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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:

a-40m;b—-60m;c—80m;d— 100 m
Pucynok 1. TexHonorusi 3Ta)xHO-KaMepHON BBIEMKH ¢ mocieayoreit orpaborkoit MKI] mpu BeicoTe

MOAKAPBEPHOTO ITAXKA:

a—40wm;b—60m; ¢c—80m;d— 100 m
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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 floor [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 floor provide for a system of
sublevel caving with slicing and frontal ore drawing. The systemTs advantages are
well-known. However, it also has significant 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 first 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 scientific and technical problem.

Alternative technology development. An efficient version was found and designed
for the technology of upper sublevel mining at thick (20-70 m) steeply pitching (more
than 70°) 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 floor pillar forms
concurrently to prevent the penetration of the cushionTs diluting rocks from the quarry
floor, 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 floor. After that, bulk caving
of the floor pillar is carried out; and the floor pillar is drawn under the caved ground
through the chamber’s trench floor. 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 floor.

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 floor pillar caving and RP
development by a system of induced block caving with undercutting (version 2).

Two most significant mining factors have been identified to establish the nature and
rate of TEI change:

— the height of the upper sublevel (H,,), which determines reserves amount and
development period, extraction indicators, specific 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 H,, = 40; 60; 80; 100 m (taking into
account the international practice of ore deposits combined mining [17-22]);

— mine’s production capacity A4, . , 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
variationrange for4 . =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
foreach 4, .

The first stage of EMM established the dependencies between the loss and dilution
indicators variation and H,, (Figure 2). It can be seen from the graph that with the
growth of H,, 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.

35 r
30

25 = # =Version 1. Losses

= @ —Version 1. Dilution

The value of the indicator, %

20
—@—Version 2. Losses
15 —®—Version 2. Dilution
10 1 1 ]
40 60 80 100

TZ height, m

Figure 2. Dependences of ore losses and dilution on the height of the upper
sublevel
PucyHOK 2. 3aBHCHMOCTH TIOTEPb U Pa3yO0KHUBaHHUS PY/Ibl OT BBICOTHI
HOJIKAPbEPHOTO ITAKA

The performance criteria of the technology versions were subsequently studied
depending on H,, and A4, ., 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 H,, increases and ranges from 55.3 to 87.2 m*/1000 tonnes under
A ... from 0.8 to 2.4 million t/year. The indicator increases with the growth of 4 . due
to an increased cross section of workings when using more productive (large-sized)
equipment. In version 2, with H,, 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 4 . = 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
H,, due to the constant volume of PDW in the block and increases with the growth of
A, from 14.0 to 17.5 m*/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 H,, by 6.5-6.9% due to the
increased volume of sinking in the block and increases by an average of 25.5%
under 4 . . 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; ¢ — labor productivity at the stoping stage;
d — labor productivity for the entire mining system
Pucynok 3. 3aBUCHMOCTH OCHOBHBIX IIOKa3aTeNieil OT BBICOTHI IONKAPBEPHOTO JSTaXa H
HPOU3BOJCTBEHHOI MOILITHOCTH IIAXTHI:
a — ynenbHblid 00beM [THP; b — nmpousBogurensHocTs Tpyaa Ha ITHP; ¢ — npousBoguTensHOCTh Tpyaa Ha
OYHMCTHOM BBICMKC, d— TIPOU3BOAUTEIIBHOCTD TPy/Jla IO CUCTEME pa3pa60TKM

Labor productivity at the stage of stoping (Figure 3, ¢) in version 1 does not depend
on H,, due to the constant productivity of flow processes (ore breaking, handling, and
haulage) and increases with the growth of 4 from 166 to 225 t/man shift by

mine
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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 H,, 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 4 . =~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 H,, 40-60 m due to higher productivity of
ore haulage, and 2.5-3.6% lower under H,, 80-100 m due to lower productivity of ore
breaking and haulage.

Table 1. Total costs for the entire mining system, rub/t
Ta0auna 1. CymmapHbIe 3aTpaThl 110 CHCTeMe pa3padoTKH, p./T

Mine capacity, mln t/year

Version of 0.8 1.6 | 24
the
technology Height of the upper sublevel (transition zone), m

40 | 60 | 80 | 100 | 40 | 60 | 80 | 100 | 40 | 60 | 80 | 100

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 H, and increases the growth of 4 . 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 H,, 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 4 .
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 /7, 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 H,, = 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 H,, and 4, . 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 /1, and 4, . 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 /,, and 4
for versions 1 and 2, has a minimum value under 4
A

mine
mine = 1.6 million t/year. So, this
mine 1S Optimal for the conditions under consideration.

The technology for TZ reserves mining is assessed and finally chosen under the

established 4, , - according to the profit criterion, rub/t, per unit of recovered reserves [1]:

g.C

Prch( a-1)
B

d (1-D)’

j(l—L)—Cm

c

where P_ is the price of 1 tonne of iron concentrate, rub/t; € is the coefficient of iron
recovery into concentrate, unit fraction; c is the content of iron in reserves, unit fraction;
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B. is the content of iron in concentrate, %; C, , 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
Tabauna 2. JxoHOMHYECKHe MOKA3aTeIM TEXHOJIOTHH NPH MPOU3BOACTBEHHONH MOIIHOCTH
maxTel 1,6 MIH T

. Version on Height of the upper sublevel (transition zone), m
Indicator the

technology 40 60 80 100

Recoverable value of mined 1 2537 2537 2537 2537
and dressed ore, rub/t 2 2496 2608 2756 2871
Cost of ore production and 1 2160 2160 2160 2160
dressing, rub/t 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 H, 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 /, 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 /,, = 80 mand 4, . = 1.6 million t/year, which
are optimal for an enterprise during the transition period. Considering changes in H,, and
A_. . the level of TEI is high and can be compared to the world’s best analogs.

mine’
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Bausinue ropHoTexHu4YecKUX (PaKTOPOB HA TEXHMKO-IKOHOMHYECKHE
NMOKAa3aTeJ I 0TPA0OTKH MOAKAPBEPHOTO0 3TAXKA MO/ MOPOAHOI MOAYIIKOH
B YCJIOBHSIX 7KeJIe30PYIHBIX MEeCTOPOKIeHHIT

Coxoaos U. B.l, Aurunun IO. I, Po:xxkos A. A.!, Hukurun H. B.!, Conomenn FO. M.!
! UucrutyT ropuoro aena YpO PAH, Exarepun0ypr, Poccust.

Pecgpepam
Akmyansnocmy memovl. B nacmoswee epems npu nepexooe Om OMKPLIMbIX 20PHbIX pabom K
NOO3EMHBIM HA JHCENE30PYOHbIX MECMOPONHCOCHUAX HAUOOTbUEe PACIPOCIMPAHEHUE NOLYYUL 6APUAHMN
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cucmemsl paspabomKu NOOIMANCHO20 OOPYWEHUsI C MOPYOBLIM BbINYCKOM pyObl. Januas mexuonozus
umeem cyujecmeennvle HeOOCMAmKU — HU3KUe NoKazamenu usgnedeHusi pyovl U3 Heop U YEerudeHHble
IKCHIYamayuoHHble 3ampamsl HA NOO20MOGUMENbHO-HAPe3Hble U ouucmHble pabomsi. Paspabomka
anbMepHamueHoOl MexHoLo2UU OMmpPaboOmKU NOOKAPbEPHO20 dmadicd, obecneuugaiowjei NnogvluleHue
noxazameneu U36/1e4eHUsl U UHMEHCUBHOCMU GbINYCKA pyObl U3 ONOKA U CHUJICEHUe cehecmoumMocmu
OCHOGHBIX MEXHONO2UUECKUX NPOYECCcO8 6 YCAOBUSIX HAIUYUS 6HYMPEHHe20 Omeaild HA OHe Kapvepd,
UCNONL3YEMO20 8 Kauecmee NOPOOHOU NOOYWKY, AGISACMCsl AKMYAIbHOU HAYYHO-MEXHUYECKO 3a0adeil.
Llens pabomer. Hccnedosanue 6nusnus 2OPHOMEXHUHECKUX (DAKMOPO8 HA MEXHUKO-IKOHOMUUECKUE
nokazamenu OMIUYHBIX Opye Om Opyea MeXHON02Ul OmpabomKu NOOKAPLEPHO20 IMANCA NOO HOPOOHOU
NOOYUIKOU 8 YCILOBUSIX HCENe30PYOHBIX MeCHOPONCOCHUIL.

Memoowvl uccnedosanuii. B pabome ucnonvb308an KOMNIEKCHbI MeMOoO UCCIe008aAHUL, SKTIOUAIOWULL
UBbICKAHUE U KOHCMPYUPOBAHUE PAYUOHAILHO20 8APUAHMA MEXHOI02UY, IKOHOMUKO-MAMEMAMU4eckoe
MOOeUposanUe 1 MmexHUKO-93KOHOMUYECKoe CPAGHEeHUe.

Ananuz pesynomamos. Ycmanognenvt 3a6UCUMOCIU OCHOGHBIX MEXHUKO-IKOHOMUYECKUX NOKA3amenell
(nomepu u pazybodcusanue, yoenbHbulil 00bem H0020MOBUMETbHO-HAPE3HBIX pAOOM, NPOU3800UMENbHOCTIb
mpyoa u yoeibHvle IKCNIYAMAYUOHHbIE 3aMpamvl NO MEXHONOSUYECKUM Npoyeccam) Om 6blCombl
nookapvepHo2o smaxca 6 unmepeaie om 40 0o 100 m u npouze0OCMEEHHOU MOWHOCIU WAXMbL 8
unmepeane om 0,8 00 2,4 man m pyosl 6 200. Onpeodenieno, Ymo KCIyamayuoHHble 3ampamsl Ha 000bIYy
PYObl UMEIOm MUHUMATbHOE 3HAYeHUe Npu 8blcome nookapveprozo smasica 80 M u npouzso0CcmeenHoul
Mowgocmu 1,6 man m pyosl 8 200, KOmMopwvle U ABNAIOMCA ONMUMATLHBIMU 0151 NPEONPUAMUSL 8 NePeXOOHblL
nepuoo.

Bob16oobl.  Obocnosana mexHono2Us IMANACHO-KAMEPHOU  8bleMKU ¢ nociedyoujeli ompabomxol
MEACOYKAMEPHO20 YeNUKa CUCIMEMOU IMANCHO20 NPUHYOUMETbHO20 06pyulenus, obecneuusarujas
601610 IphekmusHOCHb NO CPABHEHUIO ¢ MPAOUYUOHHBIM BAPUAHIMOM HOOIMAICHO20 OOPYUIEHUSI.

Knrwuegvle cnoea: sicene3opyonoe mecmopodscoenue; nepexoonas 30Ha, NOpooHas NOOywiKa, cucmema
paspabomku;  20pHOMeXHUUecKue @DaKmopwvl, NOKA3AMenu U3GIEYeHUs, MeXHUKO-IKOHOMUYECKue
nokasamenu.

Hccneoosanus evinonnenst 8 pamkax 2ocyoapcmeentnozo 3aoanusn Ne 075-00581-19-00. Tema Ne 0405-
2019-0005.
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