed in Fig. 16: deposition on particle surfaces and inter-particle deposition. These forms
exhibit different effects based on their deposition locations. The filling effect, characterized by a reduction in pore volume, occurs throughout the
EICP mineralization reaction, indicating that all CaCOs crystals contribute to this function. In contrast, the cementation effect arises when CaCOs
crystals deposit between sand particles, bonding adjacent grains together. It is important to note that the filling and cementation effects of CaCO3
crystals are dynamic. Initially, crystals deposited on sand surfaces primarily serve a filling function. However, as the size of the crystals
increases, they come into contact with and bond to adjacent sand particles, transitioning from filling effect to cementation effect. In summary,
these two forms of CaCOs precipitation play distinct roles in consolidating sand: the filling effect reduces internal pore volume, while the
cementation effect enhances the structural integrity and strength of the sand.
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Fig. 16. Schematic of the growth pattern of CaCOs crystals.

4.2. Effect of CaCOs3 precipitation on sand electrical conductivity

This section discusses the phenomenon and examines the mechanisms by which CaCOs precipitation affects sand resistivity. During the
initial stages of grouting, the resistivity of the sand exhibits the significant decrease, falling from approximately 30 Q m to around 10 Q m,
indicating a decline of nearly 20 Q. m (see Fig. 11a). However, in the later stages of grouting, an opposite trend is observed, with resistivity values
rising with subsequent grouting cycles. For example, at location A, the resistivity after the fourth grouting cycle is 6.08  m, which increases to
10.94 Q m following the fifth grouting cycle, indicating a rise of 4.86 Q m. Similar patterns are observed across various depths and horizontal
positions, indicating that this phenomenon is consistent and not merely a result of experimental error. This observation aligns with Fig. 17,



which illustrates the impact of CaCOs precipitation on sand resistivity. The influence of CaCOs in a saturated environment can be examined from
two perspectives: the filling effect and the cementation effect of CaCOs crystals. First, concerning the filling effect, CaCOs fills the voids between
sand grains, thereby reducing sand porosity. Since the resistivity of the solution is significantly lower than that of solid materials such as sand
and CaCOs, an electrical current preferentially flows through regions of lower resistivity. The presence of CaCOs crystals on the surfaces of sand
grains narrows the electric pathways, making current flow more challenging in these areas (Fig. 17a). Second, considering the cementation
effect, the precipitation of CaCOs between sand particles binds them into a cohesive mass. This cementation effectively obstructs certain current
paths, altering the initial optimal conduction routes, and hindering current flow within the affected zones of the sand. Consequently, both the
filling and cementation effects of calcium carbonate crystals contribute to an increase in sand resistivity. As CaCOs crystals generate, they
narrow the current channels and obstruct current pathways. Thus, during the later stages of grouting, the gradual increase in CaCOs content
results in a progressive rise in sand resistivity.
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Fig. 17. Influence of CaCO3 precipitation on sand resistivity: (a) Electric channel of untreated sands, (b) Narrowing the electric channel, and (c) Cutting off the electric channel.
4.3. Limitations and implications of current work

The main objective of the present study was to investigate the effectiveness of the EICP technique in reinforcing underwater sand beds.
However, the present study still has limitations: Firstly, the model box system employed in this study may not fully represent the complex
conditions of real-world underwater environments. Therefore, further research is required to verify these findings in larger-scale or more
realistic settings. Secondly, this study focused on a specific set of parameters and did not investigate the influence of other potential factors, such
as temperature, pressure, and the presence of other ions. Future research could explore the impact of these additional factors on the
performance of the EICP technique. Additionally, ensuring uniform CaCOs precipitation in large-scale underwater environments, understanding
the long-term durability of treated soils, and assessing the potential environmental impact of enzyme usage in marine ecosystems are crucial
areas for future research. Future studies could focus on optimizing the parameters of EICP treatment, such as enzyme concentration, injection
techniques, and reaction time, to maximize efficiency in various underwater soil types. Nevertheless, the findings from this study provide a
theoretical basis for the application of EICP technology in geotechnical engineering to strengthen seabed foundations and support marine
infrastructure. It encourages further investigation to address these limitations and expand the understanding of this technique.

5. Conclusions

In this study, the feasibility of the EICP technique for reinforcing the underwater sand bed was explored through model tests. A model box
system and an "injection-extraction" system were designed to facilitate the flow of the EICP solution through the underwater sand layers. The
reinforcement effects were evaluated using permeability, ERT, solution conductivity, pH, Ca2* concentration, and SEM tests. The conclusions of
the study are summarized as follows:

(1) The "injection-extraction” system has proven to be an effective method for facilitating the flow of the EICP solution within water-rich
sandy layers. The permeability of the model decreases from 1.28x10-2 m/s to 9.66x10-5 m/s, a reduction of approximately three orders of
magnitude. This verifies that the EICP technology can greatly reduce the permeability of underwater sand beds.

(2) With increasing grouting cycles, the sand resistivity in a saturated environment initially decreases due to the rising ion concentration in
the solution. Subsequently, the sand resistivity increases as CaCOs crystals form, which both narrow the

(3) ERT confirms the intrinsic heterogeneity of the EICP technique in reinforcing large-scale specimens. The resistivity distribution revealed
significant spatial variability, with lower values near grouting pipes indicating higher EICP solution concentrations. These variations in
resistivity were observed across different depths and locations.

(4) The precipitation of CaCOs crystals between sand particles is not static. As the crystals grow larger, they occupy voids and act as a binding
agent that cements the sand particles together. This process is crucial for the long-term stabilization of the sand.
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