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ABSTRACT 
 

Soil electrodeposition, which strengthens soils through electrochemically 
induced mineral precipitation, has been investigated as a sustainable alternative to 
conventional ground improvement methods. While most previous studies have primarily 
focused on sand, the influence of clay fractions remains largely unexplored. To address 
this, this study examined the electrodeposition behavior of silica sand-kaolinite mixtures 
with varying kaolinite contents. The mixtures were subjected to a constant voltage of 3 
V for 7 days in an electrodeposition cell, and the physicochemical characteristics of the 
resulting deposits were analyzed using scanning electron microscopy (SEM), 
thermogravimetric analysis (TGA), and X-ray diffraction (XRD). The results show that 
moderate clay content increased deposit formation and bound a larger volume of soil, 
whereas excessive clay content reduced electrodeposition efficiency and limited 
cementing deposit formation. Mineralogical analysis showed that Mg(OH)2 was the 
dominant phase in all deposits, while the CaCO3 polymorphs resolved in the clean sand 
were not detected above the adopted criterion in the clay containing specimens. These 
findings highlight clay content as a critical factor controlling soil electrodeposition. 
 
1. INTRODUCTION 
 

Ground improvement has long relied on cementitious binders—permeation and 
jet grouting, deep soil mixing, and shallow lime–cement stabilization—which strengthen 
soils by introducing an external binder into the pore space (DeJong et al. 2010). 
Although effective, these techniques carry a substantial environmental burden: cement 
production is estimated to account for 8–9 % of global anthropogenic CO2 emissions 
(Lehne and Preston 2018). Chemical grouts raise the additional concern of pore-fluid 
contamination. These limitations have motivated a search for low-carbon alternatives, 
including bio-mediated carbonate precipitation (DeJong et al. 2010) and electrokinetic 
treatments (Pandey et al. 2023). Among the latter, soil electrodeposition is distinctive in 
that it exploits ions already dissolved in the marine pore fluid, so that a mild direct-
current field can cement the grains without injecting any bulk binder, reportedly at 
minimal energy expenditure and with no fluid injection (Carré et al. 2020). 
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Under a mild direct current, dissolved oxygen and water are reduced at the 
cathode, generating hydroxide ions and raising the local pH, while the complementary 
oxidation reactions acidify the anode region (Kwon and Rotta Loria 2024). In seawater 
the elevated pH drives the precipitation of CaCO3 and Mg(OH)2, whose relative 
proportions are set by the interfacial pH and hence by current density, seawater 
chemistry, and temperature (Carré et al. 2020). Because Mg2+ partially inhibits the 
growth of calcite and vaterite, aragonite dominates CaCO3 polymorphs at low cathodic 
potentials, whereas Mg(OH)2 dominates once the interfacial pH is sustained above its 
threshold (Carré et al. 2020)— a condition promoted in soils by elevated voltages that 
shift reaction to the water reduction regime (Kwon and Rotta Loria 2024). These 
precipitates coat the grain surfaces and make mineral bridge at interparticle contacts, 
producing a cemented fabric whose strength gain has been demonstrated for 
calcareous and siliceous marine soils (Landivar Macias et al. 2024). The factors 
examined to date are principally the applied voltage or current density, treatment 
duration, electrode material, and soil fabric as expressed through particle size and 
shape (Carré et al. 2020; Kwon et al. 2026; Landivar Macias et al. 2024). However, 
previous studies have mainly focused on clean granular soils, whereas natural marine 
soils commonly contain fines, including clay (Al-Bared and Marto 2017). 

The introduction of clay fraction can be expected to affect electrodeposition in 
opposing directions. On the promoting side, clay particles carry a negative surface 
charge (Tombácz and Szekeres 2006) and a large specific surface area (Mitchell et al. 
2005), which sustain a diffuse double layer and render electroosmotic transport toward 
the cathode significant (Liu et al. 2018). The clay surfaces themselves may also act as 
heterogeneous nucleation sites (Fodor et al. 2020; Won et al. 2020). On the inhibiting 
side, clay particles occupy and subdivide the sand pore network, reducing pore-throat 
size and connectivity and increasing tortuosity, which lowers the effective diffusivity and 
electrical mobility of Ca2+ and Mg2+ toward the cathode (Kwon and Rotta Loria 2024). 
Cation exchange provides a second sink: even kaolinite, whose cation exchange 
capacity is modest at approximately 3–15 cmol/kg (Coles and Yong 2002), 
preferentially retains divalent Ca2+ and Mg2+ over the monovalent cations of seawater 
and may therefore sequester the very ions required for precipitation (Kumar et al. 2017). 
At higher clay contents, clay particles are no longer accommodated within the sand 
voids. Instead, they progressively separate the sand grains and disrupt the sand 
skeleton (Yin et al. 2021), and the accompanying loss of permeability restricts both the 
volume available for crystal growth around the cathode and the escape of the hydrogen 
gas evolved there (Landivar Macias et al. 2024). Consequently, the influence of clay 
content may be non-monotonic; however, the transition from beneficial to adverse 
effects has not been systematically investigated. This study examines the transition 
experimentally. 

Silica sand-kaolinite mixtures with kaolinite contents of 0, 5, 12, and 25 % by dry 
mass were saturated by ASTM D1141 artificial seawater and treated under a constant 
voltage of 3 V for 7 days. The current was recorded throughout the treatment as an 
indicator of the electrochemical response of the mixture; the cathode-associated 
material recovered after treatment was weighed to quantify the extent of precipitation; 
and the morphology, spatial distribution, and elemental composition of the precipitates 
were examined by scanning electron microscopy coupled with energy-dispersive X-ray 
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spectroscopy (SEM–EDS), with their mineralogical composition determined by X-ray 
diffraction (XRD) and thermogravimetric analysis (TGA). Comparing the electrical 
response, deposit quantity, spatial cementation pattern, and mineralogy across the four 
mixtures allows the influence of clay content on the efficiency of soil electrodeposition 
to be clarified. 
 
2. MATERIALS AND METHODS 
 
 2.1 Materials and Mixture design 
 
  2.1.1 Materials 

 
The granular skeleton consisted of silica sand (Kyungin No. 6), classified as 

poorly graded sand (SP) in accordance with the Unified Soil Classification System 
(USCS). Commercially available kaolinite was used as the clay. Mixtures were 
prepared with kaolinite contents of 0, 5, 12, and 25 % by dry mass. The properties of 
each material are summarized in Fig. 1. ASTM D1141 artificial seawater was used as 
the pore water, which reproduces the ionic composition of natural seawater and 
supplies the Ca²⁺ and Mg²⁺ required for mineral precipitation.  

 

   
Figure 1. Properties of silica sand, kaolinite, and mixtures 

(a-b) particle images of silica sand, kaolinite, (c) PSDC of each mixture 
 

2.1.2 Mixture design 
 

The kaolinite contents of the silica sand-kaolinite mixtures tested in this study 
were 0 %, 5 %, 12 % and 25 % by dry mass. These contents were selected to 
correspond to the dual-symbol boundaries of the USCS (5 % and 12 %), to a content 
falling within the SC range (25 %), and to a control case (0 %). The geotechnical 
properties of each mixture are summarized in Table 1. 

 
Table 1. Geotechnical properties of each mixture 

Kaolinite 
content 

Soil dry mass 
(g) 

Dry density 
(g/cm3) 

e Initial pore water 
volume (cm3) 

USCS 

0 % 882.0±7.2 1.386±0.011 0.903±0.016 284.9±2.7 SP 

5 % 885.3±6.8 1.392±0.011 0.893±0.015 243.9±2.6 SP-SC 
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12 % 838.3±8.3 1.318±0.013 0.996±0.020 260.5±3.2 SP-SC 

25 % 813.3±9.2 1.278±0.015 1.050±0.024 274.2±3.6 SC 

 
Sand and kaolinite were mixed in the dry state until visually homogeneous. All 

specimens were prepared by the same procedure: the mixture was deposited into the 
cell through a funnel held at a minimal drop height above the advancing surface, so 
that each specimen was formed in its loosest reproducible state. The cell was a 
cylindrical container of 90 mm inner diameter, and every specimen was built to a height 
of 100 mm. Each specimen was then saturated by ASTM D1141 artificial seawater from 
the bottom of the cell upward, using a peristaltic pump at a flow rate of 10 mL/min. 
Upward flow was adopted to displace air progressively toward the surface and thereby 
minimize entrapped air. 
 
 2.2 Electrodeposition Test Setup and Conditions 
 

A stainless-steel cathode and a platinum anode were used as electrodes in this 
study. The electrodes were inserted vertically into each specimen to a depth of 70 mm, 
with a spacing of 55 mm. Keithley 2280S-32-6 DC power supply was used to apply a 
constant voltage of 3 V across the electrodes for 7 days, recording the current variation 
at intervals of 99 s throughout the treatments. All tests were conducted at the room 

temperature of 20 ˚C. The experimental set-ups are shown as schematic diagrams in 

Figure 2. 
After the 7-days treatment, the power supplier was disconnected, and each 

specimen was left to air-dry under laboratory conditions for at least 3 days. The 
cathode was then carefully extracted from the specimen and rinsed with DI water. 
Materials cemented to the cathode by electrodeposition were retained, whereas soil 
that had not been cemented was washed away, so that the recovered material 
corresponds to the electrodeposits together with the soil particles bound by them. The 
rinsed cathode was air-dried again under the same conditions and weighed, and the 
mass of the electrodeposits was determined as the difference between this mass and 
the initial mass of the cathode recorded before the test. 
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Figure 2. Experimental set-ups 

 
 
 2.3 Microstructural and Mineralogical Characterization 

 
The recovered deposits were characterized by three complementary techniques. 

The quantities of the precipitated phases were evaluated by thermogravimetric analysis 
using a Scinco TGA N-1000 analyzer (TGA). Mineral phases were identified using a 
Rigaku Ultima X-ray diffractometer (XRD), and their morphology was observed and 
their elemental composition determined using a TESCAN MIRA3 field-emission 
scanning electron microscope equipped with an energy-dispersive X-ray spectrometer 
(SEM-EDS). 
 
  2.3.1 Thermogravimetric analysis (TGA)  
 

Specimens were ground with a mortar and pestle prior to analysis and dried 
isothermally at 150 ˚C for 30 min, the mass at that point being taken as the reference; 

they were then heated to 900 ˚C and held for 60 min. DGT curves were obtained by 

numerical differentiation of TG signal and smoothed with a moving average over ±7 

points. Mass-loss intervals were delimited on the smoothed DTG curves, bracketing the 
dehydroxylation of Mg(OH)2 and decomposition of CaCO3 (Földvári 2011), with fixed 

boundaries of 250 ˚C, 400 ˚C, 600 ˚C, and 850 ˚C where DTG valleys were not 

resolved. Mass losses were quantified from TG curve between these boundaries, the 
DTG curves serving only to identify them. Contents were obtained from the mass 
losses through Eqs. (1) and (2) 

 
𝑀𝑔(𝑂𝐻)2  →  𝑀𝑔𝑂 + 𝐻2𝑂 ↑ 

𝑤𝑀𝑔(𝑂𝐻)2
= ∆𝑚1 ∙

𝑀𝑀𝑔(𝑂𝐻)2

𝑀𝐻2𝑂
#(1) 
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𝐶𝑎𝐶𝑂3 → 𝐶𝑎𝑂 + 𝐶𝑂2 ↑ 

𝑤𝐶𝑎𝐶𝑂3
= ∆𝑚2 ∙

𝑀𝐶𝑎𝐶𝑂3

𝑀𝐶𝑂2

#(2) 

 
2.3.2 X-ray diffraction analysis (XRD)  
 

The recovered products were also analyzed by X-ray diffraction (XRD) on a 
diffractometer with Cu Kα radiation, scanned over 2θ range of 10° to 80°. Reference 
peak positions and relative intensities were taken from Carré et al. (2020), and the 2θ 
zero-offset of each pattern was obtained by Rietveld refinement of the soil constituents 
using Profex. Where the reflections of mineral phase were resolved, its content was 
quantified by the same refinement. Where no reflection was resolved, the pattern was 
tested against counting noise on raw accumulated counts at the reference position of 
each diagnostic reflection. Net integrated intensities were obtained over a peak window 
of 0.14° 2θ after subtracting a straight background interpolated from the flanking 
regions extending from 0.3° to 0.9° on either side, with uncertainties evaluated from the 
Poisson counting statistic and the propagated uncertainty of that background (Long and 
Winefordner 1983); integrated intensity rather than peak height was used because at 
these intensities the height of a single channel is dominated by counting noise. A 
reflection was taken as detected when the net intensity reached three times its 
uncertainty (Currie 1968; Long and Winefordner 1983). Since reflections broaden as 
the coherent domain size decreases, window of this width registers only well-ordered 
crystalline material, and not the diffuse features produced by amorphous or 
nanocrystalline material (Billinge and Levin 2007). 
 
3. RESULTS AND ANALYSIS 
 
 3.1 Effect of Clay Content on Electrical Response during Electrodeposition 
 

The current variation during the experiment for each mixture is shown in Fig. 3. 
Under the constant voltage of 3 V, the current decreased progressively over the 7-days 
treatment for every clay contents. Because the applied voltage was held constant, this 
decrease reflects a growing electrical resistance, which is attributed to the 
accumulation of precipitated minerals on the cathode and within the surrounding pore 
space (Kwon and Rotta Loria 2024). The current records therefore indicate that 
electrodeposition proceeded in all of the mixtures examined. The mixture containing 5 % 
kaolinite recorded the highest initial current, 9.25 mA, compared with 4.5 mA for the 
clean sand. 
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Figure 3. Current variation during the experiment 

 
 
 3.2 Effect of Clay Content on Electrodeposit Quantity and Distribution 
 

The 5 % mixture also yielded the largest mass of electrodeposits of 11.5 g (Fig. 
4). A small clay fraction therefore promoted precipitation rather than inhibiting it. In 
contrast, the mixture containing 25 % kaolinite yielded almost no deposits on the 
cathode. Instead, soft masses were found at scattered locations within the cell that 
could not be related to the position of the electrodes, and these masses were visibly 
weaker than the deposits covering cathodes from the other mixtures. Their composition 
could not be established from visual inspection alone; therefore, this finding is revisited 
in Section 3.5 with other analyses in Sections 3.3 and 3.4. 

 

  
Figure 4. Physical properties of electrodeposits by varying clay content 

(a) Physical appearance of deposits (b) Mass of deposits 
 
 3.3 Effect of Clay Content on Mineralogical Composition of Electrodeposition 
Products 



The 2026 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM26)
23-25, August, 2026, Convensia, Incheon, Korea

  

 
  3.3.1 Thermogravimetric analysis (TGA) 
 

The thermogravimetric (TG) and derivative thermogravimetric curves (DTG) of 
the recovered products are shown in Fig. 5, and the obtained mineral contents are 
plotted. The largest mineral contents were obtained at the 5 % mixtures, total of 8.22 
wt%. The soft masses found from the 25 % mixture contain 0.69 wt% minerals in total, 
five to twelve times less than the deposits of the other mixtures, and the electrodeposits 
(not soft mass from 25 % mixture) are consistently magnesium-rich. A predominance of 
Mg(OH)2 implies a high interfacial pH and hence that the water reduction reaction was 
operative, since the proportion of brucite increases as the reaction regime shifts from 
oxygen reduction to water reduction (Carré et al. 2020; Kwon and Rotta Loria 2024). 

 
 

  

  
Figure 5. TG-DTG Curves of kaolinite-sand mixtures 

 
 
  3.3.2 X-ray diffraction (XRD) 
 

The same products were examined by XRD to establish which of the quantified 
minerals are present as crystalline phase. All patterns are dominated by the reflections 
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of the soil constituents. Table 2 sets the mineral contents obtained by the two methods 
side by side. In the specimen without kaolinite the reflections of brucite, aragonite, 
calcite and vaterite were resolved and quantified by refinement, and both methods 
identify Mg(OH)2 as the more abundant phase. 
 
Table 2. Mineral contents of the recovered products  

Specimen type TGA Mg(OH)2 
(wt%) 

TGA CaCO3 
(wt%) 

XRD Mg(OH)2 
(wt%) 

XRD CaCO3 
(wt%) 

0 % Deposit 2.96 1.35 3.39 2.21 
5 % Deposit 6.07 2.15 n.d. n.d. 

12 % Deposit 2.58 0.70 n.d. n.d. 
25 % Soft mass 0.40 0.29 n.d. n.d. 

 
In the clay containing specimens no reflection of either phase was resolved, and 

the diagnostic positions were therefore tested against counting noise (Table 3). None 
reaches the 3 σ threshold. In the same pattern the quartz 102 and 112 reflections, 
whose relative intensities are approximately 7 and 12 % of the strongest quartz 
reflection, are resolved at 9.5 to 76.4 σ and 14.9 to 48.6 σ respectively. Reflections of 
comparable relative weakness are therefore detectable under the conditions used, and 
the absence of resolved CaCO3 and Mg(OH)2 reflections cannot be attributed to 
insufficient sensitivity.   

 
Table 3. XRD Analysis using the 3 σ detection criterion.  

Phase hkl 2θ 5 % deposit 12 % deposit 25 % soft mass 

Brucite 001 18.586° 1.60 σ 0.96 σ 1.86 σ 

Brucite 011 37.967° 1.96 σ -2.25 σ -3.41 σ 

Calcite 104 29.405° 1.52 σ -1.76 σ -1.65 σ 

Vaterite 112 32.74° -1.31 σ -0.73 σ -1.51 σ 

Aragonite 012 33.164° -0.97 σ 0.33 σ -1.51 σ 

Quartz 102 39.47° 76.43 σ 9.53 σ 10.69 σ 

Quartz 112 50.14° 48.57 σ 20.96 σ 14.85 σ 

 
  3.3.3 The contrast between TGA and XRD  
 

In the specimen without kaolinite the reflections of brucite and of the CaCO3 
polymorphs (aragonite, calcite, and vaterite) were resolved and could be quantified by 
refinement. The refined values are semi-quantitative and are normalized to the 
crystalline phases only, a basis that differs from the dried mass to which the 
thermogravimetric contents are referenced. The two sets of values are therefore not 
compared numerically. Both methods identify Mg(OH)2 as the more abundant phase. 
This is expected, since the production of OH- at the cathode impedes the migration of 
CO3

2- ions, so that precipitation begins with Mg(OH)2 and CaCO3 forms subsequently 
on top of it (Kwon and Rotta Loria 2024). 
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The contrast between the thermogravimetric contents and the diffraction results 
admits two explanations are possible and cannot be distinguished with present data. 
The precipitated magnesium material may be largely amorphous or too poorly ordered 
to diffract coherently, which would be consistent with the tendency of magnesium 
hydroxide to precipitate as a gel rather than as a compact crystalline layer at cathodic 
surfaces (Carré et al. 2020) and with the stabilization of poorly ordered carbonate at 
high Mg:Ca ratios (Loste et al. 2003). Alternatively, part of the mass loss assigned to 
Mg(OH)2 may originate in other reactions occurring over the same temperature interval. 
 
 3.4 Effect of Clay Content on Microstructural Characteristics and Elemental 
Distribution  
 

Fig. 6 shows the microscopic observations of the recovered deposits obtained 
from 5 % mixture and 12 % mixture, and the corresponding distribution of Mg for 
Mg(OH)2 and Ca for CaCO3 over the same fields. Three crystal habits were resolved at 
higher magnification. These habits correspond respectively to those reported for brucite, 
which occurs as fibrous or thin hexagonal forms, for vaterite, which is observed in 
indistinct forms such as spherulites, hemispherical flowers or lenses, and for calcite, 
which exhibits a rhombohedral or scalenohedral shape (Kwon and Rotta Loria 2024). 
The assignments are based on habit and on the Mg and Ca distribution.  

Crystalline electrodeposits are present in both clay containing specimens. The 
elemental maps (Fig. 6b and d) served to compare the spatial distribution of Mg and Ca 
with habits identified above. Precipitation itself was not suppressed in the clay 
containing mixtures. Crystalline brucite, vaterite, and calcite habits were resolved in the 
5 % and 12 %. What changed with clay content was therefore not whether minerals 
formed, but how much formed and in what state.   
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Figure 6. SEM-EDS images of electrodeposits of (a-b) 5 % kaolinite mixture, (c-d) 12 % 

kaolinite mixture 
 

Taken together, the three techniques point to a difference in the state of the 
precipitates rather than in their identity. Thermogravimetry quantified Mg(OH)2 and 
CaCO3 in every recovered product, and SEM-EDS resolved the corresponding brucite, 
vaterite, and calcite habits in the 5 % and 12 % electrodeposits, yet none of these 
phases produced a resolved reflection in the clay containing specimens, although 
reflections of comparable relative weakness were detected in the same patterns. Since 
amorphous and nanocrystalline material does not produce resolved Bragg reflections 
(Billinge and Levin 2007), the precipitates formed in the presence of clay are therefore 
inferred to be less well crystallized than those formed in the clean sand, comprising a 
larger proportion of amorphous or nanocrystalline material. 
 
 
 3.5 Competing Effects of Clay on Soil Electrodeposition 
 

The results indicate  that the kaolinite fraction acts on electrodeposition in two 
opposing ways, and that which of the two prevails depends on its amount. The initial 
current decreases in the order 5 % > 12 % > 25 % > 0 %, while the mineral content of 
the recovered products decreases in the order 5 % > 0 % > 12 % > 25 %. Neither 
quantity varies monotonically with clay content, and the largest value of both occur at 
5 %. A small clay fraction therefore promoted electrodeposition, whereas a large one 
suppressed it.  
 

3.5.1 Promotion of Electrodeposition at Low Clay Content 
 

At low clay contents the clay improves the electrical conditions for precipitation 
without altering the sand skeleton that carries the pore network. Conduction in soil 
proceeds not only through the pore water but also along the solid-liquid interface at the 
particle surface (Friedman 2005; Liu et al. 2018). The pure sand held the largest 
volume of pore fluid of the series, 284.88 cm3 against 243.9 cm3 for the 5 % mixture, 
yet carried the lowest initial current, 4.5 mA against 9.25 mA, so the difference cannot 
be attributed to the amount of pore fluid. The surface conduction associated with the 
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diffuse double layers of the clay particles (Revil and Glover 1998) is therefore more 
plausible origin of the higher initial currents of the clay containing mixtures. In the 5 % 
mixture, this additional current was accompanied by the largest mineral content of the 
series, 8.22 wt% against 4.31 wt% without clay, indicating that the transferred charge 
was expended on the electrode reactions that precipitate Mg(OH)2 and CaCO3.  

The clay also acts on the surfaces at which those minerals form. In the 5 % 
mixture, the kaolinite is accommodated within the sand voids rather than between the 
sand grains, as shown by the void ratio of the series, which falls from 0.903 in pure 
sand to 0.893 in the 5 % mixture before rising to 0.996 and 1.050 at higher contents. In 
sand-clay mixtures this is the regime in which the sand grains remain in contact and 
control the fabric, whereas the clay takes over once it can no longer be accommodated 
within the sand voids (Yin et al. 2021). The pore network carried by the sand skeleton is 
therefore preserved at  5 % mixture, while the surface area exposed to the pore fluid is 
substantially increased, since the specific surface area of kaolinite exceeds that of silica 
sand by orders of magnitude (Mitchell et al. 2005). These added surfaces are 
negatively charged on both the basal planes and the edges (Kumar et al. 2017; 
Tombácz and Szekeres 2006) and accumulate Ca2+ and Mg2+ within their diffuse 
double layers, raising the local degree of supersaturation and lowering the energy 
barrier to nucleation: molecular dynamics simulations show calcite clusters forming and 
attaching preferentially on clay surfaces (Fodor et al. 2020), and kaolinite has been 
used for the same purpose to nucleate calcite in microbially induced precipitation (Won 
et al. 2020). The 5 % mixture also yielded the largest recovered mass, 11.5 g, so a 
larger volume of soil was bound by the deposits than in the pure sand; this is not 
attributed to uncemented kaolinite retained during rinsing, since retained fines would 
have diluted the mineral content, which was instead the highest of the series. 
 

3.5.2 Suppression of Electrodeposition at High Clay Content 
 

At higher clay contents the current ceased to be an indicator of precipitation. The 
initial current fell in the order of 5 % > 12 % > 25 %, yet every clay containing mixture 
still carried a higher initial current than the pure sand, while the mineral content of the 
25 % product (soft mass), 0.69 wt%, was the lowest of the series and less than a fifth of 
the 4.31 wt% obtained without clay. The recorded current measures the total charge 
transported and does not resolve which species carried it. The surface conduction that 
the clay contributes (Revil and Glover 1998) and the electroosmotic water transport that 
increases with clay content and with the exchangeable cation population (Lockhart 
1983) both raise the current without necessarily increasing the flux of Ca2+ and Mg2+ 
reaching the cathode. Current and precipitation are therefore decoupled at high clay 
content, most evidently in the 25 % mixture. 

The clay also acts on the space in which the minerals form. Beyond 5 % the 
kaolinite can no longer be accommodated within the sand voids and begins to separate 
the sand grains (Yin et al. 2021), as indicated by the void ratio rising to 0.996 at 12 % 
mixture and 1.050 at 25 % mixture. The resulting clay matrix reduces pore size and 
connectivity and increases tortuosity (Yin et al. 2021), which lowers the effective 
mobility of Ca2+ and Mg2+ toward the cathode (Kwon and Rotta Loria 2024). The 
accompanying loss of permeability also restricts the volume in which crystals can grow 
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around the cathode and the escape of the hydrogen evolved there (Landivar Macias et 
al. 2024). The clay surfaces remain available for nucleation, but they are no longer 
accessible to the reactants, so the increase in nucleation sites that promoted 
precipitation in the 5 % mixture ceases to be effective. This is consistent with the 25 % 
mixture, in which no cemented material formed on the cathode and only weak soft 
masses were recovered at locations unrelated to the electrode positions. The 12 % 
mixture lies between the two regimes. Its initial current and recovered mass remained 
above those of the pure sand, whereas its mineral content, 3.28 wt%, had already 
fallen below the 4.31 wt% obtained without clay, and its recovered mass showed the 
largest scatter of the series. 
 
4. CONCLUSION 
 

This study investigated the effects of kaolinite content on the electrodeposition 
behavior of silica sand-kaolinite mixtures under a constant voltage of 3 V for 7 days in 
artificial seawater. The electrodeposition behavior was strongly dependent on kaolinite 
content and exhibited a non-monotonic trend. The 5 % kaolinite mixture showed the 
highest initial current (9.25 mA) and produced the largest amount of recovered 
electrodeposits (11.5 g), whereas the 25 % mixture produced almost no cemented 
material on the cathode despite carrying a higher initial current than the clean sand. 

The mineral content determined by TGA was also highest for the 5 % kaolinite 
mixture, reaching 8.22 wt%, indicating that a small amount of clay can promote mineral 
precipitation. Beyond this content the current ceased to track precipitation: charge 
continued to be carried by surface conduction and electroosmotic water transport, while 
the clay matrix restricted the migration of Ca2+ and Mg2+ toward the cathode. 

Mineralogical and microstructural analyses confirmed the formation of Mg- and 
Ca-bearing precipitates in the clay containing mixtures. Mg(OH)2 was the dominant 
quantified mineral phase, while SEM-EDS observations identified crystalline mineral 
morphologies in the 5 % and 12 % deposits. In contrast, the CaCO3 polymorphs 
detected in the clean-sand specimen were not resolved above the adopted detection 
criterion in the clay containing specimens. 

Overall, the results demonstrate that clay content does not simply inhibit 
electrodeposition. A small clay fraction promoted mineral precipitation, whereas an 
excessive fraction suppressed the formation of cementing electrodeposits. In the 
mixtures examined, the change between the two regimes occurred over the same 
interval of clay content in which the void ratio reversed from decreasing to increasing, 
that is, over the interval in which the kaolinite ceased to be accommodated within the 
sand voids. The clay fraction of marine soil should therefore be considered when 
evaluating the applicability of electrodeposition-based ground improvement.  

Nevertheless, the strengthening effect of the deposits was not measured; 
recovered mass and mineral content are proxies for cementation, and the 7-day 
treatment is shorter than the durations over which strength gains have been reported 
(Kwon and Rotta Loria 2024; Landivar Macias et al. 2024). The results are also specific 
to kaolinite and to a single set of treatment conditions, and with only four clay contents 
the transition between the two regimes is bracketed between 5 % and 12 % but not 
located. Longer treatments combined with UCS test, a finer range of clay contents, and 
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clays of higher activity, and different varying sets of treatment conditions are therefore 
required. 
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