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Abstract: Electrolysis desaturation has emerged as an innovative technique to mitigate lig-
uefaction risk by reducing soil saturation in liquefiable foundations. This study evaluated
the effectiveness of horizontal electrolysis on calcareous sandy foundations in marine envi-
ronments by employing 35%. NaCl solution as pore fluid under different current intensities
(1A, 2A, and 4A). Experimental results demonstrated that hydrogen gas was generated
at the cathode, while chlorine gas was produced at the anode, with peak gas retention
rates of 100%, 90.83%, and 63.26% for 1A; 97.61%, 79.04%, and 60.94% for 2A; and 95.37%,
48.49%, and 42.81% for 4A over three electrolysis cycles. Three key findings emerged from
our investigation: First, the resistivity of calcareous sand displayed a three-stage varia-
tion pattern, primarily governed by temperature and gas content evolution. Second, the
temperature-corrected resistivity model provided reliable saturation data, revealing that
electrode-adjacent soil layers exhibited significantly greater saturation reduction compared
to intermediate layers. The average saturation variation during a single electrolysis cycle
reached 3.2%, 2.6%, and 4.4% for 1A, 2A, and 4A, respectively, in the soil layers near the
electrodes, compared to 2.1%, 1.7%, and 3.3% in the middle soil layers under the same
current intensities. Third, upon stopping electrolysis, gas redistribution led to decreased
saturation in upper soil layers, with lower current intensities more effective in retaining
gases within the soil matrix. Based on these findings, an electrolytic influence coefficient
for calcareous sand applicable to Archie’s formulation is proposed. This study enhances
the understanding of the mechanism of electrolysis desaturation and provides a theoretical
basis for the effectiveness of electrolysis desaturation on calcareous sand foundations.

Keywords: electrolysis desaturation; calcareous sand; resistivity; liquefaction mitigation;
pore gas content

1. Introduction

In recent years, calcareous sand has become a primary fill material in land reclamation
projects in the South China Sea [1], where these foundations are susceptible to liquefaction
during seismic events due to excess pore water pressure accumulation, potentially causing
damaging deformations to buildings [2]. The pioneering work of Seed [3] established that
soil density, initial stress conditions, and drainage conditions are primary factors controlling
liquefaction susceptibility [4]. Calcareous sand primarily consists of aragonite and high-
magnesium calcite, which possess a hardness approximately half that of quartz, making the
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particles susceptible to crushing [5]. Conventional mechanical approaches for liquefaction
mitigation, such as stone columns (SCs) and pile-pinning, have demonstrated effectiveness
in terrestrial sandy soils through different mechanisms—SCs primarily enhance drainage,
while pile-pinning provides structural reinforcement [6]. However, these methods may
exacerbate particle crushing in calcareous sands while simultaneously inducing asymmetric
soil responses. Qiu et al. [7] demonstrated that inclination coefficients >0.9 can increase pore
pressure by 28-34%, while Okamura et al. [8] established that reducing saturation from 100%
to 95% significantly enhances the liquefaction resistance ratio (LRR). Consequently, non-
mechanical desaturation methods are proposed for calcareous sand foundations, as they
circumvent the destructive impacts of mechanical approaches while effectively improving
liquefaction resistance [9-12].

Current research on desaturation methods has demonstrated promising results in
liquefaction mitigation. Field tests by Okamura et al. [13,14] revealed that injected gas
could remain trapped in natural sand for approximately 26 years, with a desaturation
zone forming within a 4 m radius of the injection point. Chen et al. [15] confirmed that
electrolysis desaturation could achieve an average saturation degree below 92% after 12 h
of treatment, with gas migration occurring both vertically and horizontally. Chen et al. [16]
conducted systematic laboratory experiments coupled with numerical simulations to evalu-
ate microbially induced carbonate precipitation (MICP) in calcareous sands. Their research
demonstrated that using a cementation solution concentration of 1.14 mol/L at 54.4%
relative density with 15 treatment cycles achieved optimal results, reducing permeabil-
ity coefficients to 2.67 x 1073 cm/s while developing unconfined compressive strengths
reaching 11.37 MPa. However, practical field applications encounter several limitations,
including strict microbial viability requirements and temperature controls, complex spatial
distribution patterns, and substantial operational expenses associated with multiple treat-
ment cycles. Zeng et al. [17] demonstrated that injecting a solution of calcium nitrate and
acetate into the ground could stimulate nitrate-reducing bacteria to produce nitrogen gas
and calcium carbonate minerals, achieving desaturation via biogas formation. However,
this biological gas generation process exhibits limitations including low gas production
rates and high sensitivity to soil pH conditions, resulting in increased implementation costs
and environmental constraints. Similarly, air injection faces inherent difficulties in achiev-
ing uniform gas distribution [18] After evaluation, electrolysis desaturation is considered
the most suitable method for calcareous sand foundations. It generates gas within soil
pores without external pressure application, minimizing soil disturbance, while offering the
capability to treat foundations beneath existing structures and allowing repeated treatments
following electrode installation [19,20]. The relatively low energy consumption makes it
cost effective [15,21]. Additionally, the chlorine gas generated during electrolysis can be
collected and recycled [22], meeting environmental requirements.

Research on the electrolysis desaturation of calcareous sand has been primarily limited
to small-scale tests. Zhang et al. [23] conducted pioneering studies using X-ray CT scanning
to investigate the physical processes of electrolysis desaturation. Their work revealed key
resistivity characteristics, bubble dynamics, and spatiotemporal evolution of desaturation
zones during electrolysis, demonstrating the technical feasibility of horizontal electrolysis
in calcareous sand models. Chen et al. [24] employed low-field nuclear magnetic resonance
(1H L-F NMR) to elucidate the microscopic mechanisms of horizontal electrolysis desatu-
ration. Their findings demonstrated that electrolysis predominantly discharges free pore
water, while the content of bound water—categorized into weakly bound water (physically
adsorbed on particle surfaces) and strongly bound water (mechanically immobilized by
capillary forces and surface tension)—remains stable throughout the process. This thin,
stable layer resists displacement during the electrolysis process and plays a key role in
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maintaining particle cohesion. The study also found that rapid bubble generation at high
current rates causes temporary pore expansion, with macropores recovering to initial states
within 3 h post-electrolysis while meso- and micropore structures remain stable. Zhang
et al. [25] conducted integrated experimental and numerical modeling to analyze and
validate the expansion patterns of desaturation zones and saturation distribution charac-
teristics, establishing hyperbolic equations to predict the evolution of desaturation zones
during electrolysis.

Previous studies on the electrolysis desaturation of calcareous sand foundations have
revealed three critical research gaps: (1) inadequate consideration of temperature effects
on resistivity measurements during electrolysis, (2) lack of systematic investigation into
depth-dependent saturation distribution patterns, and (3) insufficient understanding of
post-treatment saturation redistribution. To address these gaps, this study conducted
comprehensive horizontal electrolysis tests using a 95 cm x 20 cm calcareous sand column
with three successive treatment cycles (1A for 2 h; 2A and 4A for 1 h) at 24 h intervals.
This study presents several key advances in understanding electrolysis desaturation for
calcareous sand foundations. First, we identify and characterize three distinct stages of
resistivity evolution during electrolysis—initial gas-dominated, transitional temperature-
influenced, and stabilized equilibrium phases—providing a framework for interpreting
resistivity measurements under dynamic electrolysis conditions. Second, we quantify
depth-dependent desaturation patterns, demonstrating that the soil layers near the elec-
trodes exhibit 1.5~1.7 times greater saturation reduction (3.2~4.4%) than the middle soil
layers (2.1~3.3%) across all current intensities (1A, 2A, and 4A), highlighting the importance
of depth-resolved analysis in treatment design. Third, we reveal the saturation behavior
after stopping electrolysis, with minimal saturation rebound (<0.1%) observed during
24 h non-electrolysis intervals, suggesting that achieved desaturation levels remain sta-
ble between treatment cycles. Importantly, we demonstrate that lower currents achieve
higher gas retention efficiency than higher currents at equivalent gas production vol-
umes, as supported by energy consumption analysis (0.04—-0.08 kW-h per cycle at 1A vs.
0.33-0.76 kW-h at 4A), which justifies the strategy of employing multiple low-current
electrolysis cycles for energy-efficient desaturation. Furthermore, the derived electrolytic
influence coefficient (k) enables the accurate prediction of saturation under electrolysis
conditions, enhancing practical applicability. Collectively, these advances provide critical
insights for optimizing electrolysis desaturation in calcareous sand, particularly for marine
engineering applications where liquefaction mitigation is essential.

2. Experimental Methods
2.1. Experimental Principle

The electrolysis method generates gas within the sand sample without changing the
porosity of the sand [26]. Electrolysis of the pore fluid produces bubbles that discharge
pore fluid from the soil’s pore structure to transform the saturated foundation into the
unsaturated state [27]. This process, referred to as electrolysis desaturation, was the focus
of this study, which aims to simulate the reclaimed foundations of the South China Sea,
where seawater serves as the pore fluid. The chemical reactions during the electrolysis
process in this study are as follows:

Anode: chloride ions (CI™) are oxidized at the anode to produce chlorine gas (Cl):

2CI~ — Cly + 2¢~ (1)
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Cathode: water molecules (H,O) are reduced at the cathode to produce hydrogen gas
(H) and hydroxide ions (OH™):

2H,O +2¢~ — 20H™ + H, )

Furthermore, under specific conditions, the electrolyte undergoes the
following reactions:

Cl, + H,O = HCIO + HCI 3)
HCIO + NaOH — NaCIlO + H,O 4)

Overall reaction:
2NaCl +2H,O — Cl, + H> + 2NaOH (5)

The current intensity and the soil’s resistance jointly determine the interelectrode
potential during electrolysis. Zhang et al. [23] conducted X-ray CT scanning analysis on
similar calcareous sand samples and observed no significant spatial discontinuities or
heterogeneities in particle and pore distributions. Therefore, the calcareous sand founda-
tion can be reasonably assumed to have uniformly distributed pores. Consequently, the
sand column resistance (R) correlates with the sand’s effective resistivity, as described by

Equation (6) [28,29].
L U

R=ps=7 (6)

where L is the length between the electrodes; S is the cross-sectional area; p is the effec-
tive electrical resistivity; U is the electrical potential between the electrodes; and I is the
current passing through the sand column. This experiment employed the voltammetric
method to measure the potential difference between graphite felt electrode sheets by testing
the constant current in the tested soil layer. The resistivity was calculated according to
Equation (6).

Archie [30] examined the relationship between soil parameters and resistivity using
different soil samples and cores, and proposed Equation (7) to determine soil resistivity
under constant temperature and pressure.

0 = apun S, B )

where «, m, and B are the empirical parameters related to the soil structure; py, is the resis-
tivity of pore fluid; n is the soil porosity; and S, is the degree of saturation. Subsequently,
Archie’s formulation assumes a pure water—electrolyte system, in calcareous sand with
saline pore fluid (35%. NaCl), where the effect of the electrolysis process on empirical pa-
rameters related to soil structure is uncertain. Therefore, we can indirectly derive changes
in saturation within the bedrock by monitoring changes in resistivity before and after the
electrolytic test.

Rhoades et al. [28] confirmed that volumetric water content significantly impacts soil
conductivity. On this basis, McNeill [31] proposed the relationship between the resistiv-
ity ratios of unsaturated and saturated soil through experimental analysis, as shown in
Equation (8).

Ot =5, ®)
where 0,54+ is the resistivity of the unsaturated soil, ps4 is the resistivity of the saturated
soil, and B is an empirical parameter. During the electrolysis process, the electrical resistivity
of the calcareous sand foundation changes due to gas migration and variations in saturation
degree. Consequently, monitoring resistivity changes before and after the electrolysis test
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can reflect the change in pore gases [32,33]. The change in resistivity of the sand p. can be
calculated using Equation (9).

Pe = (Punsat — Psat)pogt = 22" —1= 5,8 1 ©)
Psat

2.2. Experimental Materials and Apparatus

The model test utilized calcareous sand from the South China Sea, and its shape and
grading curve are depicted in Figure 1. Basic physical properties of the calcareous sand
were determined through laboratory tests. The physical properties of the calcareous sand
are detailed in Table 1. To simulate a marine environment, a 35%. NaCl electrolyte solution
was prepared with pure water to reflect the global ocean salinity distribution, which ranges
from 34 %o to 36.4%0 [34].
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Figure 1. Calcareous sand: (a) Particle size distribution of calcareous sand, (b) Scanning electron

microscopy (SEM) images of calcareous sand particles.

Table 1. Physical properties of the calcareous sand.

d
Gs Cy Cc (mSI:f)l) €max €min
2.83 3.46 1.25 0.49 1.05 0.77

As illustrated in Figure 2a, the experimental apparatus consists of an electrolytic cell
made from a plexiglass cylinder (95 cm in height and 20 cm in inner diameter) and a
large-capacity gas collection bottle. The plexiglass cell provides excellent chemical stability
and corrosion resistance, while the gas collection bottle is designed for both measuring
the volume of gases released from the cell and for filtration and treatment of chlorine gas
generated during electrolysis. The top of the electrolytic cell is sealed with a flange and
a silicone gasket, with a dedicated gas outlet connected to the gas collection bottle via a
rubber tube. Inside the gas collection bottle, a perforated partition is pre-installed above
the water level, on which an activated carbon sachet is evenly spread, ensuring that all
incoming gas passes through the activated carbon before displacing the water below into
a graduated cylinder for volume measurement. This configuration enables simultaneous
quantification of the volume of escaping gases and effective removal of chlorine. After
electrolysis, the collected gas is allowed to stand in the gas collection bottle for 24 h, after
which potassium iodide-starch test paper is used to detect any residual chlorine, thereby
confirming the effectiveness of the gas purification process.
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Figure 2. Schematic diagram of the experimental device: (a) the set-up of sand column test, (b) model
preparation, (c) schematic diagram.

The electrodes were arranged horizontally within the sample at depths of 5 cm,
25 cm, 45 cm, 65 cm, and 85 cm. They were connected to a direct current (DC) power
supply and a multimeter via copper wires. Thermocouples were placed in the sample at
depths of 15 cm, 35 cm, 55 cm, and 75 cm, and they were connected to a multi-channel
temperature instrument, as shown Figure 2c. All connection wires were securely attached
to the inner wall of the model box to prevent any disturbance to the sample. Wire routing
holes and air vents are reserved at the top of the model box. All connection wires passed
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through the wire routing holes and were secured and sealed with rubber plugs. One end
of the rubber tube was inserted into the air vent, while the other end was connected to
the gas-collecting bottle. The wire routing holes and air vents were sealed with sealant
to maintain an airtight environment within the container. The electrode material used
was graphite felt with a thickness of 5 mm and a diameter of 20 cm. Graphite felt is
characterized by excellent electrical conductivity, corrosion resistance, high-temperature
resistance, and environmental friendliness. Its porous structure provides a large specific
surface area, which helps increase the contact area with the electrolyte and the flow of gas
within the material, thereby improving the reaction rate of the electrode.

The water pluviation method was employed for sample preparation, as shown in
Figure 2b. During sample preparation, the free-fall method was employed, where calcare-
ous sand was uniformly and slowly dropped into sodium chloride solution prepared with
degassed water, maintaining the solution level consistently 5 cm above the soil surface.
According to soil mechanics principles, this indoor sample preparation method can provide
the most conservative estimate of the engineering properties of soils with the same relative
density. The dry mass of sand added per 10 cm height was recorded to calculate the relative
density, determined to be 45%. To achieve near-complete saturation, degassed sodium
chloride solution was maintained at a hydraulic head difference with the sample and slowly
permeated from the bottom inlet, flowing upward through the sample while monitoring
electrical resistivity changes in each soil layer. The permeation continued until electrical
resistivity stabilized, after which the sample remained undisturbed for 12 h to achieve
near-complete saturation. In this study, the initial degree of saturation was assumed to
be 1.

2.3. Soil Layer Characterization

According to the specimen preparation method described in Section 2.2, the target
relative density (D) for each soil layer was controlled at 45%. However, self-weight
compaction during sample preparation may potentially increase soil density with depth.
Based on Terzaghi’s one-dimensional consolidation theory [35], we quantified this effect
by calculating the compression of each layer and the corresponding variation in relative
density based on the soil parameters listed in Table 1. The compression was calculated
using Equation (10):
ay - Aol - h

1+ep

where i represents the layer number, As; is the compression of soil layer i, 4, is the compres-

As; = (10)

sion coefficient, a, = 0.5 MPa 1, A(Ti/ is the effective stress increment at the top of layer i, i
is the layer thickness (h = 20 cm), ¢p is the void ratio corresponding to 45% relative density
(eg = 0.924).

The calculated compression and relative density values are presented in Table 2,
demonstrating a maximum relative density variation of +0.68%. This observed variation
represents only 14~34% of the inherent relative density fluctuations (£2~5%) typically
found in homogeneous granular deposits, as documented by Cho et al. [36] in their study
of particle shape effects on packing density and stiffness in natural sands. Given that
such minor relative density changes would have negligible impacts on both mechanical
behavior (with shear strength variations < 1 kPa) and electrolysis test results (showing
resistivity changes < 0.5%), the compression-induced density variations in our soil layers
can be considered negligible.
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Table 2. Calculated compression and relative density variation.
Soil Layer Depth Effective Stress Ac’ Compression o D.. (%)
Number (cm) (kPa) As; (mm) ! ri 119
4 5~25 0.93 0.048 0.9239 45.04
3 25~45 2.79 0.145 0.9233 45.25
2 45~65 4.65 0.242 0.9227 45.46
1 65~85 6.51 0.339 0.9221 45.68

2.4. Test Conditions

In the electrochemical reaction, the generated hydrogen gas is more stable than chlorine
gas, so the cathode, where hydrogen is produced, was placed at the bottom of the sand
model, and the anode was placed at the top. Three sets of experimental conditions were
designed for this study, as detailed in Table 3. The primary objective of the design was to
compare electrical and pore gas changes in calcareous sand with the same total volume of
electrolytic gas and electrolysis duration under desaturation conditions.

Table 3. Summary of experimental conditions.

Number of Replicates

Constant Electrolysis Electrolysis Non-Electrolysis ;
No. Current (A) Duration (h) Count Duration (h) Escaped.Gas Chlf)rlr}e
Collection Monitoring
1-1 1 2 First 24 3 -
Iia 12 1 2 Second 24 3 -
1-3 1 2 Third - 2 1
2-1 2 1 First 24 3 -
Lha 22 2 1 Second 24 2 1
2-3 2 1 Third - 3 -
4-1 4 1 First 24 2 1
Lia 42 4 1 Second 24 3 -
4-3 4 1 Third - 3 -

Each experimental condition was tested with three independent replicates to ensure
reproducibility. The repeatability was validated through the following: (1) potential differ-
ence measurements, where the maximum deviation was less than or equal to £5% relative
to the maximum recorded potential difference under each current condition; this standard
aligns with the typical allowable error margins in geotechnical engineering experiments,
which commonly range between +5% and £10% depending on measurement conditions;
(2) temperature fluctuations, which remained within +1 °C, consistent with the accuracy
specification of T-type thermocouples, and demonstrated less than 0.5 °C variation between
replicates, ensuring thermal stability during measurements; (3) derived parameters after
model corrections, which exhibited a coefficient of variation (CV) of less than 5%, calculated
as CV = (o/u) x 100%, where o represents the standard deviation of three replicate mea-
surements and y represents the mean value; the 5% threshold for the coefficient of variation
aligns with precision requirements in geotechnical and electrochemical experiments, where
CV values below 10% are generally considered acceptable for reliable parameter derivation.

3. Results
3.1. Electrical Characteristics of Calcareous Sand During Electrolysis Desaturation

This section primarily investigated the electrical properties of calcareous sand at
different depths during electrolysis desaturation. To evaluate the applicability of Equation
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(6) under the uniform pore distribution assumption, we measured the initial resistivity of
samples collected from different depths (Figure 3). The observed resistivity variations with
depth primarily reflect the inherent heterogeneity of calcareous sand [37], resulting from
its characteristic sedimentation patterns. Additionally, minor resistivity fluctuations were
detected among replicate samples at identical depths, attributable to temperature effects.
Importantly, despite these initial variations, all depth profiles exhibited consistent temporal
trends in resistivity evolution. This consistency confirms that Equation (6) remains valid
even when accounting for moderate spatial heterogeneity in the soil matrix.

The initial resistivity (2-m)
00 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0

0 ——————————————————T
10 \*Anode I,, Temperature: 21.4°C
@9 I, Temperature: 22.4°C
20 I, Temperature: 19.9°C Layer4
30 I,, Temperature: 21.4°C
@9 1, Temperature: 22.3°C
€40 | I, Temperature: 20.0°C Layer3
Q
N
': 9,
350 - I, 5 Temperature: 21.4°C
5 I, Temperature: 22.2°C
0 24 3
a 60 I, Temperature: 19.9°C Layer2
70 @ 1A 1, , Temperature: 21.2°C
@ 2A @9 I,, Temperature: 21.9°C
80 Q@ 4A I, Temperature: 19.9°C Layerl
90 | XCathode

Figure 3. Initial resistivity at different depths: the actual measured deviation across all three repli-
cate trials falls within +5% of the maximum recorded value and data represent mean values of
triplicate experiments.

The distribution of potential differences at varying layers of the sand, as measured
in the experiment, is illustrated in Figure 4. According to the experimental data, as the
electrolysis time increased, at current intensities of 1A and 2A, the potential differences
across various soil layers initially increased and subsequently stabilized. At a current
intensity of 4A, the potential differences for soil layers 1-3 initially increased and then
decreased, while the potential difference for soil layer 4 exhibited a decreasing trend.
Therefore, at lower currents, the changes in potential difference were primarily influenced
by variations in pore gas content. The higher the current, the less significant impact of
variations in pore gas content on the potential difference. During electrolysis, sand that
functions as a three-phase medium facilitated dynamic interactions between liquid and gas
within the porous structure. The porosity of calcareous sand remained unchanged despite
desaturation via electrolysis. As gas content increased, the proportion of gas-occupied
pores rose, leading to higher voltage consumption for the same current passing through
a unit area of sand [38]. The greater the current intensity, the higher the concentration of
mobile ions in the electrolyte, which increased conductivity and led to a reduction in the
voltage consumed.

Figure 5 illustrates changes in temperature during electrolysis. Due to the large amount
of data presented in the figure, error bars are not included to ensure clarity and ease of
data interpretation. The temperature values shown in the figure represent the averages
obtained from three sets of repeated experiments, and the measured resistivity data were
calculated as the average of three sets of potential difference test values. The greater the
current intensity, the higher the temperature rise. The temperature of the soil layer near
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the anode was higher than that near the cathode. At lower currents, the temperature
change in the intermediate soil layer was relatively small. Consequently, the change in
temperature was related to both current intensity and soil depth. According to Joule’s law,
the heat generated is proportional to the square of the current. Therefore, a higher current
intensity resulted in a greater temperature rise. During electrolysis, oxidation reactions
at the anode released heat, while reduction reactions at the cathode generated less heat.
This phenomenon typically resulted in higher temperature at the anode compared to the
cathode. In the middle section of the soil column, the relatively low current density led to
less heat production and thus insignificant temperature changes.

18 24h 24h
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|
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Figure 4. Time-dependent curves of potential difference at different depths under various current
intensities: L1 (65-85 cm), L2 (45-65 cm), L3 (25-45 cm), L4 (5-25 cm). The actual measured deviation
is within £5% of the maximum recorded value.

Figure 5 also depicts changes in resistivity throughout the electrolysis process. The
relationship between temperature and resistivity changes was analyzed based on experi-
mental measurements. The resistivity change of calcareous sand can be categorized into
three stages. In the first stage, the resistivity changes were mainly dominated by gas
content, and the resistivity increased. In the second stage, as the temperature increased,
resistivity changes were affected by temperature, and the rate of increase in resistivity
slowed. In the third stage, resistivity changes were influenced by both temperature and
gas content, and the resistivity tended to stabilize. This was attributed to the capacitor’s
continuous storage and release of charges during the electrolysis, which converted electrical
energy into thermal energy and increased the capacitor’s temperature. As the capacitor’s
temperature increased, the activity of electrolytic ions increased, resulting in decreased
resistivity. As the gas content increased, the capacitance of the gas was minimal and
could often be disregarded, leading to a decrease in total capacitance, and consequently,
temperature converged.
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Figure 5. Resistivity between electrodes and temperature during electrolysis: L1 (65-85 cm), L2
(45-65 cm), L3 (2545 cm), L4 (5-25 cm). The measurement error of the temperature value is within
the range of +0.5 °C.

Figure 5 also illustrates the resistivity variations during electrolysis. Based on experi-
mental measurements, the relationship between temperature and resistivity changes was
analyzed. The resistivity evolution in calcareous sand exhibited three distinct stages: In
Stage 1, resistivity changes were primarily governed by gas content, showing a significant
upward trend. This abrupt increase resulted from the rapid accumulation of gas bubbles in
the pore structure during initial electrolysis. In Stage II, resistivity growth showed signs of
moderation as rising temperature became the dominant factor. The elevated temperature
(attributed to the continuous charge storage/release process in the capacitor system, which
converted electrical energy into thermal energy) enhanced ionic activity in the electrolyte,
thereby slowing the rate of resistivity increase. Under the condition of high current (4A), a
negative resistivity growth was observed [39]. During Stage III, resistivity tended to stabi-
lize due to the combined effects of temperature and gas content. As gas content increased
(with negligible capacitance), the system’s overall capacitance decreased, and temperature
stabilized, which was due to the competing effects of temperature and gas accumulation
reaching equilibrium [40].

Zhang et al. [23] illustrate resistivity and temperature changes during electrolysis
in Figure 6. The experimental material is calcareous sand, and the electrode distance is
6.75 cm. The significant fluctuations in resistivity at the onset of electrolysis suggested
capacitor damage. A sudden rise in resistivity was observed when the electrolysis duration
exceeded 2 and 4 h. Many large air bubbles were not formed readily. The temperature
of the capacitor can exceed 100 °C. A comparison of the two experiments revealed that
temperature changes significantly affected the sand’s resistivity. As electrode spacing
increased, the effect of temperature on resistivity during the electrolysis process was
relatively small, resulting in more stable capacitance.
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Figure 6. Resistivity between electrodes and temperature during calcareous sand electrolysis [23].

Keller [41] noted that there is a relationship between the resistivity of sand and its

temperature, which is expressed as

e1, = pr[l +a(T — Ty)]

(11)

where pr is the resistivity at temperature T °C, « is the temperature coefficient with a value

of 0.025 °C™1, and py is the corrected resistivity at the reference temperature Ty °C. In this
study, Ty = 20 °C.
Based on the resistivity values recorded at temperature T °C, the corrected resis-

tivity at the same temperature was obtained using Equation (11). The change in the

corrected resistivity was solely influenced by gas content. Figure 7 presents the time-

dependent curves of corrected resistivity changes for different soil layers under three

experimental conditions.

~

‘m

Corrected resistivity (Q

2.4
2.0
1.6
1.2
0.8
0.4

—=24h=— —=24h~-=—

F[1A

[ —o—L1—o—1L2 oo

—o— 13 —o—L4| ) -2—3—0—0—0 /‘

20000090079
q '] g
3
3 5
1 1 N 1 1 TR 1 1

01/6 3/6 5/6 7/6 9/6 11/6

01/6 3/6 5/6 7/6 9/6 11/6

016 3/6 5/6 76 9/6 11/6

T
F12A

24
20’—0—L1—0—L2
’ —o—13—o—14 >
1.6
e 1

[ o—o——9 7 —
12 | ————— )
o] i EEEERED
0.4 1 1 1 1 1 I’\‘I 1 1 1 1 1 |:\‘I 1 1 1 1 1

0 /6 2/6 3/6 4/6 5/6 10 /6 2/6 3/6 4/6 5/6 10 1/6 2/6 3/6 4/6 5/6 1
32 ’4A ‘ 2 ——o—9
28 o—L1——12 a1
2.4 Fl—e—L3—o—1L4
20 b ,——9 e >
16 F 3
1.2 >
0.8 §
034 = W . |

0 1/6 2/6 36 4/6 56 1 0 1/6 2/6 3/6 46 56 1 0 16 2/6 3/6 4/6 56 1

Electrolysis time (h)

Figure 7. Time-dependent curves of corrected resistivity at different depths under various current
intensities: L1 (65-85 cm), L2 (4565 cm), L3 (2545 cm), L4 (5-25 cm). the corrected CV of resistivity
is less than 5% and data represent mean corrected values of triplicate experiments.
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Figure 8 illustrates the change in resistivity during electrolysis. In the initial stage of
electrolysis at three different current intensities, the rate of increase in resistivity of soil
layers 1-3 decreased sequentially. At current intensities of 1A and 2A, the resistivity of soil
layer 3 gradually surpassed that of soil layer 2. This suggests that, in the initial stage of
electrolysis, the pore gas content near the cathode increased. As electrolysis progressed, the
pore gas generated by the bottom cathode electrolysis migrated upwards and gradually
accumulated in the soil near the anode. Buoyancy and capillary forces facilitated this
upward migration. The pore gas generated by the top anode electrolysis migration diffused
and accumulated in adjacent soil layers, resulting in the pore gas in soil layer 3 gradually
exceeding that in the underlying soil layer 2.
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Figure 8. Time-dependent curves of the change in resistivity at different depths under various current
intensities: L1 (65-85 cm), L2 (45-65 cm), L3 (25-45 cm), L4 (5-25 cm). The corrected CV of resistivity
is less than 5% and data represent mean values of triplicate experiments.

At current intensities of 1A and 2A, the increase in resistivity of soil layer 4 near the
anode was greater than that of soil layer 1 near the cathode. At a current intensity of
4A, the increase in resistivity of soil layer 1 near the cathode was greater than that of soil
layer 4 near the anode. This suggested that gas storage in the upper soil layer was more
favorable under low current conditions, as higher currents during electrolysis were more
prone to side reactions, with some chlorine gas produced from oxidation dissolving in the
pore liquid.

3.2. Saturation Changes in Calcareous Sand Under Electrolysis Desaturation

As governed by Equation (9), the accuracy of saturation inversion via resistiv-
ity variation (p¢) critically depends on the precise determination of the saturation
exponent B. To establish this fundamental relationship isolated from electrolysis ef-
fects, a non-electrolytic calibration experiment was implemented through the following
standardized protocol:

In the non-electrolytic calibration experiment, calcareous sand specimens at
Dr = 45% were prepared by direct mass blending of oven-dried sand and de-aired 35 %o
NaCl solution within a Miller box. The test specimens had the same relative density as
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the soil column model. Target saturation levels (Sr = 85%, 90%, 95%, 100%) were achieved
through precision gravimetric formulation:

Srp1

M = 02(1 —n)/nmS

(12)
where m1;, is the measured mass of salt solution added to achieve target saturation. Sr is
the degree of saturation. p; is the density of NaCl solution at laboratory temperature. p; is
the grain density of calcareous sand determined by pycnometer testing in distilled water,
representing the mass per unit volume of the solid skeletal material excluding internal
pores. n is the porosity. m; is the oven-dried mass of the sand specimen.

Resistivity measurements were conducted using a two-electrode method without
applied current under strictly controlled isothermal conditions (20 =+ 0.5 °C) being main-
tained. From the fitting of the measured resistivity and saturation using Equation (9), the
saturation exponent B of calcareous sand is 7.85 when the relative density is 45%, as shown
in Figure 9.
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Figure 9. Fitting curve of the relationship between resistivity change and saturation.

The saturation exponent B characterizes the fundamental resistivity—saturation re-
lationship independent of electrolysis processes. As demonstrated in Section 3.1, the
temperature-corrected resistivity data during electrolysis effectively decouple thermal
effects from saturation changes. The two-stage approach first establishes the intrinsic
resistivity—-saturation relationship through Miller box calibration and then applies tem-
perature correction via electrolysis tests, which ensures the quantitative validity of using
resistivity variation with the fitted B-value of 7.85 to characterize saturation changes under
electrolysis conditions.

The effect of current intensity on the overall saturation of calcareous sand during
electrolysis is depicted in Figure 10. The changes in overall saturation before and after
electrolysis of the samples are summarized in Table 4. The overall saturation changes at
current intensities of 1A and 2A are relatively close, while the overall saturation significantly
decreases at a current intensity of 4A. The greater the current intensity, the rate of change in
overall saturation was more rapid in the initial stage of electrolysis but gradually decreased
as the electrolysis time extended. This was attributed to increased current intensity leading
to a higher generated gas content, which resulted in elevated gas pressure and more
pronounced change in saturation levels.
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Table 4. The overall saturation values before and after the electrolysis.

The Degree of Saturation (%)

The Change Value Between

No. The Change Du{‘lng the End of One Electrolysis
Start End the Electrolysis ..
Process and the Beginning of the
Next Electrolysis
1 100 96.54 3.46 -
La 2 9663 94.01 2.62 0.09
3 9411 92.02 2.09 0.1
1 100 97.32 2.68 -
La 2 97.4 95.27 213 0.08
3 9535 93.59 1.76 0.08
1 100 93.59 6.41 -
Lia 2 9368 90.11 3.57 0.09
3 9021 88.40 1.81 0.1

Comparing overall saturation at current intensities of 1A and 2A, after three electrolysis
sessions, the overall saturation at 1A current intensity decreased by 3.46%, 2.62%, and
2.09%, while at 2A current intensity, decreases were 2.68%, 2.13%, and 1.76%. When the
total gas content produced by electrolysis was equivalent, lower current intensity correlated
with more significant saturation changes at the end of electrolysis. The electric current-
induced airflow may explain this phenomenon. As the current generated an upward gas
flow, it facilitated the escape of gas from the pore structure of the sample. Consequently,
higher current intensity resulted in greater gas flow, which allowed a greater volume of
gas to escape from the sample. This reduction in retained gas content within the sand
pores ultimately led to comparatively smaller changes in saturation levels. In conclusion,
reducing the current intensity and increasing the electrolysis duration in electrolysis can
enhance the desaturation effect.
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As the electrolysis time continues, the rate of overall saturation changes decreases,
and multiple electrolysis processes can effectively improve the desaturation efficiency. This
is because, during the continuous electrolysis process, the formation of stable gas channels
in the sand pore reduced the desaturation efficiency. Multiple electrolysis processes can
create new gas channels, thereby enhancing the desaturation efficiency.

The overall saturation changes between the end of one electrolysis and the beginning
of the next electrolysis had a maximum value of 0.1% and a minimum value of 0.08%. In the
absence of electrolysis, some unstable gas bubbles escaped from the surface of the sand’s
pore structure, which was possibly due to gas channels formed during the electrolysis
process. These unstable gas bubbles within these channels escaped from the sample surface
under buoyancy force. This observation is consistent with previous research results, which
indicated that after the air injection in soil, only a limited number of air bubbles could
escape from the sample [13].

As shown in Table 5, the statistical analysis of saturation differences across current
intensities was conducted by calculating mean values and standard deviations from three
electrolysis sessions.

Table 5. Statistical analysis of saturation changes at different current intensities.

Constant Current (A) Mean Saturation Standard Coefficient of
Change (%) Deviation Variation
1 2.72 +0.69 0.69 0.25
2 2.19 +0.46 0.46 0.21
4 3.93 +2.35 2.35 0.60

The descriptive statistics show two clear patterns in the desaturation process. First,
saturation changes vary consistently with current intensity. Second, result variability
grows significantly at higher currents. To better understand these patterns, we analyze
the complete dataset using boxplots, as shown in Figure 11. The boxplot reveals clear
trends in the desaturation process across different current intensities. Saturation changes
consistently vary with current intensity, and variability grows significantly at higher cur-
rents. At lower intensities, such as 1A and 2A, saturation levels are relatively stable, with
narrower interquartile ranges and fewer outliers, reflecting more predictable and uniform
desaturation effects. In contrast, the 4A condition exhibits a broader interquartile range,
numerous outliers, and a higher coefficient of variation (0.60), indicating less uniform and
less predictable results. These findings confirm that lower current intensities, particularly
1A, result in more effective desaturation compared to higher intensities like 2A or 4A, even
at equivalent total gas production. This phenomenon can be attributed to gas migration
dynamics: higher currents generate gas more rapidly, leading to larger bubbles and contin-
uous gas channels that facilitate gas escape rather than retention within the pore structure.
In comparison, lower currents promote more stable gas retention, minimizing preferential
channel formation. Collectively, these observations support the conclusion that lower
current intensities with longer electrolysis durations are more effective for desaturation
treatment, as they enhance uniformity and stability in gas retention within the sand matrix.

Figure 12 presents the saturation time curves of samples at different depths. Ata
current intensity of 4A, the saturation variation in the soil near the cathode was higher
than that near the anode; however, at current intensities of 1A and 2A, the opposite was
observed. This is because the larger gas flow generated by the higher current intensity
facilitated the formation of gas channels. As gas moved upward more rapidly through
these channels, potentially leaving the sample surface, this resulted in a higher saturation
near the anode compared to the area near the cathode. In conclusion, gas generated by
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electrolysis at a lower current intensity did not readily form gas channels, leading to more
efficient gas retention within the sand, which could continue to reduce saturation levels.
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Figure 11. Boxplot of saturation variation under different current conditions.

1005 , ‘ ‘ —»324h<—‘ — 24—

99.0 i

975 [ g0 o Lo L oo ‘
96.0 =~ =33 q .
ol as2SSSiNSe -eeee
00 : MW 9 3
915 | P N
90.0 1A iR o = S
88.5 —e—L1—0—L2
87.0 | —o—L3—o—L4

FR g e E—— =] N

100501/6 3/6  5/6 76 9/6 11/6 01/6 3/6 56 76 96 11/6 01/6 3/6 56 76 9/6 11/6

99,0 PR Jircoeen] —— | s s s e o B B o
97.5 | §

96.0 F —3 3
94.5 T2

930 £ = D\w:b\&; P =
915 F —

90.0 F
88.5 |
87.0 F
85.5

[

e T .

A ;4 LLL%
¢

1»[«

|
g

P

P
P

Degree of saturation (%)

100.5 0 16 2/6 3/6 4/6 5/6 1 0 1/6  2/6 3/6 4/6 5/6
¢

99.0 | ] ] o
97.5
96.0 [
945 |
93.0 |
91.5
90.0 [
88.5 |
sos | EEESEEEEEREE . EROLSh &
™ ™

0 1/6 2/6 3/6 4/6 5/6 10 /6 2/6 3/6 4/6 5/6 0 176 2/6 3/6 4/6 5/6 1

Electrolysis time (h)

Figure 12. Time-dependent curves of saturation degree at different depths under various current
intensities: L1 (65-85 cm), L2 (45-65 cm), L3 (25-45 cm), L4 (5-25 cm). Data represent mean values of
triplicate experiments.

The saturation variation in the soil layer near the electrode was more pronounced
than that in the middle soil layer, with the average saturation variation during a single
electrolysis cycle reaching 3.2%, 2.6%, and 4.4% for 1A, 2A, and 4A, respectively, in the soil
near the electrode, compared to 2.1%, 1.7%, and 3.3% in the middle soil layer under the
same current intensities. As current intensity increased, the difference in saturation between
the soil layer near the electrode and the middle soil layer increased. This discrepancy may
arise from the considerable distance between the electrodes. The saturation changes in the
soil layers near the electrodes were directly influenced by the current, resulting in a rapid
variation in gas migration saturation. As gas migrated upwards under the influence of



Buildings 2025, 15, 2061

18 of 28

buoyancy and diffusion, the moisture in the intermediate soil layer was redistributed among
soil particles via capillary action. This redistribution allowed the moisture to maintain
a relatively uniform distribution within the soil, thereby slowing saturation changes. A
larger current had a greater impact on the saturation changes in the soil layers near the
electrodes, and saturation changes in the middle layer were less affected, resulting in more
significant differences in saturation across various soil layers. Therefore, current intensity
had a significant impact on saturation changes in the soil layers near the electrodes, while
capillarity greatly affected the saturation changes in the intermediate soil layers.

Resistivity monitoring following electrolysis cessation revealed distinct spatiotem-
poral distribution patterns in soil layer saturation (Figure 13; H-0, H-1, H-3, H-6, H-24
correspond to 0, 1, 3, 6, 24 h post-cessation, respectively). The data indicate that during
the initial 6 h period (H-1 to H-6), mean saturation changes measured +0.06% for layer
1, +0.05% for layer 2, +0.06% for layer 3, and -0.14% for layer 4, accounting for precisely
60%, 62.5%, 100%, and 100% of respective total variations. Primary saturation adjust-
ments occurred within this initial period (pre-H-6), stabilizing by H-24. Layer 4 exhibited
maximum change rates (—0.08%/h during H-0 to H-1), while layer 3 achieved saturation
stabilization earliest (at approximately H-3), displaying the characteristic profile: maximum
saturation gain in bottom layers, earliest stabilization in intermediate layers, and initial
decrease followed by a marginal increase in top layers. This distribution originates from
coupled gas-liquid phase transport mechanisms: (1) Bottom layer 1: Significant effective
stress promotes bubble migration through free water at reduced velocities from H-0 to
H-24, concurrent with sustained free water infiltration, yielding progressive saturation
increases. (2) Intermediate layers 2-3: Gas migration comprises ascending gas from under-
lying strata and local bubbles ascending through free water in these layers, establishing
dynamic equilibrium with infiltrating free water around H-3. This results in smaller sat-
uration variations and more rapid stabilization. (3) Top layer 4: Gravity-dominated free
water movement (H-0 to H-1) transitions to gas ascending through free water (H-1 to
H-6), followed by a late-phase (H-6 to H-24) saturation increase due to bubble coales-
cence and subsequent escape, along with increased gas solubility driven by system-wide
temperature reduction. The complete H-0 to H-24 progression demonstrates complex mul-
tiphysics coupling (stress—seepage—thermal interactions) governing fluid redistribution in
porous media.

3.3. Theoretical Calculation of Gas Content

During the electrolysis process, we observed the drainage of water from the sand
specimens. This phenomenon occurs because the electrolytes within the pores participate
in electrochemical reactions, producing gases that displace a portion of the pore fluid,
resulting in water drainage. Additionally, the experiments monitored the escape of gases
(Vescaped) from the specimens. According to the law of conservation of mass, the total
volume of gases produced (Vduce) by electrolysis is equal to the sum of the volume of
retained gas and the volume of escaped gas. To better understand the mechanism of gas
retention within the pores during electrolysis, we compared the produced gas volume,
the sand specimen drainage volume, the theoretical retained gas volume (V;), and the
escaped gas volume. The theoretical retained gas volume was determined using Equation
(14), which is derived from the resistivity—saturation relationship established in Section 3.2.
The saturation degree of sand specimens is primarily determined using this resistivity-
based model, as it provides continuous, non-invasive measurements throughout the
electrolysis process.
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Figure 13. Redistribution of saturation across soil layers after electrolysis cessation at different
currents: (a) 1A (first cessation), (b) 1A (second cessation), (c¢) 2A (first cessation), (d) 2A (second
cessation), (e) 4A (first cessation), (f) 4A (second cessation), and data represent mean values of
triplicate experiments.

According to Faraday’s laws of electrolysis, the amount of substance reduced at the
cathode is directly proportional to the current intensity and the electrolysis duration. The
volume of gas produced can be calculated as follows [42]:

It
Vproduce = > F x 22.4 (13)
where Vjo44cc is the volume of gas produced by electrolysis, I is the current intensity,
is the electrolysis duration, z is the number of electron transfers (H; = 2, Cl, = 2), F is the
Faraday constant (96,485 C/mol), the molar volume at standard atmospheric pressure is
224 L/mol.

Based on the relationship between saturation and gas content, the theoretical retained
gas volume based on changes in resistivity can be established as follows [7]:

1
Vo=8Vo=(1-5)Vo=(1-—-)V (14)
(pc+1)8
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where V, is the theoretical retained gas volume, V; is the void volume of the sand (the
volume of pore fluid when saturation is 1), S, is the gas content in the pores, and p, is the
change in resistivity of the sand.

Figure 14 illustrates the evolution and comparison of different volume quantities
during the electrolysis process, including the volume of gases produced by electrolysis,
the sand specimen drainage volume, the escaped gas volume, and the theoretical retained
gas volume.
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Figure 14. Evolution and comparison of volume quantities during the electrolysis process: data
represent mean values of triplicate experiments except for generated gas volume.

When comparing samples subjected to the same electrolysis duration, it was observed
that a higher current intensity corresponded with a greater drainage volume. As electrolysis
continued, the drainage rate decreased and gradually stabilized. Under the same current,
the drainage volume was lower after repeated electrolysis. This was because as electrolysis
continued, the gas moved within the pores to form stable gas channels, leading to the
release of gas rather than liquid, which resulted in no further change in drainage volume.
With repeated electrolysis, the absence of newly formed gas channels caused the liquid
content in existing channels to gradually decrease, ultimately reducing drainage volume

The drainage volume recorded after 2 h of electrolysis at a current intensity of 1A was
slightly higher than that recorded at 2A for 1 h. Despite the same volume of gas being
generated during electrolysis, the volume of drained pore liquid varied. This discrepancy
may be because of current intensity on temperature and gas movement speed. The higher
the current intensity, the higher the temperature of the sand, and the greater the evaporation
of pore liquid, thereby affecting the drainage volume of the sample.

Further analysis reveals that the drainage amount is consistently lower than the
theoretical gas storage volume (Va) calculated from resistivity changes. This discrepancy
indicates the presence of evaporation, which contributes to the loss of pore liquid during
electrolysis. Additionally, the results validate the accuracy of the saturation model used
to calculate Va, as it provides a more reliable estimation of the volume of retained gas
compared to the directly measured drainage volume.
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Further analysis reveals that the drainage amount is consistently lower than the theo-
retical gas storage volume calculated from resistivity changes. This discrepancy confirms
the presence of evaporation during electrolysis, which contributes to pore liquid loss. When
comparing the sum of escaped gas volume and retained gas volume with the total pro-
duced gas volume, it is evident that the combined volume of escaped gas and theoretically
retained gas exceeds the total volume of gases produced during electrolysis. This suggests
that evaporation not only reduces the pore liquid content but also contributes to the volume
of gas escaping from the sand specimen. Higher current intensities amplify this effect by
increasing the temperature, leading to enhanced evaporation rates and accelerated liquid
loss. The results validate the accuracy and reliability of the resistivity-based saturation
model for calculating retained gas volume, as it provides a more comprehensive estima-
tion compared to the directly measured drainage volume, which fails to account for the
evaporation effects.

The retained gas rate during the electrolysis process varied over time, as illustrated in
Figure 15. At a current intensity of 1A, the peak gas retention rates during three electrolysis
sessions were observed to be 100%, 90.83%, and 63.26%. When the current intensity
was increased to 2A, the peak gas retention rates during three electrolysis sessions were
observed to be 97.61%, 79.04%, and 60.94%. Further increasing the current intensity to
4A resulted in peak gas retention rates of 95.37%, 48.49%, and 42.81% during the three
electrolysis sessions. When the same volume of gas was produced during electrolysis,
lower current intensity and longer electrolysis duration yielded higher gas retention rates.
Conversely, when the electrolysis duration was constant, gas retention rates did not increase
proportionally with increasing current intensity. This was due to a higher current intensity
generating a more significant gas flow, leading to greater gas loss from the sample’s
surface. When the total volume of gas produced during electrolysis was equivalent, a
lower current intensity resulted in higher gas retention. Although increasing the current
intensity while maintaining constant electrolysis duration increased the total gas content, it
concurrently decreased the gas retention rates. Therefore, the gas retention rates did not
rise proportionally with increasing current intensity.
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Figure 15. Time-dependent curves of retained gas rate under different current intensities during
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represent mean values of triplicate experiments.
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4. Discussion

In this study, the effectiveness of electrolysis desaturation for calcareous sand foun-
dation treatment was investigated through laboratory tests. Based on the test results and
analysis, several key aspects need to be considered for larger-scale implementation.

First, our results demonstrate that the degree of saturation changes significantly near
the electrodes while remaining relatively stable in the middle soil layer. As current intensity
increases, the saturation difference between the electrode vicinity and middle soil layer
becomes more pronounced. Therefore, for larger-scale applications, the optimal electrode
spacing should be determined based on this saturation distribution pattern to achieve
uniform desaturation effects throughout the treated area.

Second, temperature significantly affects the resistivity during the electrolysis process.
Our findings suggest that using lower current intensity leads to more efficient gas retention
within the sand, as the generated gas does not readily form channels under these conditions.
Thus, temperature control and the application of low current intensity are crucial factors
for successful implementation in field conditions.

Third, for foundation engineering in marine environments, environmental protection
measures must be implemented to address electrolysis byproducts. In our study, the acti-
vated carbon filtration system demonstrated effective chlorine removal, as confirmed by
qualitative testing with potassium iodide-starch paper. In the electrolysis desaturation
treatment of liquefiable marine foundations, existing chlorine recovery and utilization
technologies can be employed to capture and convert chlorine [20], thereby eliminating
environmental impacts. The mature application of these technologies can support the envi-
ronmental sustainability of electrochemical desaturation methods in marine engineering.

This study represents preliminary laboratory investigations. However, when com-
paring laboratory results to field conditions, implementation faces additional challenges,
particularly regarding the durability of desaturation effects under seepage field condi-
tions. Future studies should focus on long-term performance evaluation under actual field
conditions to validate the feasibility of large-scale implementation.

4.1. Differential Analysis of the Saturation Exponent

Notably, our B-value (7.85) differs significantly from Zhang et al.’s B-value (1.549) for
calcareous sand [23]. As shown in Table 6, the higher saturation index B (7.85) observed
in this study can be explained by differences in particle characteristics. First, in terms of
particle size, the median particle diameter in this study (dsg = 0.49 mm) is larger, leading
to larger and more complex pore spaces, which makes the effect of saturation changes on
resistivity more pronounced. Second, the lower maximum void ratio (¢;ay = 1.05) and mini-
mum void ratio (e,;;, = 0.77) indicate tighter particle packing. Despite the higher particle
density (Gs = 2.83 g/cm?®), the increased number of contact points does not significantly
improve pore network connectivity. Additionally, the lower relative density (Dr = 45%)
suggests that the sand sample is in a looser packing state. Finally, the difference in pore
fluid further impacts the saturation index. This study used 35 %. NaCl solution as the pore
fluid, whose higher conductivity significantly enhances the conductive ability of liquid
bridges, thereby increasing the sensitivity of resistivity to saturation changes and resulting
in a higher saturation index B. Therefore, the saturation index B in Archie’s formula for
electrolyzed calcareous sand requires calibration through non-electrolytic experiments.
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Table 6. The overall saturation values before and after the electrolysis.
Parameter This Study Zhang et al. [23]
dso (mm) 0.49 0.33
Cu 3.46 3.55
Gs (g/cm?) 2.83 2.73
Cmax 1.05 1.44
Conin 0.77 1.02
Dr (%) 45 69.2
Pore fluid 35%0 NaCl solution Pure water
Test method Non-electrolytic conditions  Non-electrolytic conditions

4.2. Deviations from Archie’s Assumptions in Calcareous Sand

Archie’s formulation assumes a pure water—electrolyte system without electrochem-
ical reactions. In calcareous sand with saline pore fluid (35%. NaCl), two critical devi-
ations emerge: (1) Salinity effect: The initial pore fluid resistivity p, = 0.895 (3-m, rep-
resenting an 11-fold reduction compared to Archie’s pure water benchmarks (>10 (2-m).
(2) Electrolysis-induced disturbances: The dominant disturbance mechanism arises from
chloride redistribution due to Joule heating, where localized thermal gradients gener-
ate ion concentration differentials. Therefore, to calibrate the electrolytic influence, we
defined the electrolytic influence coefficient k (k = an™"). This coefficient can be de-
termined by comparing a non-electrolytic calibration experiment with an electrolytic
calibration experiment.

For the non-electrolytic calibration experiment, as detailed in Section 3.2, the Miller
box test yielded the following fitted relationship:

pe=S7"% -1 (15)
Convert Equation (15) into the conventional Archie form formula form:

pZ(r)l’;;tdec — p;z;)tnfelecs;B — 0.895 x 5;7.85 (16)

non—elec non—elec
unsat sat

tivity at complete saturation (Sr = 1), corresponding to the pore fluid resistivity measured
as 0.895 ()-m.
For the electrolytic calibration experiment, the mean values derived from repeated

where p is the resistivity of partially saturated specimens, while p is the resis-

experimental trials of the nine test conditions presented in Table 3 yielded 72 data points
characterizing the resistivity—saturation relationship.

As shown in Figure 16a, the relationship curve—between the sand resistivity and the
degree of saturation—remained consistent across varying current intensities, demonstrating
that current intensity does not affect the correlation between sandstone resistivity and
saturation. Building on this current intensity—insensitive relationship, the unified fitting of
the sand resistivity to degree of saturation across all current intensities is demonstrated in
Figure 16b, with the resulting formula expressed as follows:

Piinsat =k pla ~1¢5; % = 4.57 x §,7% (17)

where slope is 4.57, comparing the non-electrolytic calibration experiment, the electrolytic
influence coefficient k can be obtained: k = 4.57/0.895 ~ 5.11 (95% CI: [4.92, 5.34]), RZ = 0.99,
the coefficient of determination indicates a good fit of the model. Therefore, the relationship
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between the resistivity measured during the electrolysis process and the saturation degree
is as follows:

elec __ non—elec ¢—B
Punsat = 5.11 x Psat Sr (18)
1.4 14
3

13} aﬁ@ 13}
E . e
G122t G2+
N S’
2 oy
Z L RS
@ @
2 1.0 | ™) 1.0

0.9 - (a) 09 1 (b)

L 1 " 1 " 1 " 1 L 1 n 1 " 1 L 1 " 1 " 1 L 1 " 1
94 95 96 97 98 99 100 94 95 96 97 98 99 100
Degree of saturation (%) Degree of saturation (%)

Figure 16. Relationship between resistivity and degree of saturation: (a) relationship between
resistivity and degree of saturation at different current intensities, (b) the fitting curve of resistivity
and degree of saturation.

4.3. Analysis of Electricity Consumption

Electricity consumption under different test conditions can be shown by recording
the voltage varying across the electrodes during energization. Figure 17 illustrates the
variations in measured equivalent resistance and theoretical equivalent resistance under
different current intensities and electrolysis cycles. The measured equivalent resistance
is obtained directly from recording the voltage and reflects the actual impedance of the
electrolysis system during operation, including the effects of temperature and reaction
conditions. In contrast, the theoretical equivalent resistance is derived from theoretical
calculations with temperature effects corrected, eliminating the temperature interference in
the measured results and providing values closer to ideal conditions.
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Figure 17. Comparison of measured and theoretical equivalent resistance during electrolysis at
different currents and cycles: data represent mean values of triplicate experiments.
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By comparing the measured and theoretical equivalent resistance, it is evident that
the theoretical values are consistently higher than the measured ones. At lower current
intensities, the difference between the measured and theoretical values is smaller, whereas
at higher current intensities, the discrepancy increases. Both the measured and theoretical
resistance values gradually increase with the number of electrolysis cycles. This behavior
can be attributed to the influence of temperature: elevated electrolysis temperatures reduce
the resistivity of the electrolyte, leading to lower measured resistance values. As current
intensity increases, the heat generated during electrolysis also increases, amplifying the
temperature’s effect on the measured resistance, which shows a decreasing trend. Fur-
thermore, with more electrolysis cycles, the system cools to room temperature during the
intervals between cycles, and the baseline internal resistance of the electrolysis system
increases. As a result, the initial equivalent resistance for subsequent electrolysis cycles
exhibits closer measured and theoretical values compared to the theoretical value observed
at the end of the previous cycle.

Figure 18 illustrates the power variation under different electrolysis conditions. From
the data, it can be observed that at 1A, the power is in the range of 0.018~0.04 kW; at 2A, the
power increases to 0.07~0.15 kW; and at 44, it rises significantly to 0.25~0.8 kW. At the end
of electrolysis, the total energy consumption for each current intensity, obtained by integrat-
ing the power curve under different conditions, is as follows: 1A requires approximately
0.04-0.08 kW-h, 2A requires about 0.09-0.15 kW h per cycle, and 4A consumes around
0.33-0.76 kW -h per cycle. This indicates that energy consumption increases substantially
with higher current intensities. Based on the three stages of resistivity—temperature re-
sponse discussed in Section 3.1, when dT /dt = 0, the electrolyte resistivity stabilizes, indicat-
ing that the system has reached thermal equilibrium. Further electrolysis beyond this point
would result in diminishing power efficiency. Therefore, to reduce energy consumption,
it is recommended to adopt a strategy of using smaller currents and multiple electrolysis
cycles. Additionally, the electrolysis process should be stopped when temperature changes
stabilize to optimize energy efficiency.
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Figure 18. Time-dependent power consumption during electrolysis under varying current intensities:
(a) 1A, (b) 2A, (c) 4A. Dnd data represent mean values of triplicate experiments.
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5. Conclusions

This study conducted horizontal electrolytic model tests on calcareous sand columns
to investigate the variations in resistivity and saturation at different depths of calcareous
sand under varying current intensities and electrolysis durations. The primary conclusions
are as follows:

1. The resistivity of the calcareous sand column model was influenced by the coupling
of temperature and gas content, and its variation process could be divided into
three stages. In the first stage, the resistivity changes were mainly dominated by
gas content, and the resistivity increased. In the second stage, as the temperature
increased, the resistivity changes were influenced by temperature, and the rate of
increase in resistivity tended to slow. In the third stage, the resistivity changes were
influenced by both temperature and gas content, and the resistivity tended to stabilize.

2. During the electrolysis process, the saturation variation of the soil layer near the
electrode was more significant than that of the middle soil layer, which exhibited
relatively stable saturation changes. As current intensity increased, the difference
in saturation between the soil layer near the electrode and the middle soil layer
increased. The saturation redistributed upon cessation of electrolysis. As soil depth
decreased, the increase in saturation diminished, and the saturation at the top of the
soil decreased.

3. Gas generated by electrolysis at lower current intensity did not readily form gas
channels, leading to more efficient gas retention within the sand, which may continue
to reduce saturation levels.

4. The reliability of saturation calculations based on temperature-corrected resistivity
variations was verified through comparative analysis of electrolysis-induced drainage
volumes. For calcareous sand’s unique properties, an electrolytic influence coeffi-
cient for Archie’s formulation was proposed to accommodate electrolysis conditions,
establishing a quantitative relationship between resistivity and saturation during
electrolysis. This provides the theoretical foundation for saturation prediction in
electrolytic desaturation methods.

5. The analysis of the saturation exponent B indicates that Archie’s law parameter B is
influenced by both the physical properties of calcareous sand and the characteristics
of the pore fluid. Therefore, calibration of the B-value is crucial for assessing the
saturation of calcareous sand in marine environments.
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Abbreviations

The following abbreviations are used in this manuscript:

SC Stone columns

LRR Liquefaction resistance ratio

MICP Microbially induced carbonate precipitation
1HL-FNMR Low-field nuclear magnetic resonance

SEM Scanning electron microscopy

DC Direct current
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