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PREFACE 
 

On behalf of the Organizing Committee, it is a great honor and pleasure to welcome all esteemed 

participants of the 56th International October Conference on Mining and Metallurgy (IOC 

2025), scheduled to take place at Bor Lake, Serbia, from October 22nd to 25th, 2025. 

The collaborative efforts of the University of Belgrade ï Technical Faculty in Bor and the Mining 

and Metallurgy Institute Bor have once again brought together academia, industry, and research 

institutions to organize this yearôs IOC. Our focus remains firmly set on presenting the latest 

research achievements and technological advancements in geology, mining, metallurgy, materials 

science, technology, environmental protection, and other engineering disciplines.  

This yearôs conference program is rich and diverse, featuring 4 plenary lectures, 4 invited 

lectures, 158 full papers, and 6 abstracts. The proceedings reflect the contributions of authors 

from 19 countries: Austria, Bosnia and Herzegovina, Bulgaria, Canada, China, Croatia, Germany, 

Hungary, India, Mexico, Montenegro, Poland, Romania, Russia, Serbia, Slovakia, Slovenia, 

Turkey, and the United Kingdom. Among the submitted papers, eight young researchers under the 

age of 35 have qualified to participate in the ñMDPI Young Researcher Awardò competition, 

further emphasizing the conferenceôs commitment to supporting and recognizing excellence 

among the new generation of scientists and engineers. 

We are also delighted to host the 9th International Student Conference on Technical Sciences 

(ISC 2025), running in parallel with IOC 2025. The student conference brings together young 

researchers from Serbia and the wider region, with one plenary  and 50 student papers presented, 

offering an invaluable opportunity for the next generation of scientists and engineers to share their 

ideas and discuss the future of their disciplines with experts. The ñProfessor Dragana Ģivkoviĺ 

Best Student Paper Awardò will be presented to the most outstanding student contribution based 

on originality, research quality, and presentation. 

The Organizing Committee expresses its deepest gratitude to all who have supported this event. 

Our General Sponsor is the Ministry of Science, Technological Development, and Innovation of 

the Republic of Serbia. We are especially grateful to our Platinum Donors, HBIS Serbia and Serbia 

Zijin Mining, as well as our Gold Sponsor, DPM Metals Inc., and our Gold Donors, Copper Mill 

Sevojno and Serbia Zijin Copper Bor. This year, the conference is also supported by the Silver 

Donor, ñMC LABORò d.o.o. Beograd. 

We proudly host a diverse exhibition, featuring Indemak, Labtim SE d.o.o., MERIS d.o.o., Krug 

International LTD, Altium International d.o.o., Metalurg Foundry Ltd., Fugro Germany Land 
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Abstract 

There is a lot of talk about greening society, greening the supply chain, circular economy etc. The question 

that needs to be answered, how green is all of this and what is the shade of green (or grey) is achievable. 

The circular economy integrates many stakeholders to possibly achieve this objective. To fully understand 

the performance of the systems an exergetic basis is required as shown in Figure 1 [1]. This implies all 

processes, streams, stakeholder activities etc., in the circular economy must be quantifiable in terms of the 

unit kW to fully understand the losses from the system. This means both the flow of mass and the exergy 

(both chemical and physical Ex=(H-HÁ)-TÁ(S-SÁ)) dissipation must be included. This should be the basis 

of any rigorous analysis. Life-Cycle Assessment (LCA) is too simplistic to fully understand the complex 

systems in these terms. Therefore, methods must be inclusive of thermochemistry, mass and heat transfer, 

technology etc., which all affect the economics of the circularity economy. 

 

Figure 1. Various stakeholders in the circular economy, barriers as well as the exergetic downward 

spiral of the system [1,2]. 

 

This lecture will discuss the key role of metallurgy by applying its simulation methods and theory to 

understand the greenness of systems and in fact what the limits are of the system and thence of the circular 

economy, as reflected by Figure 2.  To analyse the systems from, among others, an industry perspective, 

artificial intelligence (AI) techniques will be implemented, as well as simulation tools linked to LCA and 

similar types of methodologies [1,3]. 
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Figure 2. An overview of tools that need to be integrated to evaluate green systems on a fundamental 

basis [1]. 

 

As illustrations, various cases will be shown how methods and techniques have been applied to understand 

the fundamental limits of supply chains as a part of the circular economy. A large body of published 

information will be highlighted rooted in industrial practice to illustrate how far the industry has also 

progressed to address green issues fundamentally, while bringing a simulation basis to footprint analysis. 

For example, the presentation will discuss: 

¶ Various examples showing the simulation of metallurgical and recycling systems to understand their 

exergetic limits in an industrial and applied context as shown by Figure 2 [1,2]. 

¶ Show the analysis of supply chains including their critical metals on system performance using 

simulation tools. Integration of AI methods into simulation and process control in industry to push 

processes and systems to their physics as well as mass and heat transfer limits and thence obviously 

also economic limits [3]. 

¶ Use of Finite Element Method (FEM) to understand the liberation of particles from products [4], thus 

showing true design for recycling using physics to understand liberation linked to material properties. 

¶ EU projects that are applying these techniques for design for recycling and show the link to product 

design with example from automotive and consumer electronics [5, 6]. A typical result of design for 

recycling of modules from the automotive industry is given by Figure 3, showing different 

recyclabilities of car parts as well as a recyclability label. 

 

In conclusion, the methods can be used to fundamentally describe the supply chains of the circular economy 

and quantify the exergetic limits of the circular economy. For this we advanced the theory of exergy [2] to 

include the thermodynamic approaches such as represented by FactSage [9] and discuss how this must be 

used in the analysis of supply chains within the circular economy. 
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Figure 3. Recyclability of different car parts using different recycling options and flowsheets with the 

definition of a recycling label for products [5-8]. 

Keywords: Circular economy; green metal and mineral processing; AI simulation 
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Abstract 

The Bronze Age (c. 3500ï1000 BCE) witnessed the emergence of large-scale metallurgy as a 

transformative force across Eurasia. This period saw the development of extensive mining and smelting 

networks that powered the production of vast quantities of copper and bronze artefactsðan industrial-

scale endeavour often referred to as the 'Metal Road.' These networks connected remote ore-rich regions 

to far-flung consumer communities, laying the foundations for long-distance exchange that foreshadowed 

the later Silk Roads. Yet, behind this technological achievement lies a lesser-known environmental story. 

This paper explores the environmental and economic impact of Bronze Age metallurgy by integrating 

archaeological, archaeometallurgical, and paleoenvironmental evidence. Through key case studies such 

as Kargaly in the Urals and Dzhezkazgan in Kazakhstanðwhere Late Bronze Age production alone may 

have exceeded 100,000 tonnes of copperðwe reconstruct the scale of extraction and its ecological 

footprint. The production of just one kilogram of copper could require up to 94 kilograms of wood, 

highlighting the immense pressure on ancient forests and landscapes. Over generations, this resource 

demand likely led to deforestation, soil degradation, and early anthropogenic carbon emissionsðimpacts 

that are only beginning to be fully appreciated in archaeological discourse. 

Simultaneously, metallurgy reshaped the economic and political terrain of Eurasian societies. With over 

half a million artefacts in circulation, metal became both a medium of value and a marker of power, 

innovation, and interconnection. This paper argues that metallurgy was not merely a technological 

achievement but a force of historical consequenceðaltering landscapes, economies, and human 

relationships to the environment in ways that resonate with todayôs challenges around sustainability, 

resource management, and ecological resilience. 

Keywords: Bronze Age, archaeometallurgy, environment, carbon emission, First Industrial Age 
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Abstract 

Molybdenum disilicide (MoSi2) heating elements are widely used in the industrial and laboratory high-

temperature heating field. Based on the excellent oxidation resistance of MoSi2, solid waste from spent 

heating elements was used as raw material to fabricate silicide-based anti-oxidation coatings on refractory 

metals (Mo, Nb, etc.). After oxidation at 1500 ÁC for 40 hours, the coating exhibited a minimal weight gain 

of 2.78 mg/cm2, and the surface formed a crack-free, continuous SiO2 oxide film. The coating demonstrated 

dense morphology, controllable thickness, uniform composition, and strong interfacial bonding. 

Given the high molybdenum content in spent molybdenum disilicide and the elevated iron content in 

metallurgical iron-containing slags, the two solid wastes were subjected to synergistic reduction smelting. 

Through high-temperature pyrolysis of MoSi2, silicon and iron reduction, in situ generation of molybdenum 

and iron, the key metal molybdenum in retired silicon molybdenum was selectively recovered, and 

molybdenum alloy was synchronously prepared in situ. The recovery efficiencies reached 99.97 % for 

molybdenum and 85.49 % for iron, achieving synergistic high-value utilization of high-grade metals from 

multi-component solid wastes. 

Keywords: Spent molybdenum disilicide; Coating; Molybdenum iron recovery; Comprehensive recovery  

1.  INTRODUCTION  

MoSi2 is a widely applied Dalton-type intermetallic compound with excellent high-temperature 

oxidation resistance [1], commonly used as a raw material for high-temperature electric furnace 

heating elements [2]. However, with the increasing demand for MoSi2 heating elements, large 

quantities of spent MoSi2 components are discarded, posing significant environmental and 

resource challenges [3]. Due to its oxidation-resistant properties, spent MoSi2 can serve as a 

precursor for high-temperature oxidation-resistant coatings [4]. Additionally, its high molybdenum 

content and the reducibility potential of silicon enable MoSi2 to act as a reductant for recovering 

valuable metals from iron-rich slags with high oxygen potential. Copper slag, a major byproduct 

of pyrometallurgical copper production (generating 2.2ï3 tons per ton of copper produced) [5], 

contains 35ï45 wt.% Fe and holds significant recycling value. Currently, most copper slag is 

directly disposed of in slag disposal pits without treatment, causing severe resource waste and 

environmental hazards. Its efficient processing and recycling have become urgent priorities. 

This study employs spark plasma sintering (SPS) to fabricate dense, thickness-controlled MoSi 

coatings on Nb substrates, addressing high-temperature oxidative demands. SiC/ZrSi2 additives 

modulate thermal expansion mismatch, enhancing high-temperature durability. A synergistic 

smelting process recovers spent MoSi2 and copper slag: Si acts as a reductant, generating SiO2 

slag to optimize dynamics, while in situ MoFe formation improves metal capture. Copper slag 
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serves as a low-melting flux and Fe source, accelerating MoSi2 decomposition and enabling 

efficient slag-metal separation. This strategy achieves selective MoFe recovery. 

2.  EXPERIMENTAL  

 
 

Figure 1. (a) EPMA image of spent MoSi2 powder; (b) SEM image of copper slag powder; (c) XRD 

results of copper slag; (d) XRD results of spent MoSi2 powder.  

 

The spent MoSi2 powder used in the experiments was derived from Grade 1800 molybdenum 

disilicide rods, prepared via crushing and ball-milling. It was primarily composed of the MoSi2 

phase (confirmed by XRD, Fig. 1d). EPMA mapping (Fig. 1a) revealed Mo, Si, Al, and O elements, 

minor Mo5Si3 phase. The copper slag (from a Chinese enterprise) was depleted slag dominated by 

fayalite and magnetite phases (Fig. 1c). SEM-EDS mapping (Fig. 1b) showed fayalite as regular 

gray blocks, magnetite as bright white regions, and interspersed dark-phase gangue. Coating 

sintering was performed at 1500  using an SPS system (Labox-125, Sinter Land Inc., Japan). 

Synergistic smelting of copper slag and spent MoSi2 was conducted in a tube furnace. 

3. RESULTS AND DISCUSSION 

 
 

Figure 2. (a) Cross-section BSE micromorphology and WDS analysis of SPSed MoSi2 and (b)MoSi2-

ZrSi2-SiC coatings; Stress distribution diagrams of MoSi2 (c1) and MoSi2-ZrSi2-SiC (c2) coatings on Nb 

substrate after SPS; Microhardness and fracture toughness of SPSed MoSi2 and MoSi2-ZrSi2-SiC coatings 

(d1); indentation morphologies of the crack propagation path of MoSi2 (d2)and MoSi2-ZrSi2-SiC (d3) 

coatings; (e) Cross-section BSE micromorphology and EDS analysis of XRD patterns of MoSi2 and 

MoSi2-ZrSi2-SiC coatings after oxidation of 1-50 h at 1500 ; Corresponding oxide scale thickness and 

increase rate constant of MoSi2 and MoSi2-ZrSi2-SiC coatings during oxidation 

 

After high-temperature sintering, the MoSi2 coating exhibited strong adhesion to the substrate (Fig. 

2a), with an 11.2 ɛm (Nb, Mo)5Si3 diffusion layer formed beneath the coating, enhancing 

interfacial bonding. However, CTE mismatch induced through-thickness cracks in the MoSi2 

coating post-sintering. SiC incorporation mitigated CTE mismatch, improving coating integrity 

(Fig. 2b). Residual thermal stresses were primarily localized in the MoSi2 coating, but the MoSi2-

ZrSi2-SiC composite coating showed a more uniform stress distribution due to optimized CTE 

compatibility (Fig. 2c). Calculated residual stresses in monolithic MoSi2 (0.5 GPa) exceeded those 

in the composite coating (0.2 GPa), indicating reduced interfacial thermal stress. This ensured 

robust bonding, suppressed crack propagation after SPS, and enhanced fracture toughness via 
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crack deflection, complex propagation paths, and energy absorption (Fig. 2d). SiC particles further 

increased coating hardness.ZrSi2 addition promoted the formation of high-melting-point 

ZrO2/ZrSiO4 skeletons during oxidation, improving oxide scale stability and density (Fig. 2e). 

 
 

Figure 3. (a) Phase diagram of the Fe-Mo-Si-O system at different temperatures; (b) The ternary phase 

diagram of the main components of copper slag - MoSi2 - CaO system; (c) XRD results of secondary slag; 

(d) Phase composition at different temperatures; (e) The influence of temperature on the extraction yields 

of Mo and Fe 

 

The FeïMoïSiïO equilibrium predominance area diagram (Fig. 3a) shows that Fe and Mo can co

exist as metallic phases with enrichment. However, Siôs reducing capability weakens at elevated t

emperatures, causing Mo oxidation loss. Calculations of the MoSi2ïcopper slag major componen

tsïCaO ternary phase diagram (Fig. 3b) indicate that moderate CaO addition expands the coexist

ence region of slag and alloy liquids, reduces high-melting-point phases, and optimizes reaction t

hermodynamics and processing environments. High-temperature melting experiments (Fig. 3c) re

veal dominant slag phases as CaOïSiO2 glass melt and gehlenite. CaF2 addition lowers melt visc

osity and melting point by acting as a diluent for [SiO4] networks. Increasing temperature signific

antly enhances refractory phase dissolution (Fig. 3d), reduces melt viscosity, and improves reacti

on conditions and settling efficiency, achieving Mo and Fe recovery rates of 99.97 % and 85.49 %. 

However, excessive temperatures induce Mo oxidation loss (Fig. 3e). 

4. CONCLUSION  

This study employed SPS to fabricate composite coatings on Nb substrates using spent MoSi2 as 

the primary raw material, with minor additions of SiC and ZrSi2. The coatings exhibited excellent 

mechanical properties and high-temperature oxidation resistance, demonstrating robust anti-

oxidation and oxygen-barrier capabilities during a 50-hour oxidation test at 1500 ÁC. Leveraging 

the reducing potential of silicon in spent MoSi2, synergistic smelting of copper slag and spent 

MoSi2 was conducted to in-situ fabricate ferromolybdenum alloys. Under optimal process 

conditions, Mo and Fe recovery efficiencies reached 99.97% and 85.49%, respectively. This 

approach achieved waste-to-waste treatment and cradle-to-cradle life cycle recycling of wastes. 
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Abstract  

Reduction processes at higher temperatures with carbon and hydrogen are widely used in industrial 

production of metal powders. Chemical reduction at lower temperatures usually involves the reduction of 

metal ions such as gold, silver and copper in some type of solvent and a separate reducing agent. This 

method is typically used for the preparation of magnetic metal nanoparticles, such as iron, cobalt, nickel 

and its alloys. In this process, metal nanoparticles are formed in aqueous solution by various reduction 

processes such as electrowinning, microwave reduction, and using various types of reducing agents and 

metal precursors such as metallic chloride and metallic nitrate. It allows controlling the particle size, 

morphology, and crystallinity, but requires costly precursors, toxic or hazardous solvents, chemical 

reductants like sodium borohydride or hydrazine, and stabilizers to prevent the aggregation of particles or 

to make them physiologically compatible. The ultrasonic spray pyrolysis (USP) is droplet generation 

phenomenon induced by ultrasonic field including its simplicity, cost-effectivity, continuous operation, and 

high deposition rate using an electrostatic filter. Synthesis of metallic, oxidic and composite powders is 

enabled using USP with hydrogen reduction. Reduction processes were also used in recycling of titanium 

from aluminium residues aiming iron removal in the first step of the research strategy. Reduction of iron 

oxides in solid state, at atmospheric pressure, is an already implemented industrial process that yields iron 

feedstock suitable for steel production in electric arc furnaces. Thermochemical modeling of reduction for 

bauxite residues containing  iron oxides has been done by FactSage for hydrogen and carbon as reducing 

agents at 1700ÁC what is very important for the analysis of iron formation and mass losses.  

Keywords: reduction, hydrogen, carbon, ultrasonic spray pyrolysis, bauxite residues 
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Abstract 

China is actively promoting its carbon peaking and carbon neutrality goals. Hydrogen metallurgy 

characterized by the replacement of carbon with hydrogen has attracted widespread attention as a vital 

component of low-carbon metallurgy. This study provides a statistical analysis of publications and patents 

related to hydrogen metallurgy in Chinese databases over the past five years, and summarizes the current 

industrial practices in hydrogen metallurgy in China. The results reveal a rapidly growing trend in 

theoretical research and technological development related to hydrogen metallurgy in China over recent 

years. Several major steel enterprises have carried out industrial practices of hydrogen-based shaft furnace 

and hydrogen-rich blast furnace smelting, offering initial confirmation of the feasibility of hydrogen 

metallurgy. Currently, the industrialization of hydrogen metallurgy in China faces a challenge of high 

hydrogen production costs. Therefore, this study reviews and analyzes the economics of the main hydrogen 

sources, including coke oven gas, natural gas, coal gasification, hydrogen from by-product during chemical 

processes, and hydrogen produced by water electrolysis. Although the current hydrogen sources mainly 

rely on gray hydrogen produced from fossil fuels, the large-scale and cost-effective production of green 

hydrogen from renewable energy sources in the future is expected to substantially accelerate the industrial 

application of hydrogen metallurgy. In summary, hydrogen metallurgy technology in China has established 

a solid foundation in research and accumulated certain industrial application experience. However, further 

research is required to improve hydrogen utilization efficiency and decrease hydrogen production costs, 

thereby enabling the widespread industrial application of hydrogen metallurgy. 

Keywords: hydrogen metallurgy, low-carbon metallurgy, hydrogen sources, hydrogen production costs. 

1. INTRODUCTION  

Controlling CO2 emissions has become a global consensus and an urgent necessity in the fight 

against climate change and the pursuit of sustainable development. In response, China has 

announced its ñdual carbonò goals-aiming to reach peak carbon emissions by 2030 and attain 

carbon neutrality by 2060. The steel industry is one of the largest sources of CO2 emissions in 

China, contributes approximately 15% of the countryôs total industrial emissions [1]. With the 

ongoing implementation of the ñdual carbonò goals, the decarbonization of the steel industry has 

become essential. Hydrogen metallurgy, which replaces traditional carbon-based reductants with 

hydrogen(H2), offers significant decarbonization potential, as its reduction byproduct is water 

(H2O) rather than CO2. Therefore, it is regarded as a promising pathway for the Chinese steel 

industry to achieve deep emission reductions and long-term carbon neutrality. This study provides 

an overview of the development of hydrogen metallurgy in China, focusing on trends in academic 
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publications and patent authorizations over the past five years, industrial implementation of 

hydrogen metallurgy by Chinese steel enterprises, and the techno-economic analysis of viable 

hydrogen sources. 

2. RESEARCH PROGRESS AND INDUSTRIAL PRACTICE OF HYDRO GEN 

METALLURGY IN CHINA  

Using the China National Knowledge Infrastructure (CNKI), a major Chinese-language academic 

database, paper and patent data from 2020 to 2024 were collected based on keywords including 

ñhydrogen metallurgy,ò ñhydrogen-rich blast furnace (BF),ò ñhydrogen-based shaft furnace,ò and 

ñhydrogen reduction,ò as shown in Figure 1. Statistical data show that the number of relevant 

papers increased significantly from 55 (2020) to 198 (2024), accompanied by a growth in patent 

filings from 90 to 313. This trend clearly reflects the rapid development of fundamental research 

and technological innovation in hydrogen metallurgy in China since the announcement of the ñdual 

carbonò goals in September 2020. 

 

Figure 1. Number of hydrogen metallurgy-related papers and patent in the CNKI (2020-2024) 

 

At present, industrial applications of hydrogen metallurgy in China primarily follow two 

technological pathways: H2-rich BF and hydrogen-based shaft furnaces. Given that the BF-BOF 

(basic oxygen furnace) route accounts for approximately 90% of Chinaôs steel production, H2-rich 

BF is expected to remain the dominant decarbonization strategy for the industry over the next 10 

to 20 years. This technology involves injecting H2-rich gas either at the tuyeres or furnace shaft, 

reducing coke consumption while simultaneously lowering CO2 emissions. In recent years, several 

major Chinese steel producers have actively implemented H2-rich BF in industrial practice (see 

upper part of Figure 2). In 2010, Jinan steel injected coke oven gas (COG) into a 350 m3 BF, 

reducing the fuel ratio by 45.91 kg/THM and CO  emissions by 75 kg/THM at an injection rate of 

62.51 m3 per ton of hot metal (mį/THM) [2]. In 2021, Jinnan Steel injected COG into an 1860 mį 

BF, achieving a 32 kg/THM reduction in fuel ratio and about 80 kg/THM decrease in CO2 

emissions at 65 m3/THM injection [3]. In 2022, Bayi Steel completed an industrial trial of a 400 

mį H2-rich carbon recycling oxygen blast furnace, integrating H2-rich gas injection, 1200 ÁC top-

gas recycling, and full oxygen smelting, resulting in a 21% reduction in CO2 emissions [4]. In 

2021, Xingguo Foundry successfully performed pure H2 injection in a 40 m3 pilot BF. Industrial 

practice indicates that tuyere injection of COG is currently the mainstream H2-rich BF technology 

in China, with a relatively high level of process. However, due to the irreplaceable the coke as the 

structural support in the BF and the relatively low utilization efficiency of hydrogen, the carbon 

emission reduction of H2-rich BF is generally limited to the range of 10% to 20%. 

In contrast, hydrogen-based shaft furnaces use an H2-CO mixed gas as the reductant, offering 

substantial carbon reduction potential (50%-95%). Although this technology started later in China, 

its industrialization is accelerating. Recent landmark projects include Zhongjin Taihang, Baosteel, 
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and Hebei Iron & Steel Group (HBIS), China Iron & Steel Research Institute Group (CISRI) (see 

lower part of Figure 2) [5]. In June 2021, Zhongjin Taihang built the worldôs first COG-based 

hydrogen shaft furnace direct reduced iron (DRI) production line with an annual capacity of 

300,000 tons, supported by a 1 million ton coke plant, proving the feasibility of hydrogen-based 

direct reduction in China. In December 2022, HBIS completed a 1.2 million ton-scale COG zero-

reforming hydrogen shaft furnace and began continuous production in 2023, decreasing CO2 

emissions by about 70%. In December 2023, Baosteel commissioned a million-ton hydrogen shaft 

furnace, achieving a CO2 emission reduction of 58%-89%. In 2024, CISRI started the worldôs first 

pure hydrogen shaft furnace in Linyi, using 100% green hydrogen and achieving an 87% reduction 

in CO2 emissions. In summary, large-scale industrial practices in China have preliminarily 

demonstrated the engineering feasibility and CO2 emission reduction potential of hydrogen 

metallurgy.  

 

Figure 2. Schematic Diagram of Hydrogen Metallurgy Industrial Practices in China 

 

3. ANALYSIS OF HYDROGEN SOURCES FOR HYDROGEN METALLURGY IN 

CHINA  

The large-scale development of hydrogen metallurgy requires a hydrogen supply that is both low-

cost and low-carbon. Currently, hydrogen sources mainly include fossil fuels (coal and natural 

gas), industrial by-product hydrogen, water electrolysis, and biomass-based hydrogen production. 

At present, Chinaôs hydrogen production is predominantly based on fossil fuels, with 62% derived 

from coal, 19% from natural gas, and approximately 18% from industrial by-product hydrogen. 

Hydrogen produced via water electrolysis accounts for only 1% [6]. To systematically compare 

the economic performance and CO2 emission reduction potential of different hydrogen sources, 

this study normalizes hydrogen share, unit cost, and CO  emissions, and presents a ternary 

comparison diagram (figure 3). Coal-based hydrogen benefits from Chinaôs abundant coal 

resources and mature industrial system, offering a significant cost advantage (0.45-0.78 

CNY/Nm3) [7]. However, its high CO2 emission (25-30 kg CO2/kg H2) [8] makes its share 

expected to decrease to 20% by 2025 [1]. Industrial by-product hydrogen and natural gas-based 

hydrogen also face challenges related to high CO2 emission. 
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Figure 3. Ternary diagram of share-cost-carbon emissions for different hydrogen sources 

 

In the future, water electrolysis is expected to become the major hydrogen source for hydrogen 

metallurgy in China. Its share is projected to increase to approximately 15% by 2030 and reach 

70% by 2050 [1]. However, the current cost of hydrogen produced by electrolysis is relatively high 

at 2.69 CNY/Nm3, which is two to three times that of fossil fuel-based hydrogen [8]. Moreover, 

over 50% of Chinaôs power generation still relies on coal, resulting in a carbon emission of 9-12 

kg CO2/kg H2 for coal-based hydrogen production. In contrast, electrolysis powered by renewable 

energy (solar and wind) can achieve near-zero emissions, making it the most promising pathway 

for green hydrogen. Therefore, the Chinese steel industry should strengthen the integration of 

renewable energy-powered electrolysis with hydrogen metallurgy technologies. This integration 

should rely on renewable hydrogen production processes to support the development of hydrogen 

metallurgy, improve energy efficiency of electrolysis, and expand hydrogen production capacity 

to significantly reduce green hydrogen costs. Besides electrolysis, emerging technologies such as 

nuclear-based and biomass-based hydrogen production also hold potential. Nuclear-based 

hydrogen production boasts thermochemical efficiencies above 50% but faces challenges related 

to equipment costs, safety, and high-temperature materials. Biomass hydrogen production remains 

at the research stage with costs as high as 25-33 CNY/kg, making industrial application difficult. 

4. CONCLUSION 

Under the ñdual carbonò goals, China has made notable progress in both hydrogen metallurgy 

research and industrial application. Over the past five years, the number of hydrogen metallurgy 

related papers and patents in Chinese databases has steadily increased. Chinese steel enterprises 

have successively implemented industrial practices including H2-rich blast furnace and hydrogen-

based shaft furnace, promoting the industrialization of hydrogen metallurgy technologies. 

However, current hydrogen sources are dominated by grey hydrogen with high CO2 emissions and 

green hydrogen production remains costly. Achieving low-cost, large-scale green hydrogen 

production is urgently needed to underpin the rapid development of hydrogen metallurgy in China. 
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Abstract  

A novel pyrometallurgical route was developed to obtain a Pb-Ag alloy by recycling two metallurgical 

wastes: lead paste obtained from spent lead-acid batteries and a jarosite residue obtained from the Mexican 

hydrometallurgical production of zinc. Both metallurgical wastes were characterized by atomic absorption 

spectrometry (AAS), X-ray diffraction (XRD), and scanning electron microscopy with energy-dispersive 

spectra (SEM-EDS). Mixtures of both wastes were pyrometallurgically treated with sodium carbonate in a 

silicon carbide crucible at 1200 ÁC. A mixture ratio of 30% Na2CO3 ï 40 % Lead paste ï 30 % Jarosite 

produced the highest amount of Pb-Ag alloy, while the slags produced contained compounds such as 

Na2(SO4) and Na2Fe(SO4)2, which have a high sulfur-fixing, contributing to the minimization of 

atmospheric pollution. 

Keywords: Jarosite, lead paste, Pb-Ag alloy, pyrometallurgy, waste minimization  

1. INTRODUCTION  

The metallurgical industry generates significant quantities of hazardous waste, such as jarosite 

from zinc hydrometallurgy and lead paste from spent lead-acid batteries. These residues pose 

severe environmental risks due to their potential to release toxic elements (e.g., Pb, Cd, As) into 

soil and water, while also representing a loss of valuable metals like silver and lead [1,2]. Jarosite, 

an iron sulfate precipitate, contains trace amounts of Ag, whereas lead paste consists primarily of 

Pb and sulfur compounds. Traditional disposal methods, such as landfilling, are increasingly 

unsustainable due to stricter environmental regulations and the need for resource recovery [3,4]. 

Current recycling approaches face limitations. Hydrometallurgical methods for jarosite, though 

effective in metal extraction, often involve complex leaching steps and generate secondary wastes 

[5,6]. Standalone pyrometallurgical treatments for jarosite require extreme temperatures (1400ï

1700 ÁC) to recover metals, resulting in high energy costs and volatile emissions [2,6]. Similarly, 

lead paste recycling typically focuses on lead recovery but overlooks the potential to co-extract 

silver from other waste streams [7,8]. This study introduces an innovative low-temperature 

pyrometallurgical co-processing route for the simultaneous treatment of jarosite and lead paste, to 

recover a Pb-Ag alloy and a slag with high fixing sulfur. The pyrometallurgical treatment is carried 

out using Na CO  as a fluxing and SiC crucibles, which allow the obtaining liquid phases at 1200 

ÁC. 

2. EXPERIMENTAL  

The lead paste used in this study was obtained from spent lead-acid batteries through a recycling 

process. The black powder residue was dried at 120ÁC for 8 hours, then ground using an agate 
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  a)   b) 

mortar and sieved to obtain 90 ɛm particles. The jarosite residue, sourced from a Mexican zinc 

hydrometallurgical plant, is presented as a yellow-brown fine powder with clay-like 

characteristics. After drying at 100ÁC for 12 hours, the material was classified to obtain particles 

Ò75 ɛm. The chemical composition of both residues was determined by AAS while the 

mineralogical characterization was performed using a Bruker D8 Advance X-ray diffractometer 

with Cu KŬ radiation (ɚ = 1.5406 ¡) operating at 40 kV and 30 mA. Qualitative chemical analysis, 

morphology, and resulting slag size were analyzed by scanning electron microscopy with energy 

dispersive spectra. 

Three mixture compositions were designed to evaluate the effect of lead paste to jarosite ratio on 

metal recovery and slag formation (Table 1). All mixtures maintained 30 wt.% sodium carbonate 

(Na CO , Fermont, 99.5% purity, Ò198 ɛm) as fluxing agent: 

Table 1. Mixing ratios of raw materials (wt.%) 

Trial Identification Na2CO3 Lead Paste Jarosite 

30Na:55P:15J 30 55 15 

30Na50P:20J 30 50 20 

30Na:40P:30J 30 40 30 

Each 100 g batch was homogenized in a polypropylene flask that rotated at 25 rpm for 30 minutes. 

The mixtures were then charged into silicon carbide crucibles (SiC, 0.5 kg capacity) and processed 

in an electric resistance furnace. The temperature was controlled using a Eurotherm 2408 

controller with a K-type thermocouple positioned 5 mm from the crucible wall, maintaining Ñ10ÁC 

of the setpoint (1200ÁC). After the holding period, the molten material was poured into a preheated 

(200ÁC) cast iron mold to promote phase separation.  

3. RESULTS AND DISCUSSION 

Table 2 shows the chemical composition of the industrial jarosite and lead paste determined by 

Atomic Absorption Spectrometry.  

Table 2. Chemical composition of metallurgical wastes (wt.%) 

Jarosite 

Chemical Composition (wt.%) 

Pb STotal Cu Fe Ag Ca Na Si Zn NH4 

0.45 17.47 0.17 8.36 0.0143 16.31 0.46 1.10 4.88 1.2 

Lead Paste 90.65 5.34 0.03 0.07 0.001 - - - - - 

The lead paste is predominantly composed of Pb and S. On the other hand, the jarosite residue 

contains significant amounts of Fe, S, and Ca, along with trace amounts of Ag. The presence of 

ammonium indicates that during the removal of iron in the leaching of zinc, ammonium-jarosite 

was precipitated. 

Figure 1 shows the mineralogical composition of the jarosite and lead paste determined by XRD. 

 

 

 

 

 

Figure 1. X-ray pattern diffractions for (a) lead paste and (b) jarosite residue 

The lead paste primarily consists of galena (PbS) and lead oxide (PbO), with minor amounts of 

lead sulfate (PbSO ) and lead oxide sulfate (PbSO Ŀ4PbO). In contrast, the jarosite residue is 

composed mainly of ammonium jarosite ((NH ) Fe (SO ) (OH) ). Tables 3 and 4 show the 
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  a)   b) 

amounts and the chemical composition of the metallic and slag phases obtained by the reduction 

trials by mixing the metallurgical wastes with a fixed amount of sodium carbonate based on Table 

1. 

Table 3. Chemical composition of the metallic phase 

Table Designation Metallic Ingot (g) Chemical Composition (wt.%) 

Pbbalance Ag Na Si Fe Ca Cu 

30Na:55P:15J 34.51 99.21 0.0073 0.17 0.36 0.14 0.11 0.01 

30Na:50P:20J 41.24 99.17 0.0080 0.16 0.37 0.14 0.14 0.01 

30Na:40P:30J 35.27 99.33 0.0126 0.17 0.21 0.12 0.14 0.02 

 

Table 4. Chemical composition of the slag phase 

Table Designation Slag (g) Chemical Composition (wt.%) 

Pb Ag Na Si Fe Ca S 

30Na:55P:15J 36.28 2.73 0.0002 8.93 3.45 3.1 5.87 3.04 

30Na:50P:20J 42.02 3.22 0.0002 18.53 1.97 3.82 4.34 6.94 

30Na:40P:30J 53.22 3.71 0.0003 18.89 3.49 4.19 7.29 9.47 

 

All trials maintained exceptional Pb purity (99.17-99.33 wt.%) minimal variation (Ñ0.08%) across 

compositions indicates process stability; silver recovery progressive increase from 73 ppm 

(30Na:55P:15J) to 126 ppm (30Na:40P:30J) the strong correlation with jarosite content confirms 

efficient Ag capture; impurity profile consists in sodium (0.16-0.17 wt.%) consistent flux 

contribution, silicon (0.21-0.37 wt.%) higher in low-jarosite mixes (crucible interaction) and iron 

(0.12-0.14 wt.%), minimal variation despite jarosite Fe content. Sulfur fixation efficiency 

improved from 78% to 93% with higher jarosite Na Fe(SO )  formation (42 vol% in 

30Na:40P:30J), enhanced environmental stability.  

The metallic phase (Figure 2a) consisted primarily of lead with silver in a solid solution. The 

increasing Ag content with higher jarosite proportion demonstrates effective silver capture by the 

lead matrix, following the Pb-Ag binary phase diagram which shows complete miscibility in the 

liquid state at 1200ÁC. The slag phases (Figure 2b) showed progressive transformation with 

increasing jarosite content: Low-jarosite (15-20%): Dominated by Na SO  (60-65 vol%) and 

CaSiO  (25-30 vol%), high-jarosite (30%): Developed Na Fe(SO )  (42 vol%) alongside persistent 

Na SO  (38 vol%).  

  

  

 

 

 

 

 

 

Figure 2. X-ray diffraction patterns of (a) lead paste and (b) jarosite residue 

 

Figure 3 shows SEM-EDS micrograph samples of the metallic and slag phases for the 30Na:55P:15J trial. 

 

Microstructural analysis of the metallic phase (Figure 3a) reveals a lead-silver primary matrix that 

dominates over 95% of the analyzed area. Beyond the metallic matrix, three distinct non-metallic 
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  a) 
  b) 

inclusions were identified. These non-metallic inclusions with angular morphologies ranging from 

5 to 15 Õm originate from flux interactions and are chemically inert, posing no interference with 

silver recovery. MEB-EDS characterization of the slag phase (Figure 3b) reveals a heterogeneous 

distribution of three distinct regions: a sulfate-rich matrix, iron-silicate zones, and calcium-silicate 

inclusions.  
 

 

 

 

 

 

 

 

 

 

Figure 3. Micrograph of the a) metallic sample and b) slag sample of trial 30Na:55P:15J 

4. CONCLUSIONS 

This study successfully demonstrates an innovative pyrometallurgical approach for co-processing 

jarosite and lead paste wastes, with three key advancements: resource recovery, achieved 126 ppm 

Ag in Pb-Ag alloy (30Na:40P:30J); recovered >99% pure lead suitable for battery recycling and 

valorized 100% of input waste with <12% mass loss. Besides, environmental benefits such as 93% 

sulfur fixation as stable Na Fe(SO )  compounds, reduced SO  emissions by 83% compared to 

conventional methods and produced an inert slag. The process advantages consist of operation at 

1200ÁC (vs 1400-1700ÁC conventional), and a 30% lower energy requirement than standalone 

jarosite processing. The 30Na:50P:20J mixture emerged as the optimal formulation, balancing 

high metal recovery (82.5% Pb, 78% Ag), efficient slag formation, and minimal environmental 

impact.  
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Abstract  

This paper presents the characterization of ceramic thermal barrier coatings (TBCs) obtained by 

atmospheric plasma spraying (APS), focusing on their functional, structural, and chemical performance 

under extreme thermal conditions. The study highlights the critical requirements of TBC systems, including 

low thermal conductivity, high phase stability above 1200 ÁC, resistance to thermal shock, and strong 

adhesion between the ceramic top coat, bond coat, and metallic substrate. Special attention is given to YSZ 

(zirconia stabilized with yttria) coatings with a high yttria content (38 wt% Y O ), which ensure cubic phase 

stabilization and enhanced durability at elevated temperatures. Recent advances in TBC design are 

discussed, such as optimized ceramic compositions, controlled microstructures, and multifunctional 

architectures that integrate chemical protection and sensing capabilities. The advantages of ceramic TBCs 

compared to massive or non-ceramic barriers are also outlined, emphasizing their reduced weight, 

improved thermal insulation, chemical stability, and thermomechanical compatibility. These results 

confirm the potential of advanced YSZ-based coatings to provide reliable thermal protection in aerospace 

and energy applications, contributing to increased efficiency and reduced environmental impact. 

Keywords: ceramic coatings, TBC, YSZ, microstructure 

1. INTRODUCTION  

In order to ensure effective and durable protection of components exposed to extreme 

temperatures, a Thermal Barrier Coating (TBC) system must simultaneously meet a rigorous set 

of functional and structural requirements, Figure 1. Firstly, the low thermal conductivity of the 

ceramic layer is fundamental in limiting the heat flow to the substrate, thus helping to keep the 

temperature below the thermal critical of the structural alloy and prolonging the lifetime of the 

whole assembly [1]. At the same time, it is essential that the ceramic material exhibits outstanding 

phasic stability at high temperatures (Ó1200 ÁC) without spontaneous structural transformations 

(such as tetragonal-monoclinic transition in conventional YSZ), which can lead to internal stresses, 

cracking or exfoliation [2]. 

Another essential criterion is thermal shock resistance, which refers to the coating's ability to 

withstand sudden temperature variations without cracking or loss of adhesion. This implies a 

suitable microstructure (e.g. controlled porosity, vertical cracks), but also good thermomechanical 
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compatibility between the ceramic layer, the bond coat and the substrate - in particular in terms of 

the coefficient of thermal expansion (CTE), which must be as close as possible to prevent the 

build-up of interfacial stresses during thermal cycling [3]. 

Also, interlayer adhesion is crucial: without good adhesion between the ceramic layer and the 

bonding layer (e.g. NiCrAlY), the coating is prone to delamination and spalling under operating 

conditions. Finally, the TBC system must resist oxidation and corrosion, especially in aggressive 

firing environments that may contain reactive gases such as SO  or H O, or contaminants such as 

Cl- and Na , which may favor infiltration processes, phasic reactions or accelerated degradation 

[4]. 

Therefore, a high-performance TBC system must not only be an effective thermal insulator, but 

also a stable chemical barrier, a strong mechanical structure and a well-balanced interfacial layer 

- all of which are prerequisites for its operation in extreme environments, such as aircraft turbines 

or the combustion chambers of high-power engines. 

 

Figure 1. Main characteristics of a ceramic thermal barrier coating 

 

Evaluation of these characteristics is done by standardized methods, such as cyclic thermal shock 

tests, adhesion tests, post-test morphological analysis (SEM, XRD), and conductivity and hardness 

measurements. 

2. CURRENT TRENDS IN THE DEVELOPMENT OF TB C 

Modern research in the field of Thermal Barrier Coatings aims to overcome the limitations of 

conventional systems by developing innovative solutions that combine thermal stability at extreme 

temperatures, microstructural adaptability and extended functionalities, Figure 2. A first condition 

for success is the optimization of the ceramic composition, where attention is focused on YSZ with 

high Y O  content (>20 mol%), able to stabilize the cubic phase (c-YSZ) even at temperatures 

above 1400 ÁC, thus preventing destructive phase transformations. In parallel, alternative oxides, 

such as Gd Zr O , La Zr O , CeO  or HfO , are being explored, which offer even lower thermal 

conductivity and improved resistance to chemical attack or accelerated sintering [1].  

A second direction is advanced microstructure control, where columnar (EB-PVD) or layered 

porous microstructures (SPS) are being developed, offering high thermal flexibility, cyclic stress 

accommodation and superior durability in thermal shock. These architectures allow efficient stress 
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dissipation through vertical intergranular openings and maintenance of low thermal conductivity 

even after prolonged exposure [5].  

At the same time, the direction of multifunctional coatings is taking shape, where TBC coatings 

no longer only have a passive thermal insulation role, but also integrate chemical protection 

(oxidation, molten silicate deposits corrosion) or even smart functions such as embedded sensors 

(e.g. piezoelectric structures, optical or fluorescent markers) for real-time degradation monitoring 

[6]. These solutions bring added reliability and enable predictive maintenance in critical 

applications. 

 

 

Figure 2. Main methods to improve the performance of ceramic thermal barrier coatings 

 

Last but not least, an increasingly important role is played by advanced numerical modeling, 

through the integration of CFD (Computational Fluid Dynamics), FEM (Finite Element Method) 

and thermomechanical failure models, which allow the optimization of the design of TBC systems 

from the concept phase, thus reducing the time and costs associated with experimental testing. 

Through these synergistic directions - compositional, microstructural, functional and digital - new 

perspectives are opening up for the realization of resilient, intelligent and extreme conditions-

adapted TBCs for future energy and aerospace technologies. In conclusion, modern TBC systems 

represent a complex and evolving interdisciplinary field with a direct impact on the efficiency and 

reliability of energy and aeronautical equipment. The investigation of alternative ceramic 

compositions, such as YSZ with 38% Y O , is a promising direction to overcome the limitations 

of current commercial systems.  

3. MAIN ADVANTAGES OF CERAMIC THERMAL BARRIERS OVER OTHER 

TYPES OF SOLID OR NON-CERAMIC THERMAL BARRIERS  

Ceramic thermal barriers in the form of thin coatings have a number of significant advantages over 

traditional methods of thermal protection, which involve either massive layers of refractory 

materials or metallic or composite solutions without a ceramic component. These advantages 

concern both functional properties and technological and economic efficiency.  

Light weight and geometric adaptability: ceramic coatings have typical thicknesses in the order of 

100-500 Õm, compared to a few millimeters for solid refractory insulations. This makes them ideal 

for aero and automotive applications where weight is a critical parameter. They can be applied on 

components with complex geometries, including turbine blades, injectors, valves, etc., where solid 

materials are impossible to fit or would affect functionality.  
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Low thermal conductivity: YSZ-based ceramics have a thermal conductivity of 1-2 W/m-K, 

compared to metals (>20-100 W/m-K) or even some metal composites. This allows a high thermal 

gradient to be achieved at low thicknesses, providing superior thermal protection without requiring 

large volumes of material [6]. Chemical stability and corrosion resistance: YSZ ceramics are 

inherently stable at high temperatures and have high oxidation resistance, unlike metal alloys 

which oxidize rapidly at >1000 ÁC. It is resistant to aggressive environments (combustion gases, 

erosive particles), making it durable in severe industrial conditions. 

Thermomechanical compatibility and thermal shock resistance: Modern ceramic coatings, due to 

their porous and layered microstructure, exhibit good thermal conformability, capable of absorbing 

cyclic expansion/contraction without generating critical cracks. In combination with a flexible 

bonding layer, they provide superior durability in cyclic conditions, where solid materials can 

crack or peel [2]. Easy technology integration: TBC coatings can be deposited directly onto 

finished metal components without requiring additional assemblies or major part design changes. 

They are compatible with automated industrial processes and have a lower overall cost than 

alternative volumetric thermal protection methods. 

Increased overall thermal efficiency: thanks to their ability to increase the working temperature of 

components by up to 150-200 ÁC without degradation, TBCs contribute directly to the 

thermodynamic efficiency of engines or turbines. This translates into lower fuel consumption and 

reduced CO  emissions - major goals in aviation, energy and transportation . All in all, ceramic 

thermal barriers offer a performance-to-weight-to-cost ratio incomparably superior to other 

thermal protection solutions. Combining advanced insulation, stability and resistance properties, 

they are the reference solution for modern applications in extreme environments. 

4. CONCLUSIONS  

Plasma sprayed ceramic coatings exhibit low thermal conductivity (1-2 W/m-K), which allows 

effective protection of the metal substrate even at low thicknesses (100-500 Õm). The structural 

stability of YSZ with high Y O  content (å 38 wt%) ensures cubic phase maintenance and 

temperature resistance > 1200 ÁC, reducing the risk of destructive phase transformations. The 

porous and layered microstructure favors thermal shock resistance and thermomechanical 

compatibility between the ceramic layer, the bonding layer and the substrate. TBC coatings 

demonstrate good resistance to oxidation and corrosion, including in aggressive combustion 

environments, extending the service life of protected components. The major advantages of these 

coatings (low weight, applicability on complex geometries, high thermal efficiency) recommend 

them as the reference solution for aero, energy and automotive applications. 
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Abstract 

The removal of toxic gases leaking during excavation in infrastructure projects is crucial for both human 

health and environmental protection. In this process, Computational Fluid Dynamics (CFD) simulations 

are highly valuable for modeling and analyzing complex physical processes associated with the transport 

and dispersion of gases. During infrastructure projects in geothermal regions, various gases may leak from 

underground sources. These gases may include toxic and/or flammable substances such as hydrogen sulfide 

(H S), carbon dioxide (CO ), and methane (CH ). Designing an effective ventilation system is essential for 

the removal of toxic gases through ventilation. CFD simulations can be utilized to evaluate the design and 

performance of ventilation systems. Modeling gas leaks from sources encountered during excavation using 

CFD simulations can help understand how gases move throughout infrastructure projects and their 

environmental impacts. CFD simulations can assist in optimizing factors such as the placement of 

ventilation systems, duct design, air flow rates, and filtration efficiency. This optimization ensures the 

effective removal of toxic gases and minimizes environmental impacts. CFD simulations can also be used 

to assess the efficiency and safety of ventilation systems designed for the mitigation of toxic gases. 

Additionally, simulating the operation of ventilation systems during potential emergency situations can 

help in evaluating associated risks. 

Keywords: Computational Fluid Dynamics, gas leakage, ventilation strategies, gas dispersion, subsurface 

infrastructure 

1. INTRODUCTION  

The removal of toxic gases during excavation in infrastructure projects is critical for both human 

health and environmental safety. Computational Fluid Dynamics (CFD) simulations are valuable 

tools for modeling the transport and dispersion of hazardous gases such as H S, CO , and CH , 

which may leak from underground sources, especially in geothermal regions. Designing an 

effective ventilation system is essential, and CFD can be used to assess and optimize system 

performance, including fan placement, duct layout, airflow rates, and filtration. This helps ensure 

efficient gas removal and reduced environmental impact. CFD simulations also support safety 

evaluations by modeling system behavior in potential emergency scenarios. The study was 

conducted by modeling the T2 tunnel located on the ĶzmirïAnkara High-Speed Rail line. During 

the excavation works of the T2 tunnel, gas leakage consisting of 8000 ppm CO  and 40 ppm H S 

was detected along a 400-meter stretch starting from the tunnel face. The gas leakages were 

modeled in the analyses based on field measurements. Although the T2 tunnel is located within a 

geothermal basin, the leakages encountered during excavation are not of geothermal origin. 

Furthermore, it is assumed that the ventilation ducts used are airtight and that there are no other 

factors (such as machinery, personnel, or vehicles) influencing the airflow inside the tunnel. All 

surfaces of the tunnel are supported and covered with Ground Sheet lining. Based on field 

investigations, a surface roughness of 3 cm was applied to all tunnel surfaces in the simulations. 
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The temperature of the gases leaking from the ground is 28ÁC, while the nominal temperature of 

the tunnel is 26ÁC. Therefore, the thermal effect of the leaking gases is considered negligible. 

ANSYS Fluent software was used to perform the CFD analyses. 

2. COMPUTATIONAL FLUID DYNAMICS  

To conduct CFD analyses, the three-dimensional geometry of the structure must be created using 

a computer-aided design (CAD) program. In this project, the SpaceClaim module of the ANSYS 

software was used as the design tool. The tunnel geometry created has a length of 815 meters and 

a surface area of 130 mĮ. Within the tunnel geometry, a fan duct with a diameter of 2200 

millimeters and a length of 765 meters was modeled (ANSYS Education Tutorials, 2016). 

 

Figure 1. 3D Tunnel geometry 

 

2.1 Analysis No 1 

The airflow rate supplied to the tunnel by the fan is 39 mį/s. The surface area of the fan is 3.8013 

mĮ. The cross-sectional area of the tunnel is 130 mĮ, and the average airflow velocity inside the 

tunnel toward the outlet (ïY direction) is 0.3 m/s. 

The following analyses were carried out using a fan and duct system with a length of 765 meters 

and a diameter of 2200 mm, providing an airflow rate of 39 mį/s. This setup represents the 

existing ventilation system of the T2 Tunnel. To ensure an airflow rate of 39 mį/s, the fanôs air 

discharge velocity was calculated (Goodfellow, 2020): 

σω  άύ  σȟψπρσ άό  zὠρ                          (1)                                                                                           

As a result of these calculations, the fanôs air discharge velocity V1 was determined to be 

10.2596 m/s. 

Table 1. CO2 and H2S Mass Contours on Tunnel Geometry (Analysis No 1) 

 First 400 meters Last 400 meters 

 

CO2 Mass 

Countours 

  

 

H2S Mass 

Contours 
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2.2 Analysis No 2 

In addition to the ventilation configuration used in the first analysis, a fan was installed at the 100th 

meter of the tunnel, and a fan duct was defined from this fan to the tunnel outlet. This fan duct has 

a diameter of 2200 mm, like the initial fan duct. The second fan extracts air from within the tunnel 

at a flow rate of 39 mį/s. 

Table 2. CO2 and H2S Mass Contours on Tunnel Geometry (Analysis No 2) 

 First 400 meters Last 400 meters 

 

CO2 Mass 

Countours 

  

 

H2S Mass 

Contours 

  

 

2.3 Analysis No 3 

In this scenario, the length of the fan duct was increased from 765 meters to 790 meters. The 

second fan was not used. The diameter of the fan used is 2200 mm, and the airflow rate supplied 

from the fan duct into the tunnel is 39 mį/s. 

Table 3. CO2 and H2S Mass Contours on Tunnel Geometry (Analysis No 3) 

 First 400 meters Last 400 meters 

 

CO2 Mass 

Countours 

  

 

H2S Mass 

Contours 

  

 

2.4 Analysis No 4 

In the fourth analysis, a second 2200 mm diameter fan was added 375 meters from the tunnel 

outlet, with a duct of the same diameter extending to the exit. Both the first (790 m) and second 

(375 m) fan ducts operate with an airflow rate of 39 mį/s. 
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Table 4. CO2 and H2S Mass Contours on Tunnel Geometry (Analysis No 4) 

CO2 800 meters mass contours H2S 800 meters mass contours 

  

 

3. RESULTS AND DISCUSSION 

Flow analyses show that airflow near the tunnel face reaches approximately 3 m/s, reducing CO  

and H S concentrations to 0 ppm in this region. Toward the tunnel outlet, airflow velocity 

decreases to nearly 0 m/s, causing gas accumulation around the 400th meterðup to 8000 ppm CO  

and 40 ppm H S in the first analysis. In the second analysis, a fan added 100 meters from the outlet 

had no effect, as it was positioned in a gas-free zone. In contrast, the fourth analysisðwhere the 

second fan was placed closer to the source (375 m from the outlet) and connected via a ductð

significantly improved gas evacuation, reducing CO  and H S concentrations to 0 ppm 

downstream. Extending the first fan duct from 765 m to 790 m, however, did not yield notable 

improvement. These results highlight that the position of the second fan is the most influential 

parameter for effective ventilation. CFD simulations proved valuable in optimizing fan placement, 

duct configuration, and airflow rates, helping minimize toxic gas accumulation. Moreover, CFD 

serves as a powerful tool for evaluating ventilation strategies under varying structural conditions, 

supporting safer and more efficient infrastructure development. 
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Abstract  

The plate-wire electrostatic precipitator (ESP) achieves maximum efficiency by simultaneously generating 

the maximum spark voltage via a homogeneous velocity field of the flue gas between the plates. The 

consortium, consisting of the Vinļa Institute of nuclear sciences and the Nikola Tesla Electrotechnical 

Institute, has successfully developed and applied new measuring equipment and the original methodology 

for diagnosing the actual working conditions and optimization of the ESP. This paper presents the results 

of testing and optimization of the ESP of the Kostolac A thermal power plant unit A1. Based on the results 

of measurements of particulate emissions, flue gas velocity distribution in the flue ducts and chambers of 

the ESP, the reconstruction of the mechanical turning and damping elements of the ESP and the installation 

of new power control elements have been proposed. The effectiveness of the proposed measures can be 

seen in the improvement of the homogeneity parameters of the velocity distribution in the vertical cross-

sections in the front of the first and behind the last electric field of the electrostatic precipitator. 

Keywords: electrostatic precipitator, particulate emission, on site measurements, CFD  

1. INTRODUCTION  

Between 2004 and 2022, all 15 units of the Joint stock company óôElektroprivreda Srbijeôô (EPS) 

system underwent ESP refurbishment and modernization, with an investment of ú97 million, 

reducing particulate emissions from 66,626 t in 2003 to 6,344 t in 2022. Unit 1 of TPP Kostolac 

A later exceeded the emission limit values (ELV) due to equipment aging, failures of the electrical 

fields of the high-voltage supply systems, etc. If we take the coefficient of variation CV = Stdev / 

vave as the measure of homogeneity of the flue gas flow in the vertical cross-section of the ESP, 

where Stdev is standard deviation and vave average velocity, than the Matts-¥hnfeldt generalized 

form of the ordinary Deutsch-Anderson equation indicate that maximum theoretical ESP 

collection efficiency results from perfectly uniform gas velocity distribution over the ESPôs 

chamber cross section [1].  

Also, the dust removal efficiency depends on the intensity of the electric field in the ESP chamber. 

If present the dust removal efficiency by using the power density of the corona, P/Q [W/1000Ām3ùh], 

then high efficiency could be obtained only for high values of P/Q [2]. 

Therefore, a high dust removal efficiency of ESP is achieved by simultaneously establishing a 

homogeneous flue gas velocity field through the optimally regulated electric field inside ESP. 

Original scientific paper DOI: 10.5937/IOC25033M 
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Vinļa Institute of nuclear sciences has been successfully developed and applied new measurement 

equipment [3] for determination of the velocity distribution in large vertical cross section of the 

ESP chamber (15 m x 15 m). In consortium with Nikola Tesla Institute of Electrical Engineering 

an original methodology for diagnosing the working conditions of the ESP have been developed 

and applied. The methodology consists of: inspection of the electrical and mechanical equipment 

of the ESP; on-site measurements of the flue gas velocity distribution, temperature and 

composition in the flue gas ducts, particulate matter emissions, homogeinity of air velocity in 

vertical cross-sections of the ESP chamber, and laboratory analyses of coal, fly ash and bottom 

ash; CFD simulations of numerical models with various geometric solutions of the structural 

elements of the ESP and numerical simulation of the electrical parameters of various ESP power 

supply solutions. The results of application of this methodology on optimization of the ESP of unit 

TEKO A1 are presented in this paper. 

For assesing flow homogeinity we have used the dimensionless momentum Mk and energy 

correction coefficient Nk [4]: 
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where vi [m/s] is a mean velocity through the elementary surface i of the cross-section of the ESP 

chamber, vavg [m/s] ï mean velocity in the cross-section, ȹAi [m
2] ï elementary surface and n ï 

number of elementary surfaces in the cross-section of the ESP chamber. The values of Mk and Nk 

are equal to unity only under the uniform flow conditions. The additional two criteria used to assess 

the flow homogeneity is that the area of all fields where the measured velocity is greater than 

1.15Āvavg must be Ò 25% of the measuring cross-section area, e.g. vavg >115% Ò 25% and where the 

measured velocity is lower than 0.85Āvavg must be Ò 25% of the measuring cross-section area, e.g. 

vavg <85% Ò 25% [5]. 

The ESP of the TEKO A1 unit is the only ESP within EPS in which all gas passages are 500 mm 

wide. The maximum design value of the effective migration velocity is ɤ = 0.2456 m/s. This ESP 

has relatively small specific surface area of the deposition electrodes SCA = 29.2 m2/(m3/s), with 

maximum design values of the specific corona current of 0.593 mA/m2. The corona current values 

of ESP of unit TEKO A1 in all electrical fields were below the design value of 1250 mA, especially 

in zones 1 and 2, the temperature and oxygen content in the flue gas were above the design values, 

while the flue gas flow and the concentration of PM at the entrance to the ESP was around the 

design value. The flue gas channels and the elbow with set of turning vanes in the front of the ESP 

diffuser are correctly designed so the conditions for the occurrence of erosion are completely 

eliminated. In the confusor at the ESP chamber exit, no distribution plate was originally designed 

or installed. 

2. EXPERIMENTAL  

The velocity measurements in the vertical cross-section of the ESP chamber in the front of the first 

electrical field indicate that there are two zones with increased velocities in both chambers [6]. 

One zone is near the centre of the section, closer to the left wall, and the other occupies almost the 

entire centre of the right half of the section. The velocities at the top and bottom of the cross-

sections are at the level of the mean of that cross-section. There are zones of very low velocities 

near the walls and along the height of the left and right half of the cross-section.  

The velocity measurements in the vertical cross-section of the ESP chamber behind the last 

electrical field indicated that there is a large zone of increased velocities in the centre of the cross-

section towards the ceiling of the chamber, while in the lower third of the cross-section and in the 

upper corners the velocities are well below the average value of the cross-sectional velocity. This 

distribution of velocities is a direct consequence of the suction effect of the exit from the confusor 
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and extends through the third and partly through the second electrical zone. It has a very 

unfavourable effect on dedusting efficiency in these zones. The most of the particles are carried 

away by the high velocity flow because it does not give the ash particles enough time to charge 

and separate on the collecting electrodes. On the other hand, there is almost no gas flow and 

therefore no particle separation in a large part of these electrical zones (Figure 1).  

Table 1 presents results of homogeneity evaluation of velocities measured in the vertical cross 

sections in the front of the first and behind the last electrical field of left / right ESP of unit A1. 

Table 1. Parameters for evaluating the homogeneity of the velocity distribution in the ESP chambers 

Parameter Stdev [%]  MK [-] NK [-] vavg>115%  [%]  vavg<85% [%]  

Recommended value Ò 25 Ò 1,2 Ò 1,8 Ò 25 Ò 25 

Inlet left ESP 34.2 1.10 1.32 32.7 36.3 

Inlet right ESP 42.4 1.10 1.44 32.0 41.2 

Outlet left ESP 41.5 1.13 1.42 37.4 34.1 

Outlet right ESP 44.5 1.15 1.51 33.3 43.5 

 

The measurement also revealed irregularities in the flows through the flue gas ducts at the entrance 

to the diffuser, where higher flow rate was measured in the right flue gas duct of the left ESP than 

in the left flue gas duct. In the case of the right-hand ESP, the flow rate through the left-hand flue 

gas duct was greater than that through the right-hand duct. This non-uniformity is also reflected in 

the homogeneity of the flow rate through the ESP chamber. 

3. RESULTS AND DISCUSSION 

From Table 1 we can see that the condition for the parameter Stdev is not fulfilled in any of the 

observed sections for both chambers. The values of the parameters Mk and Nk calculated for each 

of the observed sections are in agreement with the recommendations of the literature [4].  

Homogeneity criteria vavg>115%  and vavg<85% are not fulfilled in any of the observed sections. The 

series of the CFD numerical simulations for the ESP model with different design of new turning 

and distribution elements were conducted. To further reduce the increased velocities in the upper 

zones of the chamber, it is proposed to install a distribution grid in the confusor with 16 horizontal 

panels, 300 mm wide, 9 m span and a vertical distance of 300 mm. 

Results of CFD numerical simulation of the velocity distribution behind the last electrical field in 

the numerical model of the left ESP chamber whit new design of distribution grid with 16 

horizontal panels in the ESP confusor are presented in Figure 2. Comparing to measured velocity 

distribution presented on Figure 1, one can notice much better homogeneity in the cross-section 

behind the last electrical field, influenced by the new distribution grate design. Numerical results 

also confirmed propagation of this positive influence through the ESP chamber up to the first 

electrical field. 

4. CONCLUSION 

The CFD analysis of the flow in the ducts and ESP chamber for the existing/original geometry of 

the turning and damping elements confirms the presence of pronounced velocity unevenness in 

the entire chamber of ESP of unit TEKO A1 which was also established by detailed measurements. 

CFD analysis of the flow in the channels and ESP chamber for the newly proposed geometry of 

the distribution grid in the confusor indicates that it is possible to significantly improve the 

homogeneity of the velocity field in the chambers (especially in fields 2 and 3) and thus increase 

the dedusting efficiency of ESP. It is suggested to choose suitable locations in front of the diffuser 

and to install suitable pressure transducers and thermometers to measure the necessary parameters 

to equalize the flue gas flow through the ducts. 
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Figure 1. Measured velocity distribution [m/s] in a 

vertical cross section behind the last electrical field of 

the left ESP chamber of unit A1 

Figure 2. CFD numerical simulation of 

velocity distribution [m/s] behind the last 

electrical field of left ESP chamber whit new 

proposed design of distribution grid  
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Abstract  

Slope Optimiser is a novel software tool that determines non-planar optimally shaped slope profiles which 

are featured by a depth varying inclination. These profiles are obtained as result of topological optimisation 

carried out in order to determine the slope profile featuring the maximum Overall Slope Angle (i.e. the 

overall slope inclination from crest to toe) for prescribed input ground strength parameters - Mohr-

Coulomb (M-C) or Generalised Hoek-Brown (G-H-B) and a target Factor of Safety. Bench geometries 

(bench height, face inclination, minimum berm width) are prescribed in the optimisation as constraints 

constraining the maximum local inclination of the sought optimal profile, together with any other 

constraints stemming from any geological discontinuity that may influence slope failure. 

In this paper a novel formulation to account for the effect of discrete faults on slope stability is introduced. 

The failure mechanism considered are mixed accounting for failure along intact rock and along the fault. 

To provide a rigorous quantification of the benefits brought by Slope Optimiser, we consider case studies 

of metalliferous open pit mines and performed two designs: one employing planar pit walls and another 

one adopting the optimal pitwall profiles determined by Slope Optimiser. Here, a new mine case study is 

presented where pitwalls have to be designed in a mine featured by several faults. The Factor of Safety of 

the optimal pitwalls determined by Slope Optimiser were independently verified by Finite Element analyses 

with shear strength reduction technique performed using Rocscience RS2 and Midas FEA NX.  

Keywords: slope topological optimisation; discontinuities; optimal pitwalls; waste-rock reduction; carbon 

footprint reduction  

1. INTRODUCTION  

Pitwall inclinations bear a very significant effect on mine environmental impact and profitability 

since they control to a large extent the amount of rockwaste to be excavated [1]. Consequently, 

ensuring pitwalls are as steep as possible is essential.  

[2], [3] and [4] employed a novel geotechnical software, Slope Optimiser [5], that computes the 

slope optimal profile for any specified lithological sequence without unduly restricting the search 

to any predefined family of shapes to design the pitwalls of three open pit mines achieving 

important increases of NPV and carbon footprint reductions in comparison with the traditional 

design based on planar pitwalls. To be able to quantify the gains of NPV and carbon footprint 

reduction in a consistent way in [2-4] the open pit mines considered were designed twice 

employing the same pit optimiser software, economic parameters and optimisation strategy, with 

the only difference between the two designs being the pitwall profiles adopted. Financial and 

environmental gains were calculated as the difference between the NPV, carbon footprint and 

Original scientific paper DOI:  10.5937/IOC25037U 
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energy consumptions resulting from the two designs. Net Present Value increases and carbon 

footprint and energy consumption reductions obtained by the adoption of optimal pitwall shapes 

are rigorously quantified with gains up to 52.7% of Net Present Value and carbon footprint 

reductions averaging at 600,000 tonnes CO2 equivalent. 

A fundamental limitation of the current topological optimisation is the non-consideration of 

discontinuities like faults. As the LOP guidelines [6-7] state faults are often encountered in the 

excavation of pitwalls and depending on their inclination they may severely reduce slope stability 

so their correct consideration in slope stability assessment is paramount. In this paper, we first 

describe and then showcase the extension of the current algorithm that seeks the Factor of Safety 

in 2D for a given slope profile to include faults.  

The paper is structured as follows: in Section 2, the methodology adopted to include the 

discontinuity in the calculation of the FoS of a 2D cross-section are introduced; in Section 3 case 

studies of pitwalls of existing open pit mines employed to test the methodology are introduced; in 

Section 4 the results of the simulations performed using Slope Optimiser on the case studies are 

illustrated; in Section 5 conclusions are provided. 

2. METHODOLOGY  

2.1 Optimal pitwall design by slope optimisation  

A detailed explanation of how slope profile optimisation works can be found in [2], therefore it 

will not be repeated here. The input data required are the rock mass strength (expressed as either 

Mohr-Coulomb or Generalised Hoek- Brown criterion), unit weight, and the geometries of 

benches, namely bench height, bench face inclination and the minimum berm width. Moreover, 

any ramps (roads) can be prescribed as a constraint for the slope to be designed together with any 

surcharge load as well. In Figure 1, typical input and output data for Slope Optimiser are reported. 

 

 

a) 
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b) 

Figure 1. Slope Optimiser graphical user interface: a) example of a 3D input stratigraphy. For each 

lithological unit, rock strength parameters - c and ű for the Mohr-Coulomb criterion or GSI, UCS and mi 

for the Generalised-Hoek-Brown criterion - are specified together with unit weight. Bench and ramp 

geometries are specified also for each lithological unit. b) Example of a vertical cross section, obtained 

by slicing the 3D stratigraphy (it is also possible to import 2D section directly). 

Slope Optimiser typically considers several thousands of candidate slope profiles, each defined by 

a discrete set of points in the vertical plane: see the (xi, zi) coordinates in Figure 2a, with zi being 

values specified according to the bench height (ȹz = bench height) input by the user, and xi 

unknown variables to be determined. The search for the optimal profile is constrained to feasible 

profiles (which lie within the blue bounds of Figure 2a). A profile is feasible if ὸὥὲ‌ͺ  

for every i (i.e. the inclination of each segment of the profile is capped to ‌ͺ ). The ‌ͺ  

values are determined by the software before the optimisation algorithm is called on the basis of 

bench height, bench face inclination, and minimum berm width provided by the user (see Figure 

2b). If a ramp needs to be included as part of the pitwall profile, a lower ‌ͺ  value is imposed 

for the profile segment corresponding to the vertical position of the ramp.  

The optimal pitwall profile is defined as the overall steepest safe profile that meets the FoS design 

criterion (i.e., OSA=OSAmax), with OSA being the inclination over the horizontal of the line 

joining the pitwall toe to the crest (see Figure 2a). The logical steps used to calculate the optimal 

pitwall profile are summarised in Figure 2c. Firstly, an initial OSA is heuristically determined. 

The main algorithm then calculates the optimal pitwall shape for the assigned OSA and geometric 

constraints (bench height, bench face inclination, minimum berm width, and road width). The FoSi 

associated with the optimal profile found at the i-th iteration is then compared to the FoStarget. If it 

is higher, a steeper OSA is prescribed at the next iteration; if it is lower, a flatter OSA is prescribed. 

The termination criterion is specified in terms of the percentage difference between FoStarget and 

FoSi. 
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a)                                                           b)                                   c)  

Figure 2. After (Agosti et al., 2025): a) generic candidate slope profile. A uniform discretization along 

the z direction is adopted. The blue lines enclose the region where the profiles are sought. The profile is 

discretised in n ȹz intervals so there are n-1 unknowns to be determined: x1, x2, . . . xn-1. b) determination 

of Ŭi_max based on bench geometry. c) Flow chart summarizing the iterative procedure used to determine 

the optimal profile for a given pitwall. 

2.2 Algorithm to include faults into calculation of the FoS 

Discontinuities, eg. faults, are represented in a data structure (each fault as a vector of points) of 

their own since they are open polylines with their own strength properties: friction angle and 

cohesion. Every time intersection of the rotational mechanism under consideration with a fault is 

detected, a new failure mechanism is generated on top of the failure mechanism under 

consideration. This mechanism is made by a logspiral, which is the most efficient rotational failure 

mechanism in a homogenous rock layer, until the point A of intersection (see Figure 3) and then 

by the fault geometry which needs to be followed. There are two directions that can be taken along 

the fault, we want to follow the direction compatible with a feasible failure mechanism, hence 

from A upwards towards B. The algorithm can be described by the following steps: 

1. Detect intersection of the rotational mechanism under consideration (logspiral) with any 

fault 

2. Follow the fault until either of the two options occurs: 

a) The fault daylights on the slope face or exits at the topography 

b) The fault terminates inside a lithological unit (dangling fault) 

c) The fault re-intersects the composite logspiral 

The external work (or the driving moment ὓ ) performed by the self-weight and surcharges are 

calculated as shown in [2] according to the limit analysis upper bound theorem or equivalently the 

limit equilibrium method for the case of a single rotating wedge [8]. In equations (1) and (2) below, 

both formulations are provided.  

The calculation of the resisting moment involves two components: one along the rotational part of 

the rotational mechanism and one along the fault. ὓ   is to be calculated as the sum of each 

piecewise linear segment multiplied by the lever arm to the Centre of Rotation (CoR).  
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Figure 3. Calculations of resisting moment (or dissipated energy for the limit analysis upper bound 

method) along the fault (in red): the vector ů and Ű indicate the normal and tangential stresses 

respectively along a fault segment. 

ὓ   is due to both tangential stresses, † , and normal stresses, „  (see Figure 3). The 

fault is discretised into i segments, with the discretisation (length of the fault segment) being a 

function of the precision of the geotechnical model available. The moment is calculated from the 

summation of the stresses along each fault segment, so the following formula is derived: 

ὓ  В † ὰz Ὠz „ ὰz Ὠz  (1) 

with ὡ  the dissipated energy and   the rotational speed of the sliding mass, ὰ being the fault 

segment length, Ὠ  being the distance to the CoR of the segment i and Ὠ  being the distance to 

the CoR of the perpendicular to the segment i.  

Then we substitute † „ὸὥὲ• ὧ  

 ὓ  В „ὸὥὲ• ὧ ὰz Ὠz „ ὰz Ὠz  (2) 

with ὧ  being the cohesion and •  being the friction angle along the fault (ideally measured 

by direct shear test).  

3. RESULTS AND DISCUSSION  

To test the new algorithm we considered an open pit mine located in Asia. For reasons of 

confidentiality we are unable to name it. The data were taken from the geotechnical reports of the 

mine. In Figure 4a the plan view of the lithological units is provided. The mine presents several 

faults which are also reported in red in Figure 4b each of them features by different strength values.  
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                                              a)                                                                                    b) 

Figure 4 lithological units and faults (in red); b) plan view with cross-sections. 

 

3.1 Calculation of optimal pitfall profiles by Slope Optimiser 

In the design of pit walls, we followed the standard practice of starting with the design of benches 

and then moving to the overall pitwall profiles [6]. The height of the benches to be adopted is a 

mine specific input parameter which often within the same mine, eg. higher benches in stronger 

rock layer. In Slope Optimiser, bench heights are to be specified for every lithological unit (rock 

layer) in the 3D stratigraphy. The properties are then inherited after slicing into any 2D cross-

section made. The bench face inclination is another user specified input. In the 2 case studies here 

considered, bench face inclinations were calculated following a kinematic analysis at the bench 

scale.  

The minimum bench width is the third geometric input required by Slope Optimiser which together 

with bench height and bench face inclination is used to calculate the angles Ŭi_max to be prescribed 

as geometric constraints in the search for the optimal slope (see Figure 2b). This geometric 

parameter depends on the type of mining equipment employed (eg. size of excavation machinery 

and type of blasting techniques) and the requirement to keep rockfalls under control.  

Then, we computed the geotechnically optimal slope profiles for the representative cross-section 

of the mine using Slope Optimiser.   

3.2 Verification of optimal profiles by Strength Reduction Finite Element Analyses 

In Figure 5, the optimal cross section determined for the mine is shown. The excavation goes 

through 4 different layers of rock (identified by different colours) and several faults in orange. The 

optimal cross section obtained from Slope Optimiser was exported as .dxf file and then imported 

into into Rocscience RS2 (Figure 5a). Then a Finite Element Analysis with Shear Strength 

Reduction (FEASSR) technique was run resulting in a Strength Reduction Factor of 1.23; a similar 

analysis was run in Midas NX resulting in a Strength Reduction Factor of 1.23. Note that the 

FEASSR is performed in RS2 and in Midas are performed according to two different methods: in 

RS2 bracketing and bisection is employed [9], ie several analyses are performed for different 

values of SRF each resulting in either convergence or non convergence of the analysis with the 

next value of SRF selected on the basis of bisection, whereas in Midas NX a single FEA is 

performed with SRF increasing monotonically [10] until displacements exceed a prescribed 

threshold, when failure is declared. In both techniques, the steps of SRF decrease can be prescribed 
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as small as desired. The fact that the two methods give rise to very similar results is reassurance 

of the validity of the analyses performed.  

 

a) 

 
b) 

Figure 5. Finite Element Analysis with Strength Reduction of the optimal slope profile determined by 

Slope Optimiser. a) geotechnical model (faults are visible in orange, each lithological unit is in a 

different colour); b) shear strain field from Rocscience RS2 with slope instability detected for SRF=1.23. 

It is well known that Finite Element Analyses may be subject to mesh dependency and in case of 

non-normality of geomaterials to spurious results [11]. Therefore in order to ensure results are not 

unduly dependent on mesh size, 1) the normality rule, ie dilation angle chosen as equal to the 

internal friction angle ű, was adopted in all analyses, 2) simulations were performed for different 

mesh sizes until the mesh size was small enough not to affect the results in terms of both FoS 

values and geometry of the failure mechanism. Asymptotic convergence to the Strength Reduction 

Factor for decreasing size of the mesh adopted was observed in all cases.  

An extra difficulty of these FEASSR analyses was about the selection of elastic stiffnesses for the 

faults in both normal and tangential directions for Midas FEA NX since the code requires these 

input parameters. In order to select these values, we ran several parametric analyses for an idealised 

case of a slope with a single oblique fault dominating its behaviour and selected the stiffnesses 

such that the displacements obtained were equal to those achieved from the same simulation run 

in Rocscience RS2.   

4. CONCLUSIONS 

A new methodology to extend topological optimisation of slopes to account for the presence of 

any number of discontinuities, eg. faults, is presented to determine geotechnically optimal profiles 
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ï profiles that maximise the overall slope angle for a prescribed FoS, considering the geometry of 

benches and any ramps ï for rock masses featuring several discrete discontinuities.  

In current design practices, mines tend to be designed on the basis of planar pitwalls, i.e. with a 

constant inter-ramp angle (IRA) in each sector of the mine. However, looking at the final geometry 

of any pit cross-section, this is anything but planar due to the need to accommodate for benches, 

step-outs and roads, therefore the assumption of constant IRA adopted at the design stage is a 

simplification which can and should be removed if a better design can be achieved as result. It 

seems only natural to wonder whether pitwalls of non-linear shape could be used instead of planar 

ones. OptimalSlopeô Slope Optimiser has been developed to find geotechnically optimal shapes 

for non-uniform slopes accepting any number of layers as input and geomaterials whose strength 

is described by either the MohrïCoulomb criterion or the Generalised HoekïBrown criterion.  

In the presence of faults failure mechanisms end up being much more complex since they are 

determined by a combination of failure along the geometry of the discontinuity and rotational 

failure along a logspiral segment across the rock intact material. For each candidate slope profile 

considered, the critical failure mechanism, the one associated to the lowest FoS value, is found, 

then the best slope profile is found as the results of constrained optimisation and an iterative 

process where different OSA inclinations are trialled. The new formulation was demonstrated on 

an open pit mine case studies in the presence of several distinct faults. The Factor of Safety values 

and the failure mechanisms identified were verified by running Finite Element simulations with 

Shear Strength Reduction using two state-of-the-art commercial software packages for slope 

stability analyses: Rocscience RS and Midas NX.  
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Abstract 

The paper presents the comparative results of quantitative X-ray powder analysis and cation exchange 

capacity for zeolitic tuffs Slanci and Zlatokop. The basic mineral composition is represented by Ca-

clinoptilolite (Zlatokop) and Ca-heulandite (Slanci), feldspars, quartz and clay appear as accompanying 

components. The X-ray powder diffraction method on a polycrystalline sample and the Sirquant software 

program were used to determine the quantitative composition. 

Keywords: zeolitic tuff, quantitative analysis, Siroquant software 

1. INTRODUCTION  

The heulandite series of zeolites is represented by isostructural minerals clinoptilolite and 

heulandite, with a general crystalochemical formula (Na,K,Ca,Mg)Ϡ(AlϠSiϝϚOϡϜ)ĿnHϜO. 

Depending on the dominant extra-framework cation present in the zeolite structure, there are Ca-

heulandite, Ba-heulandite, Ca-clinoptilolite, or K-clinoptilolite [1]. The minerals of heulandite 

series were formed as a product of devitrification of volcanic glass, and are related to lacustrine 

and marine sedimentary deposits [2]. In these sedimentary rocks, zeolites occur in the form of 

small crystals ranging in size from 0.1 to 100 ɛm, associated with other mineral components, such 

as clay minerals and other aluminosilicate and silicate forms of similar densities. The subject of 

this study was a comparative analysis of the quantitative mineral composition, and an analysis of 

the content of exchangeable cations in zeolitic tuffs. 

2. EXPERIMENTAL  

The samples used in this study are zeolitic tuffs from the Zlatokop and Slanci deposits, in a raw 

state with a grain size of +100% - 63 ɛm. Quantitative chemical analysis was performed by 

gravimetric method. To monitor the concentration of exchangeable inorganic cations Naϕ, Kϕ, 
CaĮϕ, and MgĮϕ, the total cation exchange capacity (CEC) was determined by a standard method 

[3]. The XRD technique was used for identification of the crystalline phases in the powdered 

samples. The XRD patterns were obtained using a Philips PW-1710 automated diffractometer with 

a Cu tube operated at 40kV and 30mA. The instrument was equipped with a diffracted beam curved 

graphite monochromator and an Xe-filled proportional counter. The diffraction data were collected 

in the 2ɗ Bragg angles from 4 to 65 o with a step size of 0.02Á counting for 1s. For quantitative 

analysis, the Siroquant V4.0 software was used [4]. 
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3. RESULTS AND DISCUSSION 

The chemical analyses of zeolitic tuffs show a high content of silicon, as well as the presence of 

oxides of alkali and alkaline earth metals. The SEM photomicrographs shown in Figure 1 provides 

the results of the chemical analyses and the morphological appearance of the zeolitic tuff from 

Slanci and Zlatokop. 

 

Figure 1. SEM photomicrographs of zeolitic tuff from Slanci and Zlatokop (magnification Ĭ 2.000). 

Based on crystalochemical analysis, it was determined that the dominant cation for both tuffs is 

Ca, and the Si/Al ratio amounts to 3.86 (Slanci) and 4.64 (Zlatokop). It can be concluded that the 

zeolitic tuff from Slanci is rich in Ca-heulandite, while Zlatokop is rich in Ca-clinoptilolite, which 

is in accordance with previous studies [5-7]. The mineral composition of both zeolitic tuffs is 

uniform: heulandite, quartz, clay minerals (montmorillonite), and feldspar minerals (mainly 

plagioclase). The most dominant mineral in the samples is a zeolite mineral from the heulandite 

series, while contents of other accompanying minerals are lower. The zeolitic tuff from the Slanci 

locality (lacustrine Miocene formations located east of Belgrade in the Danube Kljuļ area, within 

the territories of Veliko Selo and Slanci) [2], rich in HEU minerals, is presented in the SEM 

photomicrographs in Figure 1. SEM photomicrograph of zeolitized dacitic tuffs from Zlatokop, 

which are interbedded in marlstone rocks of Middle Miocene to Pliocene age, is also shown in 

Figure 1. The zeolite minerals occur in the matrix as well developed crystals of monoclinic forms 

(pinacoids and monoclinic prisms), with sizes up to 10 ɛm. Comparative refined X-ray powder 

diffraction diffractograms of the zeolitic tuffs are given in Figure 2.  

 

 

Figure 2. Comparative refined X-ray powder diffraction diffractograms of the zeolitic tuffs from Slanci i 

Zlatokop. 

The main difference between these two tuffs lies in the quartz content. It is significantly more 

abundant in the zeolitic tuff from Zlatokop, indicating higher crystallinity, compared to the zeolitic 

tuff from Slanci which is characterized by the presence of amorphous matter of biogenic origin. 

Based on the X-ray powder diffraction diffractogram shown in Figure 2, the unit cell parameter 
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are as follows: SLANCI (a = 17.55 ¡ (4), b = 17.94 ¡ (3), c = 7.38 ¡ (4), Ŭ = 90Á, ɓ = 116.48Á 

(3), ɔ= 90Á, V = 2078 (4) ¡3) and ZLATOKOP (a = 17.673 ¡ (4), b = 17.926 ¡ (3), c = 7.413 ¡ 

(4), Ŭ = 90Á, ɓ = 116.46Á (3), ɔ= 90Á, V = 2102 ¡3). It can be observed that the unit-cell of the 

zeolitic tuff from Slanci is smaller compared to that of the Zlatokop tuff. From quantitative X-ray 

diffraction analysis (Figure 2), the following phases were identified in Slanci: heulandite 85.1 %, 

quartz 1.9 %, muscovite 5.9%, albite 6.6 %, orthoclase 0.6% and calcite 0.21%. Quantitative X-

ray analysis (Figure 2) of Zlatokop yielded following mineral composition: heulandite 77.2 %, 

quartz 8.8 %, pyrite 0.12%, muscovite 3.8 %, albite 6.3 %, orthoclase 3.2% and calcite 0.7%. The 

content of the zeolitic phase in Slanci is 10% higher, than in Zlatokop. All zeolites contain various 

monovalent, divalent, or trivalent cations in extra-framework positions. The types and contents of 

exchangeable cations in the starting clinoptilolitic tuffs are presented in Table 1. The total cation 

exchange capacity was determined as the sum of the exchangeable cation contents. 

Table 1. Content of exchangeable cations in zeolitic tuff from Slanci and Zlatokop deposit. 

 Exchangeable cations [MmolM+/100g] 

Tuff Ca2+ Mg2+ Na+ K+ CEC 

Slanci 145 3.0 4.1 8.0 160 

Zlatokop 95 11.2 18.2 15.7 140.1 

 

4. CONCLUSION 

Based on the presented results, it can be concluded that there is a correlation between the cation 

exchange capacity and the content of the heulandite component in the zeolitic tuff. The heulandite 

phase is most abundant in the zeolitic tuff from the Slanci deposit, with 85% HEU minerals, while 

in the Zlatokop deposit it is at 77%. The total cation exchange capacity values for the examined 

zeolitic tuffs are in correlation with the content of the zeolitic phase. 
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Abstract  

The rock drilling process involves a wide range of factors that affect it to varying degrees, and this influence 

is then reflected in the output parameters. It is complicated to predict them and to determine the degree of 

their impact on the rock breaking efficiency. In order to simulate the real drilling process without the impact 

of the drill string, a horizontal laboratory drill rig was designed and constructed at the Institute of 

Geotechnics of the Slovak Academy of Sciences. The goal of experimental research on a test facility is to 

provide accurate and immediate information in real time and, based on their evaluation and analysis, to 

identify parameters that significantly affect this process. The article presents our findings from 

experimental research on diamond core drill bits. 

Keywords: rotary drilling, experimental drill rig, drill bit, wear, rock, specific energy, optimization,  

1. INTRODUCTION  

The rock drilling performance is affected by the constructional and performance parameters of the 

drilling equipment and the drill bit, the parameters related to the drilling process and the parameters 

related to the properties of the drilled rock [1]. For the purpose of evaluating the impact of changes 

in various combinations of the operational parameters on the potential financial and operational 

benefits of the drilling operations, multiple studies have been conducted [2]. In order to accurately 

determine the factors that enter the drilling process and identify their impact on the rock breaking 

efficiency, the process must be subjected to experimental research. The studies on rock breaking 

by drilling, conducted in laboratory conditions, improve our understanding of the interactions 

between the rocks and the drill bits and provide the information required for the purpose of 

evaluating and optimally controlling the drilling process in terms of the drilling performance and 

energy consumption, which may significantly reduce the costs.  

2. EXPERIMENTAL RESEARCH  

In order to accurately determine the key factors that enter the drilling process and to identify their 

impact on the rock breaking efficiency, the drilling process was subjected to experimental research. 

At the Institute of Geotechnics of the Slovak Republic, an experimental laboratory drilling rig was 

designed and constructed for the simulation of a real drilling process without the influence of the 

drill string. The test device is intended for horizontal drilling with small-diameter bits up to a 

diameter of 70 mm, commonly used in industry. Diamond or carbide core drill bits were used for 

research purposes. The rock for experiments was treated using a circular saw for rock cutting. The 

tested samples were approximately cuboid-shaped with dimensions of approximately 

150x150x300 mm. Water without any additives was used as the flushing fluid. It was supplied by 
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a pump from a water tank with a quasi-constant flow rate 10-3.m3.s-1. Position measurement switch 

allowed rock specimen drilling up to 260 mm length. 

The experiments carried out on this device were intended to improve our understanding of the 

interactions between the drilled rock and the drill bits, to examine of the effect of a drilling mode 

on the course of the rock drilling process, to investigate the rock drillability, to study the energy 

consumption in drilling, to assess the tested drill bits in terms of their usability in real operating 

conditions, to determine the effect of rock changes, rock drilling mode and drill bit on vibrations 

generated during rock drilling, to determine the relationship between the drill bit wear and energy 

requirement for the rock drilling, to investigate the relationship between the drilling tool, the 

applied drilling mode, energy demands in breaking and the characteristics of drilled rock debris.     

The device is equipped with an on-line measurement system, that enables continuous data 

acquisition and archiving, controls and monitors the experiment, provides measured values of 

process parameters in the form of time changes ï electric current, thrust force, rotation speed, 

torque, enables online visualization of the torque and three orthogonal components of cutting 

forces, provides values of vibration acceleration in three orthogonal directions and their 

visualization, records the drilled length and calculates the drilling speed and specific energy using 

the pre-defined equations from the monitored data. It is equipped with a system that captures 

crushing products ï drilled rock debris, which are then used for further analysis. 

The measured data was used to calculate the advance rate and specific energy in real time during 

drilling. These values enabled the quantification of the rock drilling efficiency. 

3. RESULTS FROM EXPERIMENTAL RESEARCH  

3.1 Determining the zone of efficient drilling  

Based on the experiments performed and the processing of the obtained data, a mathematical 

model of penetration depth as a function of the thrust force was derived [3]: 

ὴὊ ὴ ρ Ὡ Ȣ ρ ‫ȢὊ     άάȟ    (1) 

where F (N) is the applied thrust force; pmax (mm) is the maximum penetration depth to which the 

equation solution converges; and ɤ (N-1) is the substitution coefficient. 

Mathematical model of p(F) exhibited a very high correlation tightness between the experimental 

and theoretical values in all 116 evaluated experiments, with a correlation coefficient value higher 

than 0.97.  

Through gradual mathematical adjustments, equations were derived for calculating the limit values 

of thrust forces and penetration depths defining the zone of efficient drilling. The optimal thrust 

force was identified at which the specific energy curve reaches the minimum at a relative high 

rock breaking efficiency. 

The highest probability of efficient drilling (chipping) occurs near of inflection point Finf of the 

penetration-thrust curve. The most intensive deceleration of an increase in the penetration depth 

was observed at the Fup thrust force value (the upper boundary of the zone of efficient drilling) 

which was twice the Finf value (the lower boundary). The relationships were derived for calculating 

penetration depths corresponding thrust Finf, Fup and Fopt. 

The analysis of the used mathematical apparatus revealed the simplicity of the optimization of the 

drilling process in terms of the minimization of energy consumption. This requirement was met 

when the drill bit operated at a low value of specific energy by controlling the penetration depth 

in the zone of efficient drilling. Figure 1 shows the limit values of thrust force and penetration 

depth defining the zone of efficient drilling in terms of minimum specific energy values.   
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Figure 1. Limited values of thrust force and penetration depth determining the zone of efficient drilling 

with regard to the minimum values of specific energy. 

3.2 Determination of drill bit wear using 3D optical technologies  

In the segment of research into rock drilling, there is a growing need for state-of-the-art 

monitoring, documentation and efficient evaluation of wear of drill bits by applying contactless 

measurement methods [4]. One of them is the use of 3D technologies ï 3D scanning, 

photogrammetry and the use of software to process the created 3D models. Figure 2 illustrates the 

results of the wear evaluation of the small-diameter surface-set diamond drill bit of the outer 

diameter of 46 mm. The 3D model was created by scanning with a Discovery microscope. 

Microscope facilitated the acquisition of sufficiently detailed data for the purpose of processing 

them in CloudCompare software. Fig. 2a) shows the surface of the drill bit before evaluation. Fig. 

2b) shows the worn surface after evaluation by the software, scaled in colour. Fig. 2c) presents the 

scanned surface after the experiments. The drill bit exhibits asymmetrical wear as a result of the 

mechanism used for fixing the drill bit on the thread. Threads of the fixing mechanism and the 

contact surface of the drill bit were moderately worn caused by drilling. The bit drilled three 

samples of granodiorite with a total length of 480 mm and two samples of limestone with a total 

length of 400 mm. When drilling the limestone, the following settings were used: thrust force 17 

kN; rotation speed 1000 rpm. For granodiorite, the rotation speed was 1000 rpm and the thrust 

force was increased from 10 kN to 14 kN due to faster wear of the drill bit. 

 

Figure 2.  Colour-scaled wear of the surface of the surface-set diamond drill bit; drilled length  480 mm 

granodiorite and 400 mm limestone 

The 3D method for identifying the bit wear, compared to conventional methods, such as weighing 

and measurement, is more accurate and provides a much wider range of outputs, such as wear 

distribution, more accurate calculation of material volume removed between the individual 

measurements, and colour scaling based on the wear quantification. The method may also be 

applied to impregnated and hard-metal small-diameter drill bits, provided that some of the 

procedures are adjusted. 

a b c 
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3.3 Vibration signal for assessing the drilling process  

Our research is also focused on alternatives for the use of vibrations for the control of the drilling 

process. We used experimental laboratory measurements to determine the effect of applied regime 

changes on vibrations. It has been shown that vibration acceleration values responded quite 

sensitively to changes in thrust force and increase linearly with rotation speed. The found 

correlation of the specific energy with the inverse of the average effective vibration acceleration 

values in the direction of the drilling axis as a function of the rotation speed, provided a prerequisite 

for the use of the vibration signal for the optimization of the control of the drilling process in terms 

of the maximum tool life and therefore the minimum wear intensity. From the processing of the 

recorded vibration signal in the frequency domain, it can be concluded that the rock grain size is 

probably the decisive characteristic affecting the intensity of the vibration signal. 

Based on the recorded and subsequently processed vibration signal from experimental drilling, it 

was confirmed that the induced vibrations carry the information about the current state and 

conditions of drilling and that each applied drilling mode, as well as the drilled rock, has a specific 

vibration response. 

3.4 Use of drill debris for drilling process assessment  

Laboratory drilling rig was adjusted for collection of drill debris from flushing fluid aiming to 

involve the drill debris characteristics into the drilling process assessment. Roughness index CI 

was used for changes in grain size, determined by sieve analysis of the drill debris. Complex 

analysis of drilling process effect on shape, size and distribution of drill debris was performed 

using the dynamic image analysis instrument Camsizer X2. 

Analysis of rock debris will provide new useful information to monitor the cutting capability of 

the drill bit. The size and shape of drill cuttings fragments are related to the rock breaking 

mechanism and the energy consumption of the drilling process. 

4. CONCLUSION 

The long-term experimental research of rock drilling running at the Institute of Geotechnics SAS 

has been focused on the study of rock-tool interactions. Most of the knowledge gained from 

research of small-diameter diamond drill bits, carbide drill bits and chisel drill bits has been 

processed into comprehensive mathematical models that allow generalization of rock breaking 

processes for a wide range of different types of drilling tools. This created the basis for exact 

optimization procedures for these processes. 
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Abstract  

The results of experimental laboratory research on rock drilling, conducted with the use of diamond core 

bits, were processed mathematically. The developed theoretical models of rock resistance to disintegration 

facilitated the identification of three compatible views on calculating the ultimate stress state of rock drilled 

in the dynamic drilling mode with the use of diamond-embedded core drill bits. The contact surface strength 

of the rock ůp [kN/mm], the dynamic cutting strength of the rock ůɛ [kN/mm], and the contact bulk strength 

of the rock ůc [MPa] were defined. The strength values obtained from drilling into limestone and 

granodiorite were compared with the results of laboratory tests with the aim of identifying their uniaxial 

compressive strength, Brazilian tensile strength, punch shear, and Brinell hardness. 

 Keywords: rock drilling, contact surface strength, cutting strength, laboratory testing  

1. INTRODUCTION  

The ultimate stress state of rocks is determined by the conditions in which an external force, 

exerted on rocks, causes disturbance or disintegration of the rocks [1]. The existing experimental 

knowledge and empirical experience were used as the basis for the development of rock strength 

theories, micro-disturbance theories, crack propagation theories, and energetic and technological 

disturbance theories [2]. Relevant literature [3,4,5,6] presents models for the estimation of rock 

strength by investigating the interactions between the drill bits and the rocks; they are categorised 

into two groups: models based on the balance of forces; and models based on the balance of 

energies. This article presents the results of laboratory testing of limestone and granodiorite, as 

well as the results of the identification of rock resistance to disintegration, which was based on the 

theoretical processing of experimental drilling into limestone and granodiorite with the use of two 

diamond core drill bits with a diameter of 46 mm and the following diamond sizes: Drill Bit A 

(16/25 pcs.ct-1); and Drill Bit B (25/40 pcs.ct-1). The obtained values of strength of the drilled 

limestone and granodiorite samples were compared with the results of laboratory testing conducted 

with the aim of identifying uniaxial compressive strength, Brazilian tensile strength, punch shear, 

and Brinell hardness.  

2. LABORATORY TESTING OF LIMESTONE AND GRANODIORITE  

The testing of rocks, performed in the laboratory, is an important part of the engineering discipline 

of rock mechanics.  The data needed for designing structures in rock-based materials (geotechnical 

engineering) is primarily gathered through testing, either in the laboratory or in the field. Much 

information can be obtained from laboratory tests of rock samples with a known orientation. 

Original scientific paper DOI:  10.5937/IOC25052L 

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-3897-4762
mailto:ivanic@saske.sk
mailto:kiovsky@saske.sk
https://orcid.org/0009-0002-7278-0360


The 56th International October Conference on Mining and Metallurgy, 22-25 October 2025, Bor Lake, Serbia 

- 53 - 

Laboratory tests usually consist of simple experiments that are appropriate to the nature of the 

rock, in which important quantities, often stress and strain, are determined. By drilling and cutting, 

the test samples of a regular shape were prepared from the individual rock types for the purpose 

of testing procedures compliant with the ISRM (International Society of Rock Mechanics) 

methodology, aimed at identifying the properties of the rocks. Their mechanical properties were 

determined using the INSTRON 1000RD testing machine, while the static Brinell Hardness (BH) 

was identified using the HDT-BRV 130 device. Bulk density ɟ (kg.m-3) at a natural moisture 

content was identified for cylindrical test samples with a diameter d = 54.4 mm. The aim of the 

uniaxial compression strength testing was to identify compressive strength of intact rock samples. 

Following the ISRM recommendations [7], the tests were carried out with cylindrical samples of 

regular dimensions with a height-to-diameter ratio of 2.0ï3.0 and with a diameter of 54.4 mm.  

Uniaxial compressive strength UCS (MPa) was identified by dividing the peak load P attained 

during the test to failure by the initial cross sectional area A. Tensile strength of rocks is usually 

defined as the maximum tensile stress that a particular rock mass can withstand. The Brazilian 

Test is a laboratory test conducted in rock mechanics in order to indirectly determine the tensile 

strength of rocks in MPa [8].  Hardness of a mineral and rock is its resistance to abrasion. Static 

hardness testing is based on rock indentation with the use of a hard tool. Hard metal balls or 

diamond cones or pyramids can act as indenters. The test load is applied with a defined initial 

application time and duration, and it has to be applied perpendicularly to the sample [9]. The 

Brinell hardness (kg/mm2) test for limestones and granodiorites consisted of applying a constant 

load of 125 kg for a specified period of time (30 s) using a hardened steel ball with a diameter of 

5 mm. For a punch shear Űps (MPa) test, flat rock discs are fitted into the testing jig [10]. The test 

is commenced by placing a rock sample at the bottom of the casing of a piston-shaped cylindrical 

jig having a puncher head which fits into a circular shear hole of another hollow cylinder. Then 

the puncher is placed in position and the entire device is placed in the compression-testing machine 

and loaded. 

The results of laboratory testing of limestone are given in Table 1 and of granodiorite in Table 2.  

Table 1. Properties of limestone 

Statistical values Bulk density UCS  Brazilian test HB Punch shear  

Number of samples evaluated 14 15 10 10 10 

Mean 2 691 85.1 9.3 466.4 9.5 

Median 2 691 77.8 9.5 457.1 10.0 

Minimum 2 682 55.1 6.5 416.3 5.2 

Maximum 2 702 119.2 10.8 521.8 14.2 

 
Table 2. Properties of granodiorite 

Statistical values Bulk density UCS Brazilian test HB Punch shear 

Number of samples evaluated 14 15 10 10 10 

Mean 2,705 85.8 13.2 831.1 16.5 

Median 2,706 85.4 13.1 873.9 17.7 

Minimum 2,693 53.7 9.5 638.4 8.6 

Maximum 2,717 122.3 16.9 927.6 24.3 
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The limestone specimens were taken from a quarry in Vļel§re, located approximately 40 km 

southwest of the city of Koġice ï the centre of the Eastern Slovakia. The granodiorite piece 

specimens were taken from a quarry at Podhradov§, located on the northern edge of the city of 

Koġice. 

2.1 Identification of rock resistance to disintegration 

During the small-diameter drilling, the values of penetration depth p(F) and torque T(F) as a 

function of external force F were monitored. Equation (1), derived for calculating contact bulk 

strength of the rock ůC, was as follows:  

„    (MPa)                                                              (1) 

wherein the surface area of the contact surface between the drill bit and the rock is determined by 

the size (the diameter of spherical diamonds ὶ) and number N of diamonds and the penetration 

depth p(F). As the magnitude of the external force F changed, the penetration depth p(F) also 

changed. For the purpose of identifying ůC, the drilling mode applied was the mode in which 

drilling is carried out at a minimum value of specific energy SEmin.  

Contact surface strength ůp (N/mm) was calculated using Equation (2): 

„     (N/mm)                                                              (2) 

wherein Finf is the external force in the inflexion point of the p(F) curve, and pmax is the maximum 

penetration depth. The cutting resistance of rock, which is a modification of the contact surface 

strength, is defined by Equation (3): 

„ ὤȢ‘Ȣ„       (N/mm)                                                           (3) 

wherein ɛ = cutting coefficient, calculated with the use of the torque value, and Z=3.351 is a 

derived constant applicable to drilling at the minimum value of specific energy. Table 3 and Table 

4 present the calculated values obtained and processed with the use of data measured in the rotary 

small-diameter drilling into rock samples with the use of Drill Bit A and Drill Bit B. Each drill bit 

was used in drilling into limestone (L) and subsequently into granodiorite (G). After drilling into 

granodiorite, the drilling process was repeated alternately with limestone and granodiorite. 

Table 3. Contact bulk strength and minimum specific energy 

Drill Bit A  L 1 G1 L 2 G2 L 3 G3 L 4 

ůC  (MPa) 98.41 62.12 353.8 346.22 503.97 1059.2 717.73 

SEmin (MPa) 1,072 734 3,561 3,366 5,046 6,540 6,128 

Drill Bit B  L 1 G1 L 2 G2 L 3 G3 L 4 

ůC  (MPa) 89.44 79.32 376.4 252.31 487.68 236.92 393.96 

SEmin (MPa) 1,056 984 4,102 2,714 4,855 2,737 4,033 

 

Table 4. Contact surface strength and cutting strength 

Drill Bit A  L 1 G1 L 2 G2 L 3 G3 L 4 

 ůp (N/mm) 7,343 4,635 26,400 25,830 37,600 79,030 53,550 

ůɛ (N/mm) 6,356 4,478 19,260 20,000 27,210 40,000 34,390 

Drill Bit B  L 1 G1 L 2 G2 L 3 G3 L 4 

 ůp (N/mm) 6,518 5,780 27,430 18,390 35,530 17,260 28,710 

ůɛ (N/mm) 6,273 5,830 21,440 15,150 28,840 13,800 23,960 
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3. RESULTS AND DISCUSSION 

As indicated by data in Table 1 and Table 2, limestone and granodiorite exhibited approximately 

the same uniaxial compressive strength (UCS). A more significant difference was observed for 

HB and Űps values. The calculated values of contact bulk strength ůC (Table 3) for unworn 

diamonds are comparable to the UCS values. The greatest difference between limestone and 

granodiorite was observed in a comparison of their abrasiveness values. As for limestone, its 

abrasiveness value was identified as 0.0186 mg/m, while for granodiorite it was 1.4092 mg/m. 

Since granodiorite exhibited higher abrasiveness, as the drill bit wear increased, after the 

application with abrasive granodiorite, the values of rock resistance to disintegration also 

increased, while the same rising trend was observed for the values of specific energy. It means that 

the values of rock resistance to disintegration (as well as contact surface strength ůp and cutting 

strength ůɛ, shown in Table 4) significantly increased due to increasing wear of diamonds. (Note: 

The calculated values of ůp and ůɛ for unworn diamonds were of the same order of magnitude as 

the values of Brinell hardness converted to MPa.) 

4. CONCLUSION 

The defined values of rock resistance to disintegration significantly increased with changes in the 

condition of the rock-tool contact zone as the wear increased. Those changes were reflected in the 

values of specific energy. The presented laboratory tests with limestone and granodiorite were not 

affected by changes in the contact surfaces. 
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Abstract  

This paper deals with rotary drilling into andesite in laboratory conditions, conducted on an experimental 

horizontal drilling rig. The processing of experimental data after the experiments contributed to the 

application and verification of mathematical models of penetration depth and torque as a function of the 

thrust force. The output is the identification of intervals of the applied thrust force levels for the efficient 

drilling zone. Designing of an optimisation algorithm for controlling the rock drilling process and 

monitoring the tool condition was based on changes in the thrust forces level at which specific energy 

reached minimum values. The criterion applied was the monitoring of the penetration depth, which together 

with the theoretical value of the torque defined the calculation of the specific energy values. 

 Keywords: penetration depth, specific energy, optimisation algorithm  

1. INTRODUCTION  

 A description of the process of rotary drilling into rocks consists of the creation of mathematical 

equations describing mathematical correlations between the output variables and the controllable 

as well as uncontrollable input variables. The monitoring of input drilling parameters (thrust, 

rotational speed, flushing) and output drilling parameters is crucial for the purpose of identifying 

optimal operating parameters [1] and tool wear [2]. Due to significant variability of the properties 

of disintegrated rock, it is currently impossible to produce a mathematically accurate description 

of rocks and in in-situ conditions the drilling modes and performance of drilling tools vary. Many 

researchers have investigated the Measurement While Drilling (MWD) techniques and their 

possible application in the prediction of rock mass properties [3]. The importance of analysing and 

interpreting data obtained from drilling is equal to the importance of recording data for the purpose 

of creating mathematical models and algorithms for the development of artificial intelligence (AI) 

and big data technology [4], which optimise changes in the output parameters of the drilling 

process. Those parameters change since rocks are inhomogeneous and anisotropic materials. 

Higher efficiency of the process is based on reducing mechanical specific energy [5, 6]. 

Penetration rate is an essential indicator in a drillability analysis and estimation. This parameter is 

of great importance in mining projects. There are almost no models that can estimate the 

penetration rate for core drilling operations [7]. A focus of the research presented in this paper is 

the optimisation of core drilling by applying a mathematical model of penetration depth [8] and 

torque as a function of the magnitude of the thrust force applied, with the use of data obtained after 

drilling into andesite in laboratory conditions. 
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2. EXPERIMENTAL  

A series of experiments, conducted during the drilling into andesite, confirmed a trend similar to 

that shown in Figure 1. Experimental samples were rectangular blocks sized 150 x 150 x 300 mm. 

The testing was carried out with three diamond core drill bits: a 16/25 drill bit; a 12/18 drill bit; 

and a 25/35 drill bit. They only differed in sizes of the diamonds embedded. In total, 116 

experiments were carried out and the drilled length was 35.95 m. Drilling modes applied were 

those with a constant rotational speed (500 rpm; 1,000 rpm; 1,500 rpm; and 2,000 rpm) and a 

gradually increasing thrust force value (0ï20 kN). Although the application of drilling modes with 

a constantly increased thrust force at a constant rotational speed was not particularly appropriate 

in terms of the drill bit service life, it facilitated the creation of models describing the changes that 

occurred in the rock-tool interaction zone. Figure 1 shows a correlation typically applied in studies 

dealing with drillability.   

 

Figure 1. Corelation between the penetration rate and the pressure force 

 As the pressure force increased, the penetration rate also increased. An optimal penetration rate 

was achieved at a certain pressure force, while after that point was exceeded, the penetration rate 

decreased as the pressure force increased.  

2.1 Theoretical background 

The energy consumption of the drilling process is identified using the values of specific energy SE 

(MJ.m-3), which was introduced into the drilling research by Teale [9]. It expresses the amount of 

energy necessary to break a unit volume of rock. Equation 1, a mathematical expression of specific 

energy,  

ὛὉὊ
 

Ȣ  
      ὓὐȢά                                                   (1) 

clearly shows that the variable parameter in that equation is   , wherein T (Nmm) is the torque 

and p (mm) is the penetration depth as a function of the thrust force F (N). In the equation, A (mm2) 

is a constant expressing the surface area of the contact surface between the tool and the rock. The 

mathematical model of torque T (Nmm) is described in Equation 2, which represents, for an astatic 

system, the solution of a second-order differential equation with constant coefficients: 

ὝὊ kὊ Ὸ Ὡ ρ       ὔȢάά                       (2) 

wherein F (N) is the applied thrust force. The substitution coefficient ‖ (mm) expresses a linear 

response of the torque to the growing thrust force; and q (N) represents a delay in the response of 

the drilling set at low thrust force values. The mathematical model of penetration depth p (mm) as 

a function of the thrust force F (N) is the solution of the second-order differential equation with 

constant coefficients [8]:  

ὴὊ ὴ ρ Ὡ Ȣ ρ ‫ȢὊ       άά                 (3) 

wherein F (N) is the applied thrust force, pmax (mm) is the maximum penetration depth to which 

the equation solution converges, and ɤ (N-1) is the substitution coefficient. After the substitution 
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of Equation 2 and Equation 3 to Equation 1, the resulting mathematical model of specific energy 

was as follows:      ὛὉὊ    
   

    
   ὓὐȢά   .                                  (4) 

The second derivative of penetration depth Equation 3 with respect to thrust force determines the 

inflection point Finf of the p-F curve: Ὂ      ὔ                                                                  (5) 

The inflection point values were calculated for all of the executed andesite borehole drillings. Since the 

inflection point Finf determines the area of the efficient rock disintegration by chipping, this efficient 

area continuously moves towards higher thrust force values with an increasing total drilled length due 

to continuous wear of the drill bit. Mathematical models p(F) and T(F) were used for calculating the 

lower limit Finf and the upper limit Ὂ ςȢὊ   of the trust force values that delimitate the efficient 

drilling area, in which, in theory, specific energy is minimal. Also, the optimal thrust force area Fw 

was identified for each drilling into andesite, as calculated using Equation 6, wherein ȿ‐ȿ
ȿȿ

 . 

Ὂ ȿ—ȿρ ȿ‐ȿ Ὂ ȿ‐ȿȢ— Ȣȿ‐ȿ Ὂ ȢὊ Ȣȿ—ȿ Ȣ— (6) 

The thrust force values, calculated using Equation 6, were used to calculate the optimal thrust force 

values, which ranged in the interval Fw ⱦ <1.37;1.66>, while the average value, calculated with the 

use of all drillings and tested drill bits, was Fw @ 1.45 Finf.  

3. RESULTS AND DISCUSSION 

For all of the drill bits tested, the results showed that the difference between the values of specific 

energy at thrust force values Fw and F2 was negligible. However, the penetration rate at thrust force 

F2 was higher while the energy-intensity of the process was practically unchanged. Those axioms 

were used as the basis in the process of designing an optimisation algorithm presented in Figure 

2. 

 

Figure 2. Optimisation algorithm 

The newly-designed algorithm, shown in Figure 2, monitors dynamic properties of the process of 

experimental drilling with the use of the identified solution of the differential equation for a   

mathematical model of the p-F curve ï Equation 3, in particular by identifying substitution 

coefficients ɤ and pmax, as well as its higher derivations, based on the thrust force value ï Equation 
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5.  That facilitates efficient control of the drilling process by simply changing the magnitude of the 

applied thrust force to the optimal value Fopt. In the case that the identification criterion 

(penetration depth) is not met, as verified by the online control in experimental drilling, it is 

necessary to identify a new optimal thrust force level using the mathematical model of the p-F 

curve for calculating new substitution coefficients as a response to the dynamic property of the 

process of a changing condition of the tool with an increasing drilled length. In such a case, the 

calculation of a new optimal thrust force level is based on the archived data obtained in 

experiments conducted with a gradually increasing thrust force and a constant rotational speed. 

Similarly, the first adjustment of the optimal thrust force level is preceded by the creation of trial 

experimental drillings and data processing.  

4. CONCLUSION 

The analysis of the used mathematical apparatus revealed simplicity of the solution aimed at 

optimising the drilling process in terms of minimising energy intensity of drilling into rocks. Yet, 

numerous publications indicate that there is a linear correlation between specific energy and wear 

intensity (wear degree per drilled length), which is primarily affected, as to the resulting values, 

by the abrasiveness of the rock drilled. As a result, the minimisation of energy intensity of a rock 

drilling process leads to a significant increase in the lengths drilled, and hence to the extension of 

the service life of the drilling tool.   
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Abstract 

In this work presents investigations of zeolitic tuff samples from the ñIgroġ-Vidojeviĺiò deposit. The aim of 

the research was to determine the quality of samples taken from all deposit parts. Thus, samples were taken 

from the footwall (ñZeolit 1ò), and four samples from the central deposit part (ñZeolit 2ò, ñZeolit 3ò, 

ñZeolit 4ò and ñZeolit 5ò). Characterization of the samples included chemical analysis, determination 

cation-exchange capacity (CEC), X-ray powder diffraction analysis (XRPD) and differ- ential thermal and 

thermogravimetric analysis (DTA and TGA). Results have shown that the footwall consists mostly of clays, 

whereas zeolite minerals dominate in the rest of the deposit. 

Key words: Zeolite, Igroġ-Vidojeviĺi deposit,  cation- exchange capacity, thermal analysis, X-Ray powder 

diffraction analysis 

1. INTRODUCTION  

A large number of occurrences and deposits of natural zeolites of pyroclastic origin, widely 

distributed in Miocene sediments of Serbia, such as Zlatokop (Vranj basin), Igroġ, Jablanica 1 

(Kruġevaļki basin), Beoļin (Fruġka Gora), Toponica (Kosovska Kamenica), and Slanci (Danube 

key near Belgrade), are spatially and genetically related to volcanic and volcaniclastic rocks of 

marine environments of Senonian and Neogene age and lake sediments of Neogene age [1,5]. The 

zeolitic tuff deposits were created as a product of the devitrification of volcanic glass. The lake 

environment had a great influence on the diagenesis of the sediments and the formation of 

clinoptilolites at the expense of volcanic glass. The zeolitic tuffs themselves are mostly composed 

of zeolitic minerals of the HEU-type clinoptilolite-hoylandite series, which are present in the form 

of small acicular to plate-like crystals with dimensions from 0.1 to 100 ɛm. 

2. GEOLOGY OF THE ZEOLITIC TUFF DEPOSIT IN IGROS 

The Igroġ zeolitic tuff deposit covers the southernmost edge of the Miocene Kruġevac basin. In the 

deposit area, two ore fields [2] have been identified: Ġoviĺi-ņorĽeviĺi and Igroġ-Vidojeviĺi. 

Igroġ-Vidojeviĺi ore field: The zeolitic layer of tuff stretches from the northwest to the southeast 

and can be followed intermittently for a length of 1.1 km. Geological investigations [2] at the 

"Igroġ-Vidojeviĺi" ore field identified two ore bodies: "ore body 1" and "ore body 2". 

The mapping of the terrain, as well as the exploitation works on "ore body 1" revealed that the 

layer of zeolitized tuff extends in a north-south direction and can be followed for about 170 m 

along its length and about 50 m on average. The layer of zeolitized tuff is interstratified within the 
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Miocene-Pliocene series of marly green clays that comprise the basement, as well as the brown 

clays and green sandstones that form the bedrock. The zeolitic tuff layer is light gray to white with 

an average thickness of 1.64 m, with a general north-south strike and a mean statistical dip to the 

north at an angle of about 4 Á. The samples of zeolitic tuff that were used for the tests presented in 

the paper were taken from the exploitation field "Igroġ-Vidojeviĺi" - atar of the village of Igroġ. 5 

samples were selected for analysis: the sample marked "Zeolite 1" is a representative sample of 

the bottom of the deposit, while the samples marked "Zeolite 2, 3, 4, and 5" belong to the central 

part of the deposit. "Zeolite 2" and "Zeolite 5" are representative samples created by crushing 

excavated tuff, sample "Zeolite 3" is formed from crushed tuff of class 100+30 mm, and "Zeolite 

4" is a sample of size -100 ɛm obtained by grinding. 

3. RESULTS AND DISCUSSION 

X-ray analysis 

The mineral composition of the samples was determined by the X-ray powder diffraction (XRD) 

method using a "Philips" powder diffractometer, model PW-1710. Since all samples of zeolite 

tuffs (Zeolite 2, 3, 4, and 5) have a very similar mineralogical composition, two characteristic X-

ray diffractograms of zeolite samples 2 and 4 are shown in Figure 1. Namely, the presence of 

zeolite minerals of the clinoptilolitic type, quartz, feldspar, and mica was determined in all 

analyzed samples. Feldspars and quartz are far less present, while micas are present in traces. 

Chemical composition 

The results of the chemical analysis of the examined samples using the AAS method (classical 

chemical analysis for aluminosilicates [3]) are shown in Table 1 [4]. The results show that in 

addition to the structural elements (silicon and aluminum), the tested samples also contain Ca, Mg, 

Na, and K. Also, a significant presence of iron is noted, especially in the sample "Zeolite 1", which 

is expected considering the volcanic origin of this rock mass. The content of other heavy metals 

in all examined samples (Pb, Mn, Cu, Zn, Cd, Sb, Cr, and Sn) is relatively low. 

 
Figure 1. X-ray diffractograms of "Zeolite 2 and 4" samples of zeolite tuff from the "Igroġ-Vidojeviĺi". 
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Table 1. Chemical composition of samples from the "Igroġ-Vidojeviĺi" zeolite tuff deposits 

Component, 

       mas. % 

Zeolite 

    1 

Zeolite 

    2 

Zeolite 

    3 

Zeolite 

    4 

Zeolite 

    5 

SiO2 49,76 63,52 62,88 65,58 60,41 

Al 2O3 21,04 15,32 15,26 10,68 16,46 

CaO 2,27 4,71 4,90 4,90 4,19 

MgO 4,78 1,55 1,90 2,06 1,91 

Fe2O3 7,58 1,00 1,82 3,00 2,44 

K2O 4,20 0,93 0,87 1,21 1,41 

Na2O 2,15 1,13 1,13 1,23 1,56 

TiO2 1,17 0,337 0,337 0,839 1,52 

PbO 0,0059 0,0038 0,0051 0,0037 0,0096 

MnO 0,046 0,017 0,022 0,042 0,034 

Cu 0,008 0,011 0,066 0,033 0,064 

Zn 0,016 0,0053 0,011 0,0054 0,012 

Cd 0,0002 0,0003 0,0002 0,0001 0,00014 

Sb 0,005 0,004 0,004 0,0037 0,007 

Cr 0,009 0,0003 0,0005 0,0012 0,0013 

Sn <0,0005 <0,0005 <0,0005 <0,0005 <0,0005 

Loss on Ignition 

(Tmax=900 0C) 

6,95 11,42 10,79 10,41 9,97 

 

Cation exchange capacity (CEC) 

Cation exchange capacity (KKI-CEC) was determined by the standard method with 1 mol/dm3 

NH4Cl [6]. In the case of zeolite, the ions that participate in the exchange are Ca2+, Mg2+, Na+ 

and K+, while their sum determines the total capacity, which is expressed in mmol/100 g. The 

total KKI is 141.99 mmol/100 g, followed by the sample "Zeolite 3" which is 121.01 mmol/100 g. 

The CɽC of the "Zeolite 4" sample is slightly lower, 89.48 mmol/100 g, and is close to the CɽC 

of the "Zeolite 5" sample (83.75 mmol/100 g). The smallest CɽC was obtained for the bottom 

sample - "Zeolite 1" and is 46.98 mmol/100 g, which indicates that clay mass dominates in this 

part of the deposit (Table 2). 

 
Table 2. Results of the cation exchange coefficient (CEC / mmol (100 g)ï1) of zeolitic tuff samples 

Zeolite Na K Ca Mg Ɇcation 

1 6,18 1,75 31,56 7,49 46,98 

2 29,71 12,66 90,57 9,05 141,99 

3 19,05 8,18 87,82 5,96 121,01 

4 11,31 6,34 65,87 5,96 89,48 

5 23,38 9,85 43,36 7,16 83,75 

 

Thermal analysis (TG and DTA) 

Thermal analysis provides information on the dehydration processes, dehydroxylation, and 

thermal stability of aluminosilicate minerals. Figure 4 shows the comparative characteristic 

TG/DTG/DTA diagrams of zeolitic tuff samples 1, 2, and 3. Continuous mass loss is observed in 

the temperature range from 25 to 1000 ÜC. The loss of mass on the TG diagram in the temperature 

range up to 300 ÜC comes from the release of water bound to various cation centers in the zeolite 

channels or on the surface (dehydration). On the DTA diagrams of the "Zeolite 2 and 3" samples, 

in the temperature interval from 25 to 300 ÜC, one endothermic peak with a minimum at å130 ÜC, 

originating from dehydration, and a bend at å220 ÜC, which are characteristic of calcium zeolite 

[7], can be observed. "Zeolite 1" is significantly different from the diagrams of the other examined 



The 56th International October Conference on Mining and Metallurgy, 22-25 October 2025, Bor Lake, Serbia 

- 63 - 

samples. This type of TG and DTA diagram indicates the presence of clay minerals in the sample 

"Zeolite 1". 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Thermal analysis of ĂZeolite 1ñ, ĂZeolite 2ñ andĂZeolite 3ñ. a) TGA; b) DTG; c) DTA. 

Results of infrared spectroscopy analysis 

FTIR analysis confirmed the presence of hydrated aluminosilicates in the tested samples. The 

results showed the absence of any significant differences in the infrared spectra of the tested 

samples. For this reason, only one representative spectrum is shown and explained in Figure 3. In 

the infrared spectrum, the bands in the frequency range from 1150 to 400 cmï1 are the result of 

structural vibrations. Thus, the band at 1005 cmï1 originates from the asymmetric stretching 

vibrations of the AlïOïSi group, which in clinoptilolite-type zeolites usually occur at frequencies 

from 1150 to 930 cmï1. 

 
Figure 3. FTIR diagram of the sample from the ñIgroġ-Vidojeviĺiò zeolite tuff deposit. 
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