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DECARBUST: DECARBONIZATION AND DUST TECHNOLOGIES
FOR SUSTAINABLE MINING OPERATIONS

Purpose. Scientific justification and experimental confirmation of the effectiveness of the DECARBUST complex
decarbonisation and dust suppression technology during mass explosions in quarries using humate reagent in internal
and external hydraulic stemming systems.

Methodology. The research is based on a comprehensive approach that includes laboratory experiments to deter-
mine the sorption properties of the humate reagent, industrial testing of the technology in operating quarries, instru-
mental measurements of dust and harmful gas concentrations, mathematical modelling of the interaction processes
between the humate reagent and dust-gas cloud components, and statistical analysis of the obtained results.

Findings. The optimal concentration of humate reagent (3 %) has been established, at which maximum efficiency of
harmful gas neutralisation is achieved. A new design of borehole charges with a lateral longitudinal cumulative cavity has
been developed, which reduces explosive consumption by 20.8 %. Industrial tests confirmed the technology’s effective-
ness: dust emission reduction by 50.5 %, carbon monoxide neutralisation by 61.3 %, and nitrogen oxides by 54.8 %.

Originality. For the first time, theoretical foundations of a comprehensive approach to simultaneously addressing
dust emission and decarbonisation issues during mass explosions have been developed. The patterns of adsorption
processes and chemical neutralisation of harmful gases by humate reagent have been established. A new methodology
for calculating the delay of borehole charge initiation has been proposed, considering the preliminary initiation of
external hydraulic stemming.

Practical value. The DECARBUST technology provides a comprehensive reduction of environmental impact
from mass explosions in quarries, meets the requirements of modern climate policy regarding decarbonisation, and
has economic advantages compared to traditional dust and gas suppression methods. The technology has been suc-
cessfully implemented at leading mining enterprises in Ukraine, confirming its practical value and potential for wide-
spread application.

Keywords: DECARBUST, decarbonisation, dust suppression, mining operations, carbon emission reduction, sustain-
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Introduction. The mining industry is vital to many
countries’ economies, providing raw materials for met-
allurgical, construction, and other sectors. However,
open-pit mineral extraction has significant adverse envi-
ronmental impacts, particularly during quarry mass
blasting operations [ 1, 2]. During such blasts, substantial
dust-gas clouds form, which are transported by air
masses over considerable distances and negatively affect
the atmospheric air quality of adjacent territories. The
research data indicates quarry mass blasting generates
between 0.027 to 0.170 kg of dust per 1 m? of rock mass
[3]. Besides dust, the dust-gas cloud contains significant
quantities of harmful gases, particularly carbon monox-
ide (CO) and nitrogen oxides (NO,), whose concentra-
tions vary depending on the type of explosives used,
mining technical conditions, and other factors [4, 5].
For the mining-technical conditions of the Kryvyi Rih
Basin using TNT-free explosives, specific nitrogen ox-
ide emissions amount to 0.0002—0.0014 kg/kg of explo-
sive, whilst carbon monoxide emissions range from
0.001—0.005 kg/kg of explosive [6].

The problem of air pollution during mass blasting
becomes particularly acute for industrial regions with
high concentrations of mining enterprises, where up to
hundreds of mass blasts are conducted annually using
hundreds of thousands of tonnes of explosives. The
dust and gases generated thereby significantly worsen
the ecological situation, pose threats to public health
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and contribute to the intensification of the greenhouse
effect [7, 8].

Contemporary environmental policy, particularly
within the context of the European Green Deal and de-
carbonisation strategies, imposes increasingly stringent
requirements for pollutant emissions from industrial en-
terprises. This stimulates the search for effective meth-
ods for reducing the negative environmental impact of
mining operations, specifically through DECARBUST
technologies combining decarbonisation and dust sup-
pression during mass blasting.

Despite the availability of various carbon emission
reduction and dust suppression technologies, most are
characterised by either insufficient efficiency or high op-
erational costs, which significantly limits their wide-
spread implementation in mining operations [9]. Most
existing solutions also focus on addressing only one is-
sue — decarbonisation or dust suppression — which pre-
vents a comprehensive approach to resolving the envi-
ronmental problems of the mining industry.

Furthermore, the requirements of international envi-
ronmental standards and regulatory norms regarding car-
bon emission reduction are continuously strengthening,
which, in turn, compels mining enterprises to seek new,
economically justified technologies for production decar-
bonisation. The introduction of carbon taxes and green-
house gas emission trading mechanisms in many countries
worldwide [10] increases the relevance of developing and
implementing innovative technologies that would reduce
enterprises’ environmental footprint and economic costs.
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The analysis of industrial research results conducted
at Ukrainian quarries indicates the necessity of develop-
ing a comprehensive approach to ensure effective dust
suppression and neutralisation of harmful gases, partic-
ularly carbon and nitrogen oxides. Such an approach
must consider ecological efficiency, technological feasi-
bility, economic justification, and practical imple-
mentability under operating enterprise conditions.
A promising direction for resolving this problem is the
utilisation of natural sorbents, particularly humate re-
agents, which possess the capability not only to bind
dust particles but also to neutralise harmful gases
through chemical interaction.

Current trends in mining industry development re-
quire a comprehensive approach to resolving environ-
mental problems and enhancing the efficiency of pro-
duction processes. The research results on the stress-
strain state of mine supports, presented in work [11],
demonstrate the necessity of a comprehensive approach
to modernising mining enterprises whilst considering
the structural characteristics of existing facilities. How-
ever, questions regarding optimising such reagent com-
positions, improving their application technologies, and
adapting to various mining-geological and climatic con-
ditions remain unresolved.

Thus, developing and implementing an environmen-
tally oriented blasting technology that ensures compre-
hensive carbon emission reduction and dust emission
mitigation during mass blasting in quarries represents a
pressing scientific-practical task for sustainable develop-
ment in mining operations.

Literature review. The contemporary mining indus-
try is experiencing significant transformations driven by
global climate change and sustainable development re-
quirements. The mining industry faces considerable
challenges in dust suppression, requiring robust regula-
tory frameworks for protecting worker health and the
environment. Effective dust suppression is crucial for
preventing respiratory diseases and environmental deg-
radation. Various countries worldwide have developed
regulatory frameworks and technologies to address these
challenges, focusing on preventing and controlling dust
emissions.

The United States maintains stringent regulations re-
garding dust suppression in coal mines, particularly fol-
lowing incidents like the Upper Big Branch mine disas-
ter. The regulations focus on rock dust, mine dust sam-
pling, and explosive barriers to prevent coal dust explo-
sions. Enhanced dust suppression recommends develop-
ing active barrier technology and utilising hygroscopic
salts [12]. The Indian mining industry is pressured to
adopt dust control practices due to increasing mecha-
nisation requirements and environmental compliance.
The Central Institute of Mining and Fuel Research has
developed dust control methods for drilling, crushing
houses, and haulage roads, emphasising the necessity of
regularly applying these practices [13]. In China, dust
control technologies are classified into dust suppression,
open-space dust reduction, and mine dust collectors.
Coal water injection and wet rock drilling significantly
reduce dust formation. Effective dust removal techniques
are also being investigated for efficient dust elimination
[14]. The EU has implemented policies to reduce emis-
sions from the mining sector, promoting sustainable de-

velopment and environmental neutrality. Comparative
analysis of emissions from 2008 to 2017 shows an overall
reduction in harmful emissions, although some coun-
tries observed increases in specific pollutants [15]. De-
spite existing legislative mechanisms, Australia’s emis-
sions from coal extraction continue to rise. Reform rec-
ommendations include enhancing the effectiveness of
these mechanisms to better address greenhouse gas
emissions in the context of climate change [16]. Indone-
sia has set a target to reduce greenhouse gas emissions by
29 % by 2030, with the mining industry being a signifi-
cant contributor. Initiatives such as energy reduction and
fuel conversion are part of the strategy to achieve these
goals [17]. Ukraine’s Concept for Implementing State
Climate Policy until 2030, establishing the framework
for Ukraine’s climate actions, does not adequately con-
sider separate climate mitigation measures in sectoral
mining policy, creating a critical gap between national
climate commitments and practical emission reductions
in extractive industries [18].

After examining the legislative frameworks govern-
ing mining industry emissions in various countries, it
becomes evident that despite extensive regulatory appa-
ratus, implementation gaps persist, allowing emissions
to continue rising. Leading researchers in this field have
developed diverse theoretical foundations and empirical
analyses. Their work provides a critical understanding of
technological innovations, policy effectiveness, and im-
plementation strategies extending beyond official legis-
lative structures to address practical challenges in reduc-
ing mining-related emissions.

In recent years, questions of mining industry decar-
bonisation and effective dust suppression methods have
attracted significant attention from the scientific com-
munity. The research by Babaniyi B., et al. [19] reveals
the potential of decarbonisation and future fuel types for
reducing the carbon footprint of mining operations.
Kolmasiak K. [20] provides a detailed analysis of decar-
bonisation processes in production systems at foundries,
constituting an integral part of the mining-metallurgical
complex. An essential aspect of decarbonisation is the
implementation of energy storage systems. Archer M.
and Calvao F. [21] investigate the relationship between
sustainable decarbonisation, energy storage, and the
mining industry’s future, emphasising the role of “green
extractivism” in ensuring energy transition. Chinese sci-
entists have made significant contributions to under-
standing dust control technologies. Huang R. and co-
authors [22] present a comprehensive review of dust sup-
pression technologies in Chinese coal mines, analysing
their effectiveness and environmental friendliness.

The research on specific dust suppression technolo-
gies is presented in a work by Zhao X., et al. [23], who
study dust suppression mechanisms and applied tech-
nologies in extraction and loading processes at open-cut
coal mines. Roberts J. and Wypych P. [24] focus on de-
veloping and using dust suppression technologies, pro-
posing innovative solutions for various mining opera-
tions. Prospects for “green” mining and sustainable
practices are highlighted in a work by Onifade M., et al.
[25], who analyse the transition to environmentally
clean mining technologies. Tang S. [26] presents a sys-
tematic review of experimental dust suppression meth-
ods based on intelligent technologies in coal mines,
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demonstrating the potential of automation and intelli-
gent systems.

The development of new materials for dust suppres-
sion is considered in research by Peng B. [27], who anal-
yses the effectiveness of new spray materials in mines
using algorithmic modelling. The practical application
of ICT technologies for dust monitoring and suppres-
sion is presented in a work by Nguyen H., et al. [28],
demonstrating the potential of automated systems in
coal processing zones. Intelligent dust suppression sys-
tems and arid fog systems are analysed in detail by Sau-
rabh K. and colleagues [29], who emphasise their effec-
tiveness in controlling air pollution at mineral process-
ing facilities. The importance of human resource provi-
sion for implementing decarbonisation and dust sup-
pression technologies in the mining industry is high-
lighted in research by Bakum Z., et al. [30]. The scien-
tists emphasise the transformation of mining specialist
training in transition conditions to sustainable produc-
tion. The work substantiates the need for updating edu-
cational programmes to develop competencies for ap-
plying greenhouse gas emission reduction technologies
and dust suppression systems, key elements of mining
production ecological modernisation.

Therefore, the mining industry is actively transform-
ing towards sustainable development by decarbonising
and implementing advanced dust suppression technolo-
gies. Integration of these technologies has the potential
to significantly reduce the environmental impact of
mining activities and improve worker health and safety.
However, achieving complete decarbonisation will re-
quire continuous innovation, investment, and regulato-
ry support to overcome existing challenges and promote
green practices in the mining industry.

Unsolved aspects of the problem. The analysis of sci-
entific literature on the environmental safety of mining
enterprises indicates significant progress in developing
dust-gas suppression methods during mass blasting in
quarries. However, despite numerous studies, several
unresolved issues require further scientific and techno-
logical development.

Firstly, there is an absence of a comprehensive ap-
proach to simultaneously addressing dust emission and
gas formation problems during mass blasting. Most ex-
isting technologies focus predominantly on dust sup-
pression, whilst questions of decarbonisation and nitro-
gen oxide neutralisation remain insufficiently researched,
and the effectiveness of traditional methods for gas neu-
tralisation demonstrates poor performance indicators.

Secondly, chemical mechanisms of reagent interac-
tion with carbon and nitrogen oxides formed during
mass blasting are inadequately studied. Comprehensive
models describing the kinetics of adsorption processes
under real quarry conditions are absent, where such fac-
tors as temperature, humidity, and dust-gas cloud com-
position play essential roles.

Thirdly, the problem of optimising reagent composi-
tion and concentration for different mining-geological
and climatic conditions remains unresolved. Research
conducted at Kryvyi Rih quarries demonstrates variabil -
ity in humate reagent effectiveness depending on rock
and explosive types. However, scientifically substantiat-
ed recommendations for adapting reagent composition
to specific conditions are lacking.

The fourth problem concerns the insufficient devel-
opment of technological solutions for effectively apply-
ing dust-gas suppression reagents on industrial scales.
Existing internal and external water-stemming methods
require improvement to ensure maximum contact be-
tween reagents and dust-gas clouds.

The fifth important aspect is the absence of a com-
prehensive assessment of the economic effectiveness
and ecological feasibility of applying different types of
reagents and technologies, as well as the shortage of sys-
tematic data on the long-term environmental conse-
quences of their use, particularly cumulative impacts on
soils, water resources, and ecosystems.

Thus, despite significant progress in developing
dust-gas suppression methods during mass blasting,
several unresolved scientific-technical problems require
comprehensive investigation. Resolving these problems
will substantially enhance the environmental safety of
mining activities and contribute to industrial decarboni-
sation by contemporary ecological requirements.

Purpose. Analysis of current ecological problems as-
sociated with mass blasting in quarries has revealed the
necessity of developing comprehensive technology that
ensures simultaneous dust formation reduction and de-
carbonisation of dust-gas emissions. Previous research
has demonstrated the potential of using humate reagents
as effective dust and gas absorption agents; however,
there exists a need for scientific substantiation of opti-
mal parameters for applying this technology.

This article aims to provide scientific substantiation
and experimental confirmation of the effectiveness of
comprehensive decarbonisation and dust suppression
technology during mass blasting in quarries using hu-
mate reagents in internal and external water stemming
systems.

To achieve the stated aim, the following research ob-
jectives have been formulated:

1) to investigate the chemical mechanisms of hu-
mate reagent interaction with carbon and nitrogen ox-
ides formed during mass blasting and substantiate the
processes of pollutant adsorption;

2) to establish dependencies of dust suppression and
decarbonisation process effectiveness on humate re-
agent concentration, method of application, and other
technological parameters;

3) to develop optimal designs for internal and exter-
nal water stemming systems using humate reagents, in-
cluding block switching schemes and preliminary charge
initialisation in external water stemming;

4) to conduct comprehensive industrial trials of the
developed technology under operating quarry condi-
tions and experimentally confirm its effectiveness;

5) to assess the proposed technology’s economic ef-
fectiveness and ecological feasibility compared with tra-
ditional dust-gas suppression methods.

Methods. Investigation of dust-gas clouds’ forma-
tion and propagation mechanisms during mass blasting
in quarries constitutes an essential stage in developing
effective decarbonisation and dust suppression meth-
ods. Dust-gas cloud formation occurs because of the
interaction between explosive detonation products and
rock mass, whereby dust formation intensity depends on
rock types, their strength, explosive characteristics,
charge design, and other factors.
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The use of humate reagent for neutralising harmful
components of dust-gas clouds is based on its physico-
chemical properties, particularly its capacity for sorption
and chemical interaction with gases. Humic acids, which
form the basis of the reagent, contain carboxyl, phenolic,
and hydroxyl groups in their structure and nitrogen at-
oms. By composition, humic substances contain approx-
imately 52—62 % carbon, 31—39 % oxygen, 2.8—5.8 %
hydrogen, and 1.7—5.1 % nitrogen. When dissolved in an
alkaline medium, humates are formed through the par-
ticipation of carboxyl and phenolic groups

Humic acid + NaOH = Sodium humate + water

The potential of using humate reagent for dust sup-
pression and decarbonisation is associated with its abil-
ity to absorb and neutralise gases (carbon and nitrogen
oxides) formed during mass blasting. The research has
shown that the mechanism of humate reagent interac-
tion with dust-gas cloud components includes two main
processes: physical sorption — absorption of dust parti-
cles and gas molecules on humate surfaces through in-
termolecular interaction forces and hydrogen bond for-
mation; chemical sorption (chemisorption) — chemical
interaction between humate reagent components and
harmful gases.

The chemisorption process of carbon monoxide
(CO) is fundamental, characterised by a significant exo-
thermic effect (AH =—179.0 kJ/mol). This indicates the
formation of strong chemical bonds between CO mole-
cules and humate functional groups. CO chemisorption
is possible due to molecular polarity, which leads to its
interaction with polar groups of sodium humates and
oxygen-containing groups comprising humates — hy-
droxyl, carbonyl, carboxyl, and phenolic groups. The
interaction has a strong electrostatic character, and the
bond formed during this process can be considered al-
most covalent.

The carbon monoxide adsorption process complete-
ly follows Langmuir theory, according to which adsorp-
tion occurs at active centres on the adsorbent surface,
forming a monomolecular layer. Subsequent chemi-
sorption leads to CO neutralisation.

Regarding nitrogen oxides, particularly NO,, their
neutralisation occurs through chemical interaction with
alkaline humate solutions

NO, + NaOH = NaNO; + NaNO, + H,0

Furthermore, reactions with humates involving phe-
nolate and carboxyl groups are possible, enhancing
harmful gas neutralisation.

A series of laboratory studies were conducted to de-
termine optimal parameters for humate reagent applica-
tion and investigate its sorption properties regarding
various gases. Experiments were performed using an
electric aspirator, through which a gas mixture contain-
ing carbon monoxide (CO) and other components was
pumped through humate reagent solutions of varying
concentrations.

The laboratory study results showed that gas absorp-
tion efficiency depends on humate reagent concentra-
tion in aqueous solution. When using 2 % aqueous solu-
tion, carbon monoxide neutralisation efficiency was
74.6—79.5 %. For the 3 % solution, this indicator was
79.5-80.6 %, for 7 % — 56.6—60.5 %, for 10 % —

44.6—55.4 %, for 30 % — 36.5—54.5 %. Thus, the opti-
mal concentration from the standpoint of CO neutrali-
sation efficiency is humate reagent at a 3 % level. Fig. 1
presents the results of laboratory studies on the interac-
tion of humate reagent of various solution concentra-
tions with CO, concerning QR Code, video documenta-
tion of field studies on gas absorption by working with
3 % humate reagent solution.

The decline in absorption efficiency when reagent
concentration exceeds 3 % is particularly interesting.
This can be explained by changes in solution viscosity
and reduced accessibility of humate functional groups
for interaction with gas molecules at increased concen-
trations.

Additionally, research was conducted on the effec-
tiveness of humate reagent as a dust-binding substance.
Experimental plots were covered with various dust sup-
pression reagents, after which the stability of the protec-
tive layer, dust emission intensity, strength and thick-
ness of the protective layer, and surface water absorption
were assessed.

The research results showed that humate reagent
forms a stable, protective layer on surfaces, which effec-
tively prevents dust lifting even at significant wind speeds.
The dust-binding mechanism is based on creating strong
structures through humate interaction with dust parti-
cles and moisture evaporation from the surface.

Based on laboratory studies, a technology for decar-
bonisation and dust suppression during mass blasting
using a humate reagent in internal and external water
stemming was developed. The technology includes pre-
liminary moistening of the block surface with aqueous
humate reagent solution, formation of internal water
stemming using aqueous humate reagent solution, and
placement of external water stemming (polyethene
sleeves filled with humate reagent solution) on the block
surface.

Industrial trials of the technology were conducted at
quarries of PJSC “Inhulets Mining and Processing Plant”,
PJSC “Northern Mining and Processing Plant”, “Central
Mining and Processing Plant”, “Southern Ore Mining
and Processing Plant”, “ArcelorMittal Kryvyi Rih” and
LLC “Rudomain” and “Ukrainian Mining Company”
enterprises during the period from 2017 to 2021.

We have particularly detailed the industrial trial con-
ducted in June 2021 on block No. 146 of the —225 m
horizon at PJSC “Inhulets Mining and Processing
Plant” quarry, represented by magnetite quartzites. The
volume of blasted rock mass was 25,000 m?, the quantity

co [w] 3% [m]

neutralization

efficiency
79.5-
74.6- 80.6% E

Humate reagent
concentration

2% 3% 7% 10% 30%

CO neutralization efficiency with humate reagent

Fig. 1. Results of laboratory studies on gas absorption ef-
ficiency by humate reagent
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of “Ukrainit” explosive was 19,490 kg, and the number
of boreholes was 35. For dust-gas suppression, a 3 %
aqueous humate reagent solution with a total volume of
approximately 30 m> was used.

Instrumental measurement results showed that spe-
cific dust emission when applying the technology was
0.0747 kg/kg of explosive, gas emission for carbon mon-
oxide was 0.00048 kg/kg of explosive, and nitrogen ox-
ide was 0.00014 kg/kg of explosive. Comparison with
data from mass blasting without humate reagent appli-
cation (28.05.2021, block No. 117, horizon —120 m),
where specific indicators were: dust emission —
0.159 kg/kg of explosive, gas emission for carbon mon-
oxide — 0.00124 kg/kg of explosive, for nitrogen oxide —
0.00031 kg/kg of explosive, allowed determination of
the developed technology’s effectiveness.

The effectiveness of using 3 % aqueous humate re-
agent solution in internal and external water stemming
was dust suppression — 53 %; carbon monoxide neutral-
isation — 61.3 %; nitrogen oxide neutralisation — 54.8 %.

Comprehensive industrial trials conducted under
various mining-technical conditions confirmed the sta-
bility of the developed technology’s effectiveness indi-
cators. On average, dust suppression effectiveness was
50.5 %, carbon monoxide neutralisation — 63.9 %, and
nitrogen oxide neutralisation — 67.9 %.

Results. Based on industrial research results, optimal
designs for internal and external water stemming using
humate reagent were developed. It is proposed that ex-
ternal stemming be positioned in polyethene sleeves
along borehole rows, whereby geometric parameters of
the charged block surface and borehole contour deter-
mine sleeve length.

To enhance dust emission efficiency beyond 50.5 %,
reduce blast air wave effects, and improve rock fragmen-
tation quality, the formation of compacted stemming to
2,450 kg/m?® of the inactive part of borehole explosive
charges using 30 % humate reagent and crushed rock of
5—20 mm fraction is proposed.

An essential aspect of the developed technology is its
adaptability to various mining-geological conditions. It
has been established that the optimal humate reagent
concentration for magnetite quartzites is 3 %, whilst for
shales and substandard hornfels, concentration adjust-
ment within 2—5 % may be required depending on their
physico-mechanical properties.

As a separate aspect, we have proposed a new bore-
hole charge design. Internal compacted borehole stem-
ming requires modernisation, as it allows rational utili-
sation of gaseous explosion products for rock fragmen-
tation. This creates conditions for reducing explosive
consumption and decreasing blasting operation costs.
No less critical is reducing dust-gas emission volumes
into the quarry atmosphere, substantially reducing the
harmful impact of mass blasting on the environment.

Therefore, questions of improving blasting operation
methods through developing new effective borehole charge
designs remain relevant. The scientific development objec-
tive is to increase bench rock breakage efficiency through
the developed borehole charge design, based on imple-
mentation and application in charge of devices for forming
inert gaps in drilling; modular partitions for creating lateral
longitudinal cumulative cavities in the active part of the
borehole, which is filled with humate reagent.

The central concept ensures uniform rational distri-
bution of loading energy to the breakage mass by bore-
hole charge explosion products throughout the bench
height.

To reduce final wall mass destruction from blasting
from a more vertical bench slope (from 65 to 80°) and
decrease the number of explosives in boreholes of the
last row, we propose installing modular partitions in
them. These partitions divide the active borehole vol-
ume in a 2:1 proportion into a cavity that is charged with
explosives and a lateral longitudinal cumulative cavity.

In the cavity that is charged with explosives, a water-
proof sleeve (for example, made of polypropylene) is
placed, in which the explosive charge is formed, whilst
the lateral longitudinal cumulative cavity is filled with a
polypropylene sleeve containing humate reagent. The
partition consists of modules, each of which represents
an arc-shaped shield made of polystyrene, with a wall
thickness of 4—5 mm, width of 220 mm (for boreholes
@ =250 mm), length of 375 mm, weight of 0.46 kg, and
arc radius of 185 mm. The arc-shaped form of the mod-
ular partition creates a lateral longitudinal cumulative
cavity with the borehole wall.

Thus, with borehole diameter Dc = 0.25 m, radius
R=0.125 m, height H =10 m, and axial inert gap shield
angle ZCOD = 90° (Fig. 2), the calculation of explosive
savings and corresponding pollutant emission reduc-
tions will follow.

Calculate the volume of explosive substance (ES) in
the borehole

Vis=n-R*- H=3.14-0.125%- 10 = 0.490.
Determine the chord of the shield CD
Za=/ZCOD:2=45%
Z0CD=180"-90° — a=45";

5

CZ =R-sino = 0.125~72 =0.088;

CD=2-CZ=2-0.088=0.177,
and the deflection of the shield
ZF=R-0Z,
OZ=R -sin ZLo.=0.088;
ZF=0.125-0.088 = 0.037.
The formula determines the area of the inert gap (IG)
Vig=m-a-b-H,

C O

CAVA
LA

D Z

Fig. 2. Initial graphical interpretation of borehole cross-
section for calculating explosive savings from cumula-
tive cavity integration

n
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where a is major semi-axis of the base; b is minor semi-
axis of the base

cz :a:%:0.0S&

ZF=5b=0.037,
Vig=3.14-0.088 - 0.037 - 10 =0.102.

Explosive savings due to integrated cumulative cavity
amounts to

V6 =0.49 - 0.102 =0.388;

+ics _ 0:102:100
0.49

=20.8 %.

Thus, the presence of a cumulative cavity in the ex-
plosive charge results in the direction of explosive prod-
uct flow being concentrated along its axis rather than
dispersed in all directions. If the extent of rock destruc-
tion is assumed to be proportional to the energy released,
then towards the side of the lateral cumulative cavity
placement (i.e., towards the penultimate row of bore-
holes in the block being blasted), nearly 2.8 times more
energy is released than in the opposite direction (i.e.,
towards the final wall mass).

Therefore, a lateral longitudinal cumulative cavity
in the explosive charge will allow effective redistribu-
tion of blast energy in the breakage mass and com-
plete utilisation for rock destruction. On the other
hand, this will reduce the degree of fracturing and
destruction of the final wall mass, increasing future
blasts’ efficiency.

Main technology advantages are: reduction in final
wall mass destruction; decrease in burden at the bench
toe of the first row in subsequent blocks (from 10—12 to
6—8 m); explosive savings of up to 35 % per charge per
borehole; reduction in harmful substance emissions to
the atmosphere.

Effective management of delay initiation processes
for borehole charges during blasting operations in quar-
ries is one of the determining factors for the quality and
safety of mining operations. A rationally constructed
delay system ensures optimal rock breakage and mini-
mises seismic impact on surrounding structures and
ecological features.

Theoretical substantiation of the delay calculation
methodology is based on blast wave theory and me-
chanics of rock destruction under impulse loading. Let
us examine the main dependencies describing the pro-
cess of delay system formation considering the physico-
mechanical properties of rock mass.

According to the proposed methodology for blasting
polyethene sleeves with external water stemming, a cal-
culation of preliminary external stemming initiation
time, which is related to the calculated delay between
boreholes in one row, has been added to the mathemati-
cal model for calculating delay intervals, which includes
main computational dependencies for determining
borehole charge delay parameters.

The proposed methodology for calculating and de-
signing delay schemes during block blasting in quarries
involves performing the following stages:

1. Determination of initial initiation point. The ini-
tial point is usually located at the lower or lateral bound-

ary of the block, which ensures the formation of a free
surface for subsequent detonation front development.

2. Selection of nominal delay intervals. Standard
intervals corresponding to available initiation means are
used (non-electric systems with 25, 35, 42 and 67 ms
intervals and electronic detonators with programmable
intervals).

3. Calculated basic delay intervals between borehole
rows using the formula between boreholes within a row.

4. Adjustment of calculated parameters considering:

- geological conditions (fracturing, water saturation,
mass heterogeneity);

- target fragmentation quality indicators;

- seismic impact limitations;

- characteristics of applied initiation systems.

5. Development of overall delay scheme considering:

- preliminary initiation of charges in external water
stemming;

- diagonal or V-shaped detonation front develop-
ment scheme;

- increased delays for central boreholes;

- reduced delays for perimeter rows.

6. Verification calculation using the formula to en-
sure effective interaction of energy fields from adjacent
charges.

7. Compilation of detailed delay distribution scheme
for all boreholes in the block being blasted, indicating
borehole numbers and corresponding delay stages.

In the presented example of the distribution scheme
(Fig. 3) for delay initiation of borehole charges on a
quarry block for the -225 m horizon, the practical im-
plementation of the proposed methodology can be
traced. Analysis of the scheme reveals the following pat-
terns: the initial initiation point is located in the lower
part of the block (marked by an arrow and green cross
with number “40”); borehole numbering (from 1 to
~180) reflects their initiation sequence; overall detona-
tion front development occurs according to a diagonal
scheme with gradual expansion from the initial point to

-225 ™

Fig. 3. Scheme of delay initiation distribution for bore-
hole charges on quarry block
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the block periphery; the delay system accounts for the
presence of different borehole rows, which is reflected in
number increases when transitioning between rows, as
well as preliminary initiation of explosives in external
water stemming at +25 ms before block charge groups.

This approach to designing the delay system ensures
optimal blast energy utilisation, controlled rock mass
breakage direction, and minimisation of seismic impact
on surrounding structures.

The proposed methodology for calculating delay ini-
tiation of borehole charges during block blasting in
quarries is based on theoretically substantiated depen-
dencies and considers practical aspects of blasting op-
erations. Its application allows for achieving the follow-
ing results: improvement of rock mass fragmentation
quality; reduction in seismic impact on surrounding
structures; enhancement of rock mass throw and muck
pile indicators; optimisation of blast energy utilisation;
optimal timing for reagent cloud formation above the
block being blasted, which ensures necessary conditions
for dust binding and degassing.

A comparative analysis of the effectiveness of various
dust-gas suppression methods during mass blasting was
conducted to substantiate the advantages of the developed
technology. The analysis results are presented in the Table.

The analysis of the table data shows that the devel-
oped combined technology using humate reagent en-
sures high efficiency for dust suppression and harmful
gas neutralisation. An essential advantage of the tech-
nology is its comprehensive impact on all dust-gas cloud

Table

Comparative Effectiveness of Dust-Gas Suppression
Methods During Mass Blasting

& | g%w
AP EE
> o O =
No Measures :%’ ? £ é‘) g
S |SE8EE
S |2f2s
0 S§g &
1 | Hydrogel borehole stemming 44 —
2 | External water stemming from 20 —
boreholes
3 | Internal water stemming from 50 -
boreholes
4 | Application of air-mechanical 45 -
foam to block
5 | Snow stemming of boreholes 50-70 —
with snow application to block
surface
6 | Dust-gas cloud irrigation with | 60—75 -
water aerosol
7 | External water stemming with 38 70
3 % aqueous humate reagent
solution
8 | Internal water stemming with 50 70
3 % aqueous humate reagent
solution
9 | Combined technology using 53 61.3/54.8
humate reagent

components, whilst traditional methods focus only on
dust suppression.

It should be noted that the effectiveness of tradition-
al dust suppression methods (hydrogel stemming, exter-
nal and internal water stemming, foam application)
does not exceed 50 %, except for snow stemming and
water aerosol irrigation, whose application is limited by
seasonal and technological factors. Moreover, none of
the traditional methods neutralise harmful gases formed
during mass blasting.

The economic efficiency of the developed decarbon-
isation and dust suppression technology using humate
reagent is determined by several factors: relatively low
cost of humate reagent compared with other chemical
reagents for dust-gas suppression (Figs. 4—6); possibili-
ty of integrating the technology into existing production
processes without significant capital expenditure; re-
duction in environmental payments for atmospheric air
pollution due to substantial decrease in pollutant emis-
sions; additional technology advantages, notably im-
proved rock crushing quality and reduced impact of
blast air waves; the calculations show that with average
humate reagent cost and application expenses, the eco-
nomic effect from reduced environmental payments ex-
ceeds technology implementation costs within the first
2—3 mass blasts; the technology’s ecological feasibility

Cost of reagents (logarithmic scale)
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Fig. 4. Reagent costs as of 2022, on a logarithmic scale

Water consumption for solution
preparation per 1 square meter

Fig. 5. Water consumption for preparing working reagent
solutions

Cost-to-water consumption ratio
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Fig. 6. Ratio of reagent costs to water consumption in litres
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is confirmed by significant reduction in dust emissions
(by 50.5 %) and harmful gases (by 61.3—67.9 %), which
contributes to improving atmospheric air quality in the
vicinity of mining enterprises and reducing their nega-
tive environmental impact.

An important aspect of ecological feasibility is also
the biological safety of humate reagent, a natural sub-
stance that poses no threat to ecosystems, even when
entering soil or water bodies.

Industrial trials of decarbonisation and dust suppres-
sion technology using humate reagent were conducted
under various mining-geological conditions, which al-
lowed the determination of application features depend-
ing on rock types, charge designs, and other factors.

It has been established that for magnetite quartzites
with strength according to M. Protodyakonov scale of
8—20, the optimal humate reagent concentration is 3 %,
internal water stemming volume is 0.5—0.7 m? per bore-
hole, external water stemming length is 1.5—2 m be-
tween boreholes.

For shales with strength of 5—12, it is recommended
to increase internal water stemming volume to
0.8—1.0 m® per borehole and reduce humate reagent
concentration to 2—2.5 % to ensure optimal dust sup-
pression and decarbonisation efficiency.

When using explosives with high ammonium nitrate
content, increasing external water stemming volume is
recommended to enhance nitrogen oxide neutralisation
efficiency.

Based on research results, practical recommenda-
tions have been developed for implementing decarboni-
sation and dust suppression technology using humate
reagent:

1. Humate reagent solution preparation. The opti-
mal concentration is 3 %. The solution is prepared by
diluting 30 % humate reagent concentrate with techni-
cal water in a 1:9 ratio. Water should be used at 15—25°C
to ensure complete reagent dissolution.

2. Internal water stemming formation. Internal water
stemming is formed by filling the upper part of the bore-
hole (1.5—2 m) with polyethene sleeves filled with 3 %
aqueous humate reagent solution. The stemming volume
is 0.5—1.0 m?3 per borehole, depending on the rock type.

3. External water stemming placement. External
water stemming in the form of polyethene sleeves with a
diameter of 0.3—1 m, filled with 3 % humate reagent so-
lution, is placed on the block surface along borehole
rows. The recommended sleeve length is 1.5—2 m be-
tween boreholes.

4. Preliminary block surface moistening. 2—3 hours
before blasting, it is recommended to conduct block sur-
face moistening with 2—3 % aqueous humate reagent
solution at a rate of 1—2 1/m?2. This will provide addi-
tional dust emission reduction of 20—30 %.

5. Technology efficiency control. Instrumental
measurements of dust and harmful gas concentrations in
the dust-gas cloud and rock mass after blasting are rec-
ommended using standardised methodologies for effi-
ciency control.

Conclusions.

1.The developed comprehensive DECARBUST tech-
nology for decarbonisation and dust suppression using
humate reagents during mass blasting in quarries demon-
strates high efficiency: dust emission reduction of 50.5 %,

carbon monoxide neutralisation of 61.3 %, and nitrogen
oxide neutralisation of 54.8 %, which substantially ex-
ceeds the performance indicators of traditional methods.

2. It has been experimentally established that the
optimal humate reagent concentration is 3 %, at which
maximum efficiency of harmful gas neutralisation is
achieved. Increasing concentration beyond 3 % leads to
reduced efficiency due to changes in solution viscosity
and decreased accessibility of humate functional groups.

3. Scientific substantiation of the mechanisms of hu-
mate reagent interaction with dust-gas cloud components
has revealed two primary processes: physical sorption
(absorption of dust particles and gases on humate sur-
faces) and chemisorption (chemical interaction between
reagent components and harmful gases), which confirms
the comprehensive nature of the technology’s action.

4. The developed new design of borehole charges
with lateral longitudinal cumulative cavities allows a re-
duction of explosive consumption by 20.8 %, which ad-
ditionally decreases the formation of harmful emissions
during mass blasting and enhances the technology’s
economic efficiency.

5. The proposed methodology for calculating and
designing charge initiation delay schemes ensures opti-
mal time for reagent cloud formation above the block,
increasing dust binding and degassing efficiency during
mass blasting.

6. Industrial trials of the technology were conduct-
ed at quarries of PISC “Inhulets Mining and Processing
Plant”, PJSC “Northern Mining and Processing Plant”,
“Central Mining and Processing Plant”, “Southern Ore
Mining and Processing Plant”, “ArcelorMittal Kryvyi
Rih” and LLC “Rudomain” and “Ukrainian Mining
Company” enterprises, confirmed the stability of the
technology’s efficiency indicators under various min-
ing-geological conditions.

7. The economic efficiency of DECARBUST tech-
nology is confirmed by the relatively low cost of humate
reagent compared with other chemical reagents, the
possibility of integration into existing production pro-
cesses without significant capital expenditure, and the
reduction in environmental payments for atmospheric
air pollution.

8. Implementation of the developed technology
corresponds to sustainable development in the mining
industry, ensuring comprehensive resolution of environ-
mental problems and contributing to decarbonisation by
contemporary climate policy requirements and the Eu-
ropean Green Deal.
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DECARBUST: texHoJioris nekapoonizaimii
il MWJIONPUTHIYEHHS 1) CTAJIOro
TipHIY0100YBHOTO BHPOOHHUIITBA
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Meta. HaykoBe OOIpyHTYBaHHSI Ta €KCIIEpUMEH-
TajlbHE MiATBEPIXKEHHSI e€(peKTUBHOCTI KOMILJIEKCHOI
TEeXHOJIOTil  JAekapOoHi3alii 1 MUIONMPUTHIYEHHS
DECARBUST npu macoBux BuOyxax y Kap’€pax 3 BU-
KOPUCTAaHHSIM T'yMaTOBOTO peareHTy y CUCTeMaxX BHY-
TPILIIHIX i 30BHIIIHIX Tigpo3abiiiok.

Metomuka. JlocmimkeHHsT 0a3yeThCsl Ha KOMILIEK-
CHOMY TIiIXOMi, 110 BKJIIOYAE J1aOOpaTOpPHI eKCHepU-
MEHTH i3 BU3HAUYEHHSI COPOLIITHUX BJIaCTUBOCTEH ryMa-
TOBOTO PEareHTy, IIPOMUCIIOBI BHUIIPOOYBAHHSI TEXHO-
JIOTii Ha mirouMx Kap’epax, iHCTpyMEHTaJIbHi BUMipIO-
BaHHSI KOHLEHTpaLiil MUy i IIKiJIMBUX Tra3iB, MaTe-
MaTUYHE MOJETIOBaHHS MPOLIECiB B3aEMO]Iil 'yMaTOBO-
ro peareHTy 3 KOMITOHEHTaMU TWJIOra3oBOi XMapu Ta
CTaTUCTUYHUI aHai3 OTPUMMAaHMX pe3yJIbTaTiB.

Pe3ynbTaT. BcTaHOBIeHa onTMMalibHA KOHIIEH-
Tpallisi 'yMaToBOro peareHty (3 %), 3a sIKO1 10CATAETh-
¢ MakcuMaibHa e(EeKTUBHICTb HelTpamizauii MIKiI-
JMBUX rasiB. Po3pobiieHa HOBa KOHCTPYKIIisI CBEPIIO-
BUHHUX 3apsIiB i3 0iYHOIO MO3M0BXHBOIO KyMYJISITUB-
HOIO TTOPOXXHUHOIO, IO TO3BOJISIE 3HU3UTH BUTPATHU
BHOyxoBUX pedyoBuH Ha 20,8 %. [IpomucioBi BUIpo-
OyBaHHS MiATBEpAWIN e(EeKTUBHICTb TEXHOJIOTII: 3HU-

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2025, N2 5 59



KeHHs nuiaoBuaiieHHs Ha 50,5 %, HedTpanizaiis
okcumy Byreito Ha 61,3 % ta okcuniB azoty Ha 54,8 %.

HaykoBa HoBu3HA. YTiepiiie po3po0JieHi TEOpeTUYHI
OCHOBM KOMILJIEKCHOTO TiAXOMy IO OJHOYACHOTO BU-
pitieHHs mpo6jaeM MUJIOBUIIEHHST U aekapOoHizanii
py MacoBUX BuOyxax. BcraHoBIeHi 3aKOHOMIpHOCTI
npoLeciB aacopOLii Ta XiMiuHOI HeWTpami3aLii MKimi-
JINBUX Ta3iB TYMAaTOBUM pearceHTOM. 3aIIpOoIIOHOBaHA
HOBa METOAMKA pPO3pPaxXyHKYy YIIOBUJIBHEHHS iHilialii
CBEpUIOBMHHUX 3apsiIiB 3 ypaXyBaHHSIM IIOIIEpeIHbBOI
iHiLialii 30BHIIIHBOI TiAP03a0iKM.

IIpakTuuna 3HaymMicTh. Po3pobiieHa TeXHOJOTis
DECARBUST 3abGe3neuye KOMIUJIEKCHE 3HUXKEHHS

€KOJIOTIUHOTO HaBaHTAXXEHHS BiJ, MacoOBUX BHOYXiB
y Kap’epax, BilMOBiJae BUMOraM Cy4acHOI KJIiMaTU4-
HO1 MOJIITUKY 111010 AeKapOOoHi3allii Ta Ma€ eEKOHOMIYHi
repeBary MOpiBHSHO i3 TpaAULIHHUMU METOOAMMU TTH-
JIora3oMnpurHiyeHHs. TeXHoJIorisl YCHilllHO BIIpOBa-
JDKEHAa Ha MPOBIAHUX TipHUYOAOOYBHUX MiANIPUEM-
CTBax YKpaiHu, 10 MiATBEPIXKYE 1i MPAKTUUYHY LIiH-
HICTb 1 MOTEHLIiaJl 1JIsI LIMPOKOTO 3aCTOCYBaHHSI.

Kmouosi cioBa: DECARBUST, dexapbonizayis, nu-
JNONPUSHIYeHHS, 2IpHU40000y8He 8UPOOHULMEBO, 3HUICCH-
Hs 8UKUOIG 8yeneuio, Cmanuil po36umok
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