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Abstract. Mine overburden dumps (MOBD) are generally unstable due to poor compaction, high 

permeability, and a lack of internal cohesion, posing a significant risk of slope failure and environmental 

hazard. Therefore, developing an effective stabilization technique for MOBD is vital to ensure long-term 

safety and sustainable mining operations. One promising approach is the use of electrodeposition, which 

reduces permeability and enhances mechanical stability by inducing mineral precipitation within the pore 

spaces. When an electrical potential (EP) is applied across the MOBD, it drives the electrolysis of chemical 

compounds and the migration of ions toward the electrodes, leading to the formation of stable, insoluble 

compounds such as carbonates or silicate minerals. In this context, laboratory experiments were performed 

using calcium chloride and sodium metasilicate as wetting fluid in the MOBD sample.  The EPs of 1 V, 3 

V, and 5 V were selected to determine the efficacy of mineral precipitation at different potentials. Post-

treatment characterization using scanning electron microscopy (SEM) confirmed the formation of calcium 

silicate hydrate as the primary electrodeposit across all voltages. However, the uniformity and extent of 

electrodeposition vary with the magnitude of EP: low voltage results in uniform electrodeposits, whereas 

high voltage leads to non-uniform electrodeposits. Moreover, an increase in strength of up to 70% was 

immediately measured via a penetration test for the treated samples. In conclusion, this study demonstrates 

the potential of electrodeposition in stabilizing MOBD.  

1 Introduction 

The increasing rate of urbanization has significantly 

increased mineral requirements, consequently leading to 

large-scale disturbance and removal of topsoil during 

extraction processes  [1]. As a result of extensive 

extraction activities, the mining sector produces 

enormous quantities of waste material, with annual 

overburden generation estimated at 5–7 billion tons  [2]. 

Consequently, these overburden materials are 

commonly deposited as dumps with steep, unstable 

slopes that are highly susceptible to erosion and shallow 

failures, leading to soil degradation, habitat disturbance, 

and possible water contamination. Additionally, 

overburden materials from metal ore, including copper 

and zinc, are often acidic and can release toxic elements 

through leaching when disposed of in landfills, thereby 

creating significant environmental pollution risks  [1]. 

To address these challenges, it is essential to develop 

sustainable management strategies that promote the 

reuse, recycling, and valorization of mining waste. 

Approaches such as stabilization, incorporation into 

construction materials, or recovery of valuable metals 

can reduce ecological impacts while converting waste 

into economically beneficial resources  [2, 3]. The 

purposes of stabilization include minimizing water 
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infiltration, reducing the leaching of contaminants, and 

preventing erosion  [1]. 

Traditional stabilization techniques are typical 

employed to improve the mechanical properties of 

overburden dumps, which primarily involves blending 

with conventional binders, such as fly ash, Portland 

cement  [4].  Stabilizing mine tailings with Portland 

cement is highly carbon-intensive, releasing roughly 

one ton of 𝐶𝑂2 per ton of Portland cement produced. 

This makes the cement industry responsible for nearly 7 

% of global greenhouse gas emissions  [5]. Such 

emissions contribute substantially to climate change, 

underscoring the urgent need for alternative methods to 

stabilize overburden material that are both mechanically 

effective and environmentally sustainable. 

Consequently, electrodeposition through the application 

of mild electric potential (EP) has emerged  [6]. The 

application of an EP to the sand in the presence of a 

chemical solution induces electrokinetic phenomena, 

such as electrolysis and ion electromigration  [7]. Due to 

electrokinetic phenomena, nucleation and formation of 

electrodeposits take place in the pore space of sand  [8]. 

To the best of the author's knowledge, this approach has 

been successfully employed to improve soil properties; 

it has not yet been applied to overburden materials  [6, 

8]. 
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In the present study, this technique is extended to 

overburden materials to investigate the effect of mild EP 

on the MOBD structure in the presence of (CC + NS) 

(calcium chloride and sodium metasilicate) as wetting 

fluids. The main aims of the present study are to 

examine the mineralogical changes with the application 

of different EPs. This study explores explicitly the 

influence of mild EP on the following variables that 

dominate the performance of MOBD across micro to 

macro scales: (i) the size, morphology, and chemical 

composition of the electrodeposits; (ii) the pH of the 

treated MOBD; and (iii) penetration resistance. The 

microscopic and macroscopic analysis will help 

elucidate the underlying mechanisms driving the 

mechanical behaviour of MOBD under the influence of 

a mild EP. 

2 Materials and methods 

2.1 Materials 

The overburden dump material was procured from the 

Joda West mine dump of Tata Steel Ltd., located in 

Keonjhar, Odisha. Before testing, the grain size and 

texture composition of the MOBD sample was 

characterized through sieve analysis and hydro meter 

experiments (Fig. 1). Through this analysis, the MOBD 

sample was found to be a silt loam type of soil, and was 

composed of 30% sand, 55% silt, and 15% clay  [10].  

 

 

Fig. 1. (a) Overburden sample from Joda west mines; (b) grain 

size distribution curve; (c) USDA soil texture classification. 

2.2 Methodology 

For the electrical conditioning of the MOBD samples, 

an electrochemical reactor was indigenously prepared at 

IIT Delhi (Fig. 2). In the four electrochemical reactor, 

50 g of MOBD samples with a relative density of 

45 ± 5% were conditioned. Subsequent to the placement 

of the MOBD samples in the reactor, (0.5 cm × 0.5 cm 

× 0.2 cm) carbon-felt electrodes were strategically 

placed within the MOBD samples. Note that the samples 

were injected with 2 M calcium chloride (CC) and 

sodium metasilicate (SM) wetting fluid (WF) prior to 

the electrical conditioning. Specifically, four different 

magnitudes of EPs were applied across the carbon-felt 

electrodes using a DC power supply named as:  

(i) 0 V MOBD sample with distilled water (MOBD0),  

(ii) 1 V MOBD sample with WF (OBD1),  

(iii) 3 V MOBD sample with WF (OBD2) and  

(iv) 5 V MOBD sample with WF (OBD3)  

For the reproducibility and reliability of the results, 

three samples were tested for each condition. The details 

of experimental conditions are presented in Table 1.  

 

 

Fig. 2. Experimental setup of electrodeposition reactor (a) 

virgin OBD sample; (b) MOBD0 sample; (c) MOBD1 sample; 

(d) MOBD2 sample; and (e) MOBD3 sample. 

Under the influence of voltage gradient, 

electrochemical reactions take place, leading to the 

formation of CSH (calcium-silicate-hydrate) gel, as 

shown in Equations 1-3  [10, 11]:  

 2𝐻2𝑂 →  𝑂2 
(↑) +  4𝐻+  +  4𝑒− (1) 

 2𝐻2𝑂 +  2𝑒−  →  𝐻2(↑)  +  2𝑂𝐻− (2) 

 

𝐶𝑎𝐶𝑙2 +  𝑁𝑎2𝑆𝑖𝑂3 +  𝐻2𝑂 →  𝐶𝑆𝐻 (↓)  +
 2𝑁𝑎+  + 2𝐶𝑙−  

(3) 

Table 1. Summary of the tests conducted for this study. 

Tested 

material 

Sample 

ID 

Electrical conditioning: 

parameters 

Wetting 

fluid 

(2 M) 

Voltage 

gradient 

(V/cm) 

Treatment 

duration  

(hours) 

Mine 

overburden 

material 

(MOBD) 

MOBD0 
CC 

+ 

SM 

0 

6 
MOBD1 1 

MOBD2 3 

MOBD3 5 

 

Following this, to evaluate the changes in the MOBD 

samples after electrical conditioning, optical analysis, 

penetration resistance tests, and ultrasonic 

measurements were conducted.  
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3 Result and discussion 

3.1 Microstructural variation  

The microstructure of the MOBD0, MOBD1, MOBD2, 

and MOBD3 samples was analysed using a compound 

and a scanning electron microscope (SEM) from JEOL 

JSM-7800F Prime, Japan, which provides a spatial 

resolution of up to 0.5 nm, as shown in Fig. 3. Prior to 

imaging, the samples were taken from the 1.2 cm depth 

of the sample, which were air-dried to remove residual 

moisture and mounted on the aluminium stubs using 

conductive carbon tape. To minimize charging effects 

and improve image quality, the specimens were coated 

with a thin conductive layer prior to analysis  [13].  

The untreated MOBD0 sample exhibited a loosely 

packed and heterogeneous microstructure, characterized 

by distinct clay and sand particles with visible 

intergranular voids. No evidence of mineral precipitates 

was observed on the particle surfaces, indicating the 

absence of bonding mechanisms in the untreated sample 

(Fig. 3(a)). However, after the injection of CC + NS 

under the application of 1 V EP in the MOBD1 sample, 

a marked transformation in microstructure was 

observed. Optical microscopy revealed the formation of 

a prominent, white-coloured compound coating the 

surfaces of both clay and sand particles (Fig. 3 (c)). 

Correspondingly, SEM images showed a dense, 

continuous, and relatively uniform gel-like amorphous 

matrix bridging adjacent particles (Fig. 3 (d)). From a 

previous study, this morphology resemble the 

characteristic of calcium silicate hydrate (CSH), which 

acts as a cementing agent by filling pore spaces and 

forming interparticle bonds, thereby contributing to 

improved mechanical integrity  [14].  

As the applied EP was increased to 3 V in the 

MOBD2 sample, a noticeable reduction in the quantity 

and continuity of electrodeposits was observed. While 

some cementitious material remained, the precipitates 

appeared more localized and less uniformly distributed 

across particle surfaces (Fig. 3(e)). The SEM images 

revealed disrupted and fragmented gel structures (Fig. 3 

(f)). This can be attributed to the accelerated electrolysis 

and ion transport, leading to non-uniform precipitation 

and disruption of gel formation  [8]. Upon further 

increasing the EP to 5 V in the MOBD3 sample, the 

surface morphology showed minimal white precipitates, 

with clay and sand particles becoming more exposed 

and exhibiting limited evidence of bonding material 

(Fig. 3(g, h)). The SEM image confirmed the presence 

of sparse, discontinuous deposits and a largely 

uncemented particle framework. This behaviour can be 

attributed to intensified electrolysis reactions and 

accelerated ion transport at higher voltages, which 

promote rapid ionic migration and localized 

supersaturation  [15]. Such conditions can lead to non-

uniform precipitation, premature nucleation, and 

subsequent disruption or dissolution of the gel-like CSH 

phase, thereby inhibiting effective particle bonding  [7, 

15].  

Overall, the microstructural observations highlight 

the critical influence of applied electric potential on the 

nature, distribution, and stability of electrodeposited 

cementitious phases in MOBD. Moderate EP conditions 

favour uniform CSH formation and effective 

interparticle bonding, whereas excessive EP intensifies 

electrochemical reactions, thereby adversely affecting 

gel continuity and microstructural integrity. 

 

 

Fig. 3. Microscopic and SEM images of (a), (b) MOBD0 

sample; (c), (d) MOBD1 sample; (e), (f) MOBD2 sample and 

(g), (h) MOBD3 sample. 

3.2 Potential of hydrogen (pH) profile 

The pH of the MOBD was measured both before and 

after electrodeposition using a portable Horiba 

Laquatwin pH meter with a measurement range of 0–14. 

For pH analysis, the samples were first sieved through a 

2 mm mesh. A slurry was then prepared by mixing 20 ± 

0.1 g of the sieved sample with an equal mass of 

deionized water, after which the suspension was allowed 

to equilibrate for one hour to achieve stable ionic 

redistribution before measurement. 

Fig. 4 illustrates the effect of EP on the pH of 

different MOBD samples before and after 

electrodeposition. In the MOBD0 sample, the pH 

remained the same before and after treatment, indicating 

that precipitation-inducing ions are essential to cause 

any change in the pH of the WF. This observation is 

consistent with SEM results, which confirmed the lack 

of newly formed mineral phases in the MOBD0 sample. 
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In contrast, the MOBD1 sample exhibited a moderate 

reduction in pH, decreasing from 10.78 to 9.85 after 

electrodeposition. This decrease can be attributed to the 

combined effects of proton (H⁺) generation during water 

electrolysis at the anode and the relatively neutral ionic 

behaviour of calcium chloride (CC)  [17]. Furthermore, 

the observed pH reduction is likely influenced by the 

consumption of OH⁻ ions during the precipitation of 

calcium silicate hydrate. Such pH trends are in good 

agreement with an earlier study, which reported similar 

decreases in alkalinity associated with the CSH 

precipitation process  [18].  

 

 

Fig. 4. Variation in the potential of hydrogen (pH) of MOBD 

before and after the electrodeposition at different EPs. 

Conversely, a more pronounced pH reduction was 

observed in the MOBD2 sample, where the pH 

decreased substantially from 10.78 to 6. Similarly, in the 

MOBD3 sample, a decrease in pH from 10.78 to 5.3 was 

observed. This can be ascribed to the increased intensity 

of the electrolysis reaction  [19]. This significant shift 

indicates an enhanced electrochemical reaction 

intensity, leading to greater ionic migration and 

increased generation of acidic species within the system. 

Similarly, the MOBD3 sample showed the largest 

decrease in pH, from 10.78 to 5.3, reflecting the 

strongest electrolysis effect among all samples. This 

behavior can be attributed to the higher applied EP, 

which intensified water electrolysis reactions and 

promoted greater accumulation of H⁺ ions in the sample 

[16]. 

Overall, the progressive reduction in pH from 

MOBD0 to MOBD3 highlights the critical role of 

electrochemical conditions and reactive ion availability 

in governing the electrodeposition. These pH variations 

are expected to directly influence mineral precipitation 

mechanisms, microstructural development, and, 

ultimately, the mechanical performance of the treated 

samples. 

3.3 Indirect stiffness measurements 

For facilitating the preliminary insights into the 

mechanical behaviour of MOBD samples before and 

after the electrodeposition penetration resistance (𝑃𝑟) 

was evaluated using the Vicat apparatus. Penetration-

based measurements are particularly effective for 

assessing relative changes in surface hardness and 

bonding development in cemented or partially cemented 

materials. To evaluate the indirect stiffness, the MOBD 

samples were positioned directly beneath the 

penetration needle, which was allowed to penetrate the 

sample surface. The downward displacement of the 

needle during penetration was recorded as the 

penetration depth (d). The measured penetration depth 

(d) was subsequently used to determine the penetration 

resistance (Pᵣ). Fig. 5 presents the spatial distribution of 

penetration resistance (Pᵣ) for MOBD samples subjected 

to different EPs.  

 

 
Fig. 5. Variation in the penetration resistance of (a) MOBD0; 

(b) MOBD1; (c) MOBD2; (d) MOBD3 sample. 

The untreated MOBD0 sample, treated at 0 V with 

distilled water, exhibits a uniform penetration resistance 

of 4 cm-1 across the entire surface, indicating lowest 

penetration resistance (Fig. 5(a)). This response 

indicates limited surface stiffness and reflects the 

absence of electrochemical reactions or cementitious 

bonding in the untreated state. The uniformity of the 

stiffness distribution suggests a homogeneous but 

mechanically weak material structure, consistent with 

microstructural observations showing loosely packed 

particles without precipitation. In contrast, the MOBD1 

sample treated with wetting fluid (WF) under an applied 

potential of 1 V shows a predominantly 4.0 cm⁻¹ 

distribution. This significant increase in penetration 

resistance demonstrates the effectiveness of low-voltage 

electrical conditioning in enhancing surface stiffness. 

The improved resistance can be attributed to the 

initiation of ion migration and the formation of 

cementitious precipitates, such as calcium silicate 

hydrate (CSH), which promote interparticle bonding 

and restrict needle penetration. The relatively uniform 

stiffness further suggests that electrodeposition at 1 V 
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results in comparatively homogeneous stiffness 

development; similar observations have been made in 

microstructural analysis. 

When the applied potential was increased to 3 V in 

the MOBD2 sample, a high penetration resistance value 

of 4 cm-1 remained, particularly in the central region 

between the electrodes. However, the outer regions 

exhibited a lower penetration resistance of 2 cm-1, as 

indicated by the orange shades. Similarly, in the 

MOBD3 sample treated at 5 V exhibits the most 

pronounced spatial heterogeneity. This behaviour is 

consistent with the pH and microstructural observations, 

which show intensified electrolysis and a substantial 

reduction in pH at higher applied potentials. The acidic 

conditions generated in the inter-electrodic region, 

combined with accelerated ion transport, promote 

localized and premature precipitation of cementitious 

phases, resulting in dense but spatially confined 

bonding. In contrast, the peripheral regions experience 

limited ionic availability and disrupted CSH gel 

continuity, as evidenced by sparse and fragmented 

deposits in SEM images, leading to incomplete 

cementation despite the higher applied 

potential  [19,20]. Overall, the penetration resistance 

results demonstrate that electrical conditioning 

significantly influences the mechanical response of 

MOBD. Higher applied voltages increase penetration 

resistance in the inter-electrode region; however, the 

outer zones consistently exhibit lower stiffness, 

underscoring the non-uniform nature of 

electrochemically induced cementation.  

4 Conclusion  

This study demonstrates that electrodeposition under 

mild electric potential (EP) is a promising and 

sustainable technique for improving the mechanical 

behaviour of mine overburden dump (MOBD) material. 

Microstructural analysis showed that low EP (1 V) 

promotes the formation of a uniform calcium silicate 

hydrate (CSH) gel, resulting in effective interparticle 

bonding, whereas higher EPs (3–5 V) lead to disrupted, 

non-uniform precipitates due to intensified electrolysis 

and ion transport. The pH measurements supported 

these findings, showing a progressive decrease in pH 

with increasing EP. The study establishes 

electrodeposition as a promising alternative for 

overburden stabilization, while emphasizing the need to 

carefully optimize electrical parameters and electrode 

configuration to ensure effective, durable field-scale 

implementation. Consequently, future optimization of 

electrode configuration, treatment duration, and 

electrical parameters is essential to achieve uniform and 

durable mechanical improvement in electrodeposition-

treated MOBD. 
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