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Abstract
Relevance. At present, during the transition from open pit to underground mining at iron ore deposits, 
the most widespread technology is the sublevel caving with frontal ore drawing. This technology has 
significant drawbacks, namely low ore extraction indicators and increased operating costs for 
preparatory work and stoping. The development of an alternative technology for the upper sublevel 
mining, which ensures high extraction indicators, active ore drawing, and lower prime cost of the main 
flow processes in the presence of an internal dump used as a rock cushion on the quarry floor, is an 
urgent scientific and technical task. 
Research objective is to study the mining factors effect on the technical and economic indicators of 
differing technologies for mining the upper sublevel under the rock cushion at the iron ore deposits. 
Research methods. The work uses a comprehensive research method, including the search and design 
of a rational version of technology, economic and mathematical modeling, and technical and economic 
comparison.
Analysis of the results. The dependences of the main technical and economic indicators (losses and 
dilution, the specific volume of preparatory development works, labor productivity and specific operating 
costs for flow processes) on the height of the upper sublevel between 40 and 100 m and mine capacity 
between 0.8 and 2.4 million tonnes of ore per year. It has been determined that the operating costs for ore 
mining have a minimum value under a height of the upper sublevel of 80 m and a production capacity of 
1.6 million tonnes of ore per year, which is optimal for an enterprise during the transition period.
Conclusions. The technology of sublevel open stoping with the subsequent rib pillar development by  
a system of induced block caving has been substantiated, which far more efficient as compared to  
the traditional version of sublevel caving.

Keywords: iron ore deposit; transition zone; rock cushion; mining system; mining factors; extraction 
indicators; technical and economic indicators.
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Introduction. Efficient combined mining of main underground reserves in deep-
lying ore deposits greatly depends on efficient organizational, technical, and 
technological measures in the zone of open-pit-to-underground transition (transition 
zone, referred to below as TZ) [1]. In turn, efficient TZ mining is conditioned by the 
mining factors, namely mine production capacity, open-pit depth, and the height of  
the upper sublevel, as well as mining-geological conditions and technology.

The open-pit depth at many iron ore deposits in Russia is currently close to the 
designed one [2–4]. Beyond the designed pit limits, there are reserves to be further 
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Figure 1. Technology of level open stoping with subsequent caving of the rib pillar at the height of 
the upper sublevel:  

а – 40 m; b – 60 m; c – 80 m; d – 100 m 
Рисунок 1. Технология этажно-камерной выемки с последующей отработкой МКЦ при высоте 
подкарьерного этажа:  

а – 40 м; b – 60 м; c – 80 м; d – 100 м 
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Figure 1. Technology of level open stoping with subsequent caving of the rib pillar at the height of 
the upper sublevel: 

а – 40 m; b – 60 m; c – 80 m; d – 100 m
Рисунок 1. Технология этажно-камерной выемки с последующей отработкой МКЦ при высоте 

подкарьерного этажа: 
а – 40 м; b – 60 м; c – 80 м; d – 100 м
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developed via an underground method. One of the features of underground reserves 
development at iron ore deposits is an internal dump on the quarry fl oor [5]. Internal 
dumping serves as a rock cushion to isolate underground mine workings and the quarry [6]. 
Existing methods of extracting reserves below the quarry fl oor provide for a system of 
sublevel caving with slicing and frontal ore drawing. The systemТs advantages are 
well-known. However, it also has signifi cant disadvantages, namely low extraction 
indicators and relatively high operating costs for the preparatory development work 
(PDW) and stoping [7–14]. Stoping periodicity with a minimum volume of ore breaking 
and drawing involves the presence of many panels in the developing entry and large ore 
areas with a corresponding amount of main equipment operated simultaneously to 
ensure the productive capacity of the mine [15, 16]. It is possible to remove the 
disadvantages of the traditional technology by moving from one-stage to two-stage 
extraction of a block with the development of larger chambers at the fi rst stage.

So, mining factors effect on the technical and economic indicators of differing 
technologies for mining the upper sublevel under the rock cushion at iron ore deposits 
is an urgent scientifi c and technical problem.

Alternative technology development. An effi cient version was found and designed 
for the technology of upper sublevel mining at thick (20–70 m) steeply pitching (more 
than 70º) iron ore deposits.

The version combines sublevel stoping and a system with ore caving and requires a 
room-pillar sequence of reserves mining at a level (Figure 1). Chamber reserves are 
extracted by two faces directed from the center towards the sides. A fl oor pillar forms 
concurrently to prevent the penetration of the cushionТs diluting rocks from the quarry 
fl oor, thereby ensuring optimal conditions and high extraction indicators when 
extracting chamber reserves. Ore drawing and haulage are carried out by the LHD 
(load, haul, dump) loaders from the crosscuts on the trench fl oor. After that, bulk caving 
of the fl oor pillar is carried out; and the fl oor pillar is drawn under the caved ground 
through the chamber’s trench fl oor. A rib pillar (RP) is extracted with a compensation 
chamber formed in its lower part; into the compensation chamber, main RP reserves are 
broken down and drawn via LHD from the crosscuts on the trench fl oor.

This technology is novel. It makes it possible to improve ore extraction indicators, 
stoping safety, and the intensity of ore drawing from the block (an approval has been 
received to grant an invention patent of the Russian Federation, application 
no. 2021110457 of 14 April 2021).

The effect of mining factors on technical and economic indicators. For economic 
mathematical modeling (EMM), in order to determine the level of the main technical 
and economic indicators (TEI) when developing an upper sublevel under the rock 
cushion in the conditions of iron ore deposits, two versions have been adopted:

– the technology of sublevel caving with slicing and frontal ore discharge 
(version 1);

– the technology of sublevel stoping with the subsequent fl oor pillar caving and RP 
development by a system of induced block caving with undercutting (version 2).

Two most signifi cant mining factors have been identifi ed to establish the nature and 
rate of TEI change:

– the height of the upper sublevel (Нtz), which determines reserves amount and 
development period, extraction indicators, specifi c scope of PDW, scope of drilling, 
haulage distance, and therefore the recoverable value and prime cost of mined ore. 
We considered the following variation range for Нtz = 40; 60; 80; 100 m (taking into 
account the international practice of ore deposits combined mining [17–22]);

– mine’s production capacity Amine, which determines the cross section of 
underground excavations, volume and intensity of tunneling and stoping, labor 
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productivity and therefore capital and operating costs. We considered the following 
variation range for Amine = 0.8; 1.6; 2.4 million t/year (depending on mine’s productivity). 
For EMM, a corresponding fleet of main and accessory process equipment was specified 
for each Amine.

The first stage of EMM established the dependencies between the loss and dilution 
indicators variation and Htz (Figure 2). It can be seen from the graph that with the 
growth of Htz from 40 to 100 m, loss and dilution in version 1 do not change (25 and 
30%, respectively); in version 2 they decrease by 1.7 times (from 26.2 to 15.1%)  
and by 1.9 times (from 30.5 to 16.2%), respectively. So, the upper sublevel height 
increase makes it possible to increase extraction indicators, and therefore the recoverable 
value of ore.

 
Figure 2. Dependences of ore losses and dilution on the height of the upper 

sublevel 
Рисунок 2. Зависимости потерь и разубоживания руды от высоты 

подкарьерного этажа 
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The performance criteria of the technology versions were subsequently studied 
depending on Htz and Amine, namely the specific scope of PDW per 1000 tonnes  
of mined ore, labor productivity for PDW, stoping and the entire mining system  
(Figure 3).

In version 1, the specific scope of PDW per 1000 tonnes of mined ore (Figure 3, a) 
does not change as Htz increases and ranges from 55.3 to 87.2 m3/1000 tonnes under 
Amine from 0.8 to 2.4 million t/year. The indicator increases with the growth of Amine due 
to an increased cross section of workings when using more productive (large-sized) 
equipment. In version 2, with Htz growth from 40 to 100 m, the indicator decreases by 
11.1–11.9% due to incremental operational reserves of the block and increases 
proportionally as Amine grows from 0.8 to 2.4 million t/year due to the increased cross 
section of workings. Besides, the specific scope of PDW in version 2 is 2.2–2.9 times 
lower than in version 1.

Labor productivity at the PDW stage (Figure 3, b) in version 1 does not depend on 
Htz due to the constant volume of PDW in the block and increases with the growth of 
Amine from 14.0 to 17.5 m3/man shift within the studied range due to the reduced volume 
of sinking and the increased efficiency of drilling rigs for tunneling. In version 2, labor 
productivity in the PDW stage decreases with the growth of Htz by 6.5–6.9% due to the 
increased volume of sinking in the block and increases by an average of 25.5%  
under Amine growing from 0.8 to 2.4 million t/year due to the more efficient drilling  
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rigs for tunneling. Besides, in the entire range of factors under investigation, labor 
productivity at the PDW stage in version 2 is 1.2–8.7% lower than in version 1 due to 
a larger volume of sinking.
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Figure 3. Dependences between the main indicators, the height of the upper sublevel mining, 
and the production capacity of the underground mine:  
a – the specific scope of PDW; b – labor productivity at the PDW stage; c – labor productivity 
at the stoping stage; d – labor productivity for the entire mining system 
Рисунок 3. Зависимости основных показателей от высоты подкарьерного этажа и 
производственной мощности шахты:  
а – удельный объем ПНР; b – производительность труда на ПНР; c – 
производительность труда на очистной выемке; d – производительность труда по 
системе разработки 
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Figure 3. Dependences between the main indicators, the height of the upper sublevel mining, and  
the production capacity of the underground mine: 

a – the specific scope of PDW; b – labor productivity at the PDW stage; c – labor productivity at the stoping stage; 
d – labor productivity for the entire mining system

Рисунок 3. Зависимости основных показателей от высоты подкарьерного этажа и 
производственной мощности шахты: 

а – удельный объем ПНР; b – производительность труда на ПНР; c – производительность труда на 
очистной выемке; d – производительность труда по системе разработки

Labor productivity at the stage of stoping (Figure 3, c) in version 1 does not depend 
on Htz due to the constant productivity of flow processes (ore breaking, handling, and 
haulage) and increases with the growth of Amine from 166 to 225 t/man shift by  
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reducing the scope of drilling and using more efficient equipment for handling and 
haulage. In case of version 2, the productivity at the stage of stoping reduces by  
9.4–11.0% with the growth of Htz due to the increased scope of downhole drilling and 
the increased distance of ore haulage, and it increases by an average of 34.6% with the 
growth of Amine due to the reduced scope of drilling and the use of more efficient 
equipment for ore handling and haulage. Besides, in version 2, labor productivity at the 
stage of stoping is 7.7–8.3% higher within Htz 40–60 m due to higher productivity of 
ore haulage, and 2.5–3.6% lower under Htz 80–100 m due to lower productivity of ore 
breaking and haulage. 

Table 1. Total costs for the entire mining system, rub/t
Таблица 1. Суммарные затраты по системе разработки, р./т

Version of 
the 

technology

Mine capacity, mln t/year
0.8 1.6 2.4

Height of the upper sublevel (transition zone), m 
40 60 80 100 40 60 80 100 40 60 80 100 

1 520 520 520 520 516 516 516 516 583 583 583 583
2 320 311 316 333 310 300 303 321 315 305 309 327

Labor productivity of the entire mining system (Figure 3, d) in version 1 does not 
change with the growth of Htz and increases the growth of Amine from 132.6 to  
152.9 t/man shift due to the increased productivity at the stages of PDW and stoping.  
In case of version 2, with the growth of Htz, productivity decreases by an average of 
6.8% as a result of the increased volume of sinking and the decreased productivity  
of ore breaking and haulage, and it increases by 22.5% in the considered range of Amine 
due to the reduced volume of sinking and more efficient equipment. Besides, in version 
2, the productivity indicator is 5.6–5.7% higher under Htz ranging from 40 to 80 m due 
to the higher productivity at the stage of ore breaking and haulage, and by 1.0–1.5% 
lower under Htz = 100 m due to the increased volume of sinking and the decreased 
productivity at the stage of ore breaking and haulage.

It has been found that the technology level of the considered versions, including the 
effect of Htz and Amine on the main TEI of TZ development, complies with the best 
analogs used in Russia [7–11] and other leading mining countries [12–14, 16–22].

Choosing the optimal version. Production cost of 1 tonne of ore and profit per unit 
of recovered reserves are the main economic indicators to be determined to assess and 
make the final decision about the type of the upper sublevel mining technology. 

The prime cost includes the costs of PDW, breaking, drawing, haulage, and stoping 
of ore. The calculation results for changing Htz and Amine are presented in Table 1.

It can be seen from the data in the table that the production cost of 1 tonne of ore, 
expressed through the total costs of the system of mining, under various Htz and Amine 
for versions 1 and 2, has a minimum value under Amine = 1.6 million t/year. So, this  
Amine is optimal for the conditions under consideration.

The technology for TZ reserves mining is assessed and finally chosen under the 
established Amine according to the profit criterion, rub/t, per unit of recovered reserves [1]:
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It can be seen from the data in the table that the production cost of 1 tonne of ore, 
expressed through the total costs of the system of mining, under various Нtz and Аmine
for versions 1 and 2, has a minimum value under Аmine = 1.6 million t/year. So, this 
Аmine is optimal for the conditions under consideration.

The technology for TZ reserves mining is assessed and finally chosen under the 
established Аmine according to the profit criterion, rub/t, per unit of recovered reserves 
[1]:

c
c m.d

c

ε (1 )(1 ) ,
β (1 )

c LPr P L С
D

  −
= − −  − 

where Pc is the price of 1 tonne of iron concentrate, rub/t; εc is the coefficient of iron 
recovery into concentrate, unit fraction; с is the content of iron in reserves, unit 
fraction; βc is the content of iron in concentrate, %; Сm.d is the cost of ore mining and 
dressing, rub/t; L is loss, unit fraction; D is dilution, unit fraction.

The recoverable value of mined and dressed ore, ore production and dressing cost, 
and profit are the economic efficiency indicators, the calculation results of which are 
given in Table 2.

It was found that the recoverable value of ore in version 2 is 2.8–13.2% higher 
(under Нtz from 60 to 100 m), and ore production and dressing cost is 27.4–31.2% 
lower. As a result, the profit is 2.5–3.6 times higher (under Нtz from 40 to 100 m) as 
compared to option 1.

Conclusion. EMM and assessment of mining factors effect on the TEI of differing 
technologies for mining the upper sublevel under the rock cushion at iron ore deposits, 
revealed that the technology of sublevel stoping with the subsequent RP development 
by a system of induced block caving is the most efficient, while the operating costs for 
ore extraction have a minimum value under Htz = 80 m and Amine = 1.6 million t/year, 
which are optimal for an enterprise during the transition period. Considering changes 
in Htz and Amine, the level of TEI is high and can be compared to the world’s best 
analogs.
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where Pc is the price of 1 tonne of iron concentrate, rub/t; εc is the coefficient of iron 
recovery into concentrate, unit fraction; c is the content of iron in reserves, unit fraction; 
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βc is the content of iron in concentrate, %; Cm.d is the cost of ore mining and dressing, 
rub/t; L is loss, unit fraction; D is dilution, unit fraction.

The recoverable value of mined and dressed ore, ore production and dressing cost, 
and profit are the economic efficiency indicators, the calculation results of which are 
given in Table 2.

Table 2. Economic indicators of the mining technology under the mine capacity of 1.6 million 
tonnes per year 

Таблица 2. Экономические показатели технологии при производственной мощности 
шахты 1,6 млн т 

Indicator 
Version on 

the 
technology 

Height of the upper sublevel (transition zone), m 

40 60 80 100 

Recoverable value of mined 
and dressed ore, rub/t  

1 2537 2537 2537 2537 
2 2496 2608 2756 2871 

Cost of ore production and 
dressing, rub/t  

1 2160 2160 2160 2160 
2 1569 1511 1487 1527 

Profit, rub/t 1 377 377 377 377 
2 927 1097 1269 1344 

 
It was found that the recoverable value of ore in version 2 is 2.8–13.2% higher 

(under Htz from 60 to 100 m), and ore production and dressing cost is 27.4–31.2% 
lower. As a result, the profit is 2.5–3.6 times higher (under Htz from 40 to 100 m) as 
compared to option 1.

Conclusion. EMM and assessment of mining factors effect on the TEI of differing 
technologies for mining the upper sublevel under the rock cushion at iron ore deposits, 
revealed that the technology of sublevel stoping with the subsequent RP development by 
a system of induced block caving is the most efficient, while the operating costs for ore 
extraction have a minimum value under Htz = 80 m and Amine = 1.6 million t/year, which 
are optimal for an enterprise during the transition period. Considering changes in Htz and 
Amine, the level of TEI is high and can be compared to the world’s best analogs.
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Влияние горнотехнических факторов на технико-экономические 
показатели отработки подкарьерного этажа под породной подушкой  

в условиях железорудных месторождений
Соколов И. В.1, Антипин Ю. Г.1, Рожков А. А.1, Никитин И. В.1, Соломеин Ю. М.1
1 Институт горного дела УрО РАН, Екатеринбург, Россия.

Реферат
Актуальность темы. В настоящее время при переходе от открытых горных работ к 
подземным на железорудных месторождениях наибольшее распространение получил вариант 
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системы разработки подэтажного обрушения с торцовым выпуском руды. Данная технология 
имеет существенные недостатки – низкие показатели извлечения руды из недр и увеличенные 
эксплуатационные затраты на подготовительно-нарезные и очистные работы. Разработка 
альтернативной технологии отработки подкарьерного этажа, обеспечивающей повышение 
показателей извлечения и интенсивности выпуска руды из блока и снижение себестоимости 
основных технологических процессов в условиях наличия внутреннего отвала на дне карьера, 
используемого в качестве породной подушки, является актуальной научно-технической задачей.
Цель работы. Исследование влияния горнотехнических факторов на технико-экономические 
показатели отличных друг от друга технологий отработки подкарьерного этажа под породной 
подушкой в условиях железорудных месторождений. 
Методы исследований. В работе использован комплексный метод исследований, включающий 
изыскание и конструирование рационального варианта технологии, экономико-математическое 
моделирование и технико-экономическое сравнение. 
Анализ результатов. Установлены зависимости основных технико-экономических показателей 
(потери и разубоживание, удельный объем подготовительно-нарезных работ, производительность 
труда и удельные эксплуатационные затраты по технологическим процессам) от высоты 
подкарьерного этажа в интервале от 40 до 100 м и производственной мощности шахты в 
интервале от 0,8 до 2,4 млн т руды в год. Определено, что эксплуатационные затраты на добычу 
руды имеют минимальное значение при высоте подкарьерного этажа 80 м и производственной 
мощности 1,6 млн т руды в год, которые и являются оптимальными для предприятия в переходный 
период. 
Выводы. Обоснована технология этажно-камерной выемки с последующей отработкой 
междукамерного целика системой этажного принудительного обрушения, обеспечивающая 
большую эффективность по сравнению с традиционным вариантом подэтажного обрушения.

Ключевые слова: железорудное месторождение; переходная зона; породная подушка; система 
разработки; горнотехнические факторы; показатели извлечения; технико-экономические 
показатели.

Исследования выполнены в рамках государственного задания № 075-00581-19-00. Тема № 0405-
2019-0005.
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