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Abstract
Introduction. This paper presents the results of research on ore pit depth justification in relation to
mining transport parameters.
Research theory. Features of the current state and further development of deep pits are considered.
There is also the classification of fields by relative excavation difficulty depending on physico-technical
features of rock, conditions of their occurrence and climate severity. Besides, extractable ore reserves
are classified depending on its value. The indicators for joint justification of excavation difficulty, ore pit
depth, mining transport complexes parameters have been offered as well as their established optimal
regions.
Results and conclusions. The dependences have been obtained allowing to efficiently determine
excavator bucket capacity and dumptruck load-lifting capacity and validate pit depth taking into
account ore value. It has been determined that when mining a deposit of corresponding excavation
difficulty with an opencast method, cost behavior changes with depth due to the increase in power,
productivity, and power-weight ratio of drilling rigs, excavators, dump trucks, and bulldozers; cost
behavior is of an increasing nonlinear character. Rational uses of mining transport complexes based on
electric and hydraulic excavators have been singled out. The reasons of their probable change have
been estimated. Research results have been approved when planning the largest gold ore pit in Russia,
Vostochny pit of Olimpiadinsky gold ore field.
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Introduction. At the present time effective operation of mining enterprises largely
depends on the type of location, properties of mined rock, condition of their occurrence,
applied mining transport, operation scale and world market requirements. Further
development of ore fields opencasting at such enterprises, as a rule, is conditioned on
the growth of pit depth and rock transportation distance; it is also connected with the
alternation of physical and mechanical characteristics of rock, content of commercial
elements in ore, and production cost behavior.

In fact, national and foreign experience together with the forecast from Grand View
Research (http://www.grandviewresearch.com), BMI Research (http://bmiresearch.
com), Parker Bay (http://parkerbaymining.com) etc. show that in the nearest future
opencasting will be the most economical and effective mining method. By means of
developing new equipment and technology, reducing extraction and overburden
removal costs [1, 2].

However, at the present time the depth of a range of ore pits throughout the world
has already exceeded 700 m, and rational equipment selection for these conditions
speciifed a lot of problems for mining theory and practice [3, 4].
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In Russia the solution to this problem is greatly complicated by the fact that mining
activity is carried out in the regions with severe climate characterized by low air
temperatures with large temperature change over a 24-hour period and in the course of
a season, heavy precipitation and other adverse factors. For instance, in Yakutia and in
the north of the Krasnoyarsk region diamond and gold pits depth has already reached
500-600 m.

Pits are developed in hard rock using the technology which is based on excavating
and automobile complexes; development is carried out step-by-step with temporary
preservation of slopes and working benches. For the last 15-20 years the applied
schemes of mechanization, stripping and planning have ensured annual rock capacity
growth more than twofold under machine capacity growth by 1.5-2 times.

Table 1. Fields classification by relative excavation difficulty
Ta0auna 1. Knaccnpuxanusi MecTOposKIeHHil 10 0THOCUTEIbHON TPYAHOCTH Pa3padoTKH

Field parameters

Field class according

to excavation difficulty Category Ocomprs s Ly H,, Ly, S,
MPa t/m? m m km mark
1. Easy 1,2,3,4,5 <40 <18 | <04 | <200 | <3.0]| <50
. > 40 >18 |>04]| >200 |>3.0| >50
2. Intermediate 6,7,8,9,10

<80 <24 | <06 | <320 | <45| <65
. >80 >24 |1 >06| >320 | >45]| >65

3. Difficult 11,12, 13, 14, 15
<120 <29 |<10]| <500 | <7.0| <80
. > 120 >29 |>1.0| >500 | >7.0| >95

4. Very difficult 16,17, 18, 19, 20

<160 | <33 |<1.8| <700 |<10.0| <110
5. Extremely difficult 21,22,23,24,25 | >160 | >33 |(>18| >700 |>10.0| >110

Step by step pit development has made it possible to defer significant part of
stripping activity to later periods and recover with newer and more advanced
equipment, but it’s also limited working zone and reduced working areas for the
equipment.

All the indicated circumstances together have defined that it is necessary to expand
some important scientific and practical solutions to justify the boundaries of ore fields
opencast mining and to rationally distribute equipment complexes over the depth of
pits; first, it should be done in relation to physical and technical characteristics of the
mined rock and their occurrence conditions, second, to the types and parameters
of the required equipment and workflows technology and organization [5, 6], and third,
to price volatility and inflation in the world market [7].

In this regard, the research has been carried out, the results of which have been
generalized and expanded in this article.

Research methodology. Labor intensity and technical and economic efficiency of
opencast mining is predetermined by a lot of factors and parameters. Rock strength,
planform depth and dimensions, ore and overburden transportation distance, and natural
and climatic characteristics are the most significant factors.

These factors influence can be traced according to figures provided in table 1, which
is the classification of fields obtained from the results of the research [8, 9]. In table 1
O ompr 18 the compressive strength, MPa; y — rock density, m’; /, — mean size of
a block, m; Hp — pit depth, m; L, — transportation distance, km; S — climate severity
according to P. I. Kokh.
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Therefore, the depth is a key parameter of a pit and in order to determine its rational
value it is principally required to establish the cost behavior of mining performance by
this or that combination of mining transport under a particular technology and rock
characteristic.

It is known that according to the practice of Russian design, ore pit depth is
traditionally established according to the break-even field development of this or that
structural complex mechanization.
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Fig. 1. Influence of an ore pit depth on the average electric excavators bucket capacity and dump
trucks loading capacity while mining the III class of difficulty with the relation Lx/Br =1 and
distinction of indicators:
a—E.,=10%;b—E,=15%;1-B=1;2-B=1.25;3—-B=1.5;4—-B=1.75
Puc. 1. BausiHue riryOHHBI pyJHOTO Kapbepa Ha CPEAHIOI0 BMECTUMOCTD KOBIIIA AJICKTPHYECKHUX
9KCKaBaTOPOB M TPY30I0IbEMHOCTh ABTOCAMOCBAJIOB TIpH pa3pabotke Mectoposxkaenus 11 kacca
TPYIHOCTH C OTHOIIEHNEM Lk /Bx = 1 1 pa3nudun moxasaremeit:
4—E0o=10%;b—E,=15%;1-B=1;2-B=125,3-B=1,5,4-B=1,75

For this purpose, economic and incremental stripping ratios are determined,
and the following condition is checked:

H,eK €K,.

Incremental stripping ratio K; is found as a ratio between rock volume
increment to rock volume increment under pit total depth rise by one bench,
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and economic stripping ratio K, m?/t, is calculated from the production cost of a unit
of mineral:

where C, — allowable cost-per-ton, P/t; C, — cost of production, processing and
metallurgical extraction of 1 ton of ore and other costs without stripping, P/t; C, — cost
of stripping, P/m?.

30 i’(l”)a% As a rule, profit P is used as a basic
economic criterion when setting ore
25 reserves limited by an open pit. If the
- estimated value of profit is greater than or
equal to zero, than ore is ascribed to
15 commercial ore, i.e. reserves the use of
which is economically sound under
10 available or utilized engineering and
technology of production and processing.
> If the estimated value of profit is less than
0 zero, than ore is ascribed to unpayable ore,

1,00 1,25 1,50 B, i.e. reserves the use of which in the present

Fig. 2. Graphs for calculation an ore pit depth  time is economically inadvisable or
according to the ore value and discount rate: technicall technologicallv i ibl
I—E =5%2-E,-10%3-E,=15% technically or technologically impossible,

4-E,_=20% but which can be further transformed into

Puc. 2. I'paduku 1uist pacuera nryOHHBI pyAHO- commercial [9, 10].
T0 Kappepa IpH pa3iIuduy LEHHOCTU pPyAbl U ) .
HOPMBI JTUCKOHTA: As soon as in the conditions of any

[=Ep=35% 2;:55 ~ 12% ZZ‘;? 3-E,=153%  field it is possible to divide the reserves

according to their value based on the given
classification, an expression has been proposed to calculate the appraisal indicator
of ore value:

. PCR(1-n)
(Cp + CstrK[ + Cproc + Cother) (1 - n)/(l - p) ,

where P is the price of a mineral in the market, P/g; C — grade of ore, g/t; R — processing
recovery of a mineral, unit fraction; C— cost of ore opencast production, P/t;
Cpmc —cost of 1 ton of ore processing, P/t; C_, — general business and other expenses,
P/t; n —the ratio of ore production loss, unit fraction; p — ore dilution factor, unit fraction.

So, the following has become obvious: if P> 0, then B> 1; if P <0, then B < 1.

With this consideration in mind, it is proposed to divide the reserves according to
value as follows [11]:

B <1 — ore which does not possess any value (unpayable ore);

1 <B < 1.25 - ore of little value (low-grade ore);

1.25 < B < 1.5 — ore of medium value (base ore);

1.5 < B < 1.75 — valuable ore (run-of-mine ore);

B> 1.75 — ore of high value (high grade ore).

As soon as net present value NPV and internal rate of return /RR are currently
generally accepted criteria of investment projects absolute and relative effectiveness
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correspondingly, the dependences between them and the previously considered criteria
have been established:

NPV = f(11); IRR = f(B).

The values of NPV and IRR have been calculated with the account of net present
value dynamics and annual expenditures. /RR has been determined as a positive norm
of discount £, with which NP} would be equal to zero.

co’

Table 2. Rational uses of the equipment complexes with electric excavators

Tabauna 2. O61acTH PalMOHAIBLHOI0 NPUMEHEHHSI KOMILIEKCOB 000py10BaHUs
€ YJIeKTPHYEeCKHMH IKCKABATOPaMH

Excavator Ore pit depth /',, m, depending on the parameters
bucket capacity L,/By=1-2 L,/B,=2-5
Ep, m’ B=175 | B=15] B=125 | B=1 | B=1.75 | B=15 | B=125 | B-1
Fields of excavation difficulty class I, H, <200 m
5-25.5 <200 <180 <170 <150 <200 <180 <150 <130
30-61.2 <200 <180 <170 <150 <200 <190 <170 <140
Fields of excavation difficulty class II, 200 < H,< 320 m
5 <280 <240 <220 <200 <270 <230 <200 <170
10-25.5 <290 <260 <240 <220 <290 <260 <230 <200
30-61.2 <320 <280 <250 <230 <320 <280 <240 <210
Fields of excavation difficulty class 111,320 < H, < 500 m
5 <460 <410 <370 <350 <430 <370 <330 <280
10-25.5 <490 <450 <410 <380 <470 <410 <360 <320
30-61.2 <500 <460 <420 <390 <490 <420 <370 <330
Fields of excavation difficulty class 1V, 500 < H,< 700 m
5 <630 <580 <540 <500 <600 <520 <480 <440
10-25.5 <690 <620 <560 <510 <680 <600 <540 <490
30-61.2 <700 <640 <590 <550 <690 <610 <550 <500
Fields of excavation difficulty class V, H,> 700 m
5 > 630 > 580 > 540 > 500 > 600 > 520 > 480 > 440
10-25.5 > 690 > 620 > 560 >510 > 680 > 600 > 540 > 490
30-61.2 > 700 > 640 > 590 > 550 > 690 >610 > 550 > 500

Having assumed that under the most adverse conditions pit depth /, will correspond
to this boundary condition and the least costly equipment complex, the optimal regions
of the investigated parameters were forecasted.

Research results. As an illustration of the given methodology, by way of example,
fig. 1 presents the dependences reflecting the influence of pit depth on the electric
excavator bucket capacity and dump trucks loading capacity in the estimated conditions.

It can be seen from the graphs that with pit depth (and hence dimensions) growth,
the operating parameters of the mining transport must be larger. Excavator bucket
capacity and the associated dump truck loading capacity grow nonlinearly with the
growth of the mine’s depth. It is due to mining production costs which, first, depend on
excavation difficulty, second, on machine capacity, third, on machine type, model and
combination in a set. Meanwhile, these costs being included in ore value indicator and
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market inflationary practices expressed as a varying discount rate can shift rational
parameters of equipment along the pit depth.

Rational uses of equipment sets based on the application of electric and hydraulic
excavators with the corresponding bucket capacity which have been obtain this way
have been combined in tables 2 and 3 and in fig. 2 (L, — the length of the pit over the
ground surface, m; B, — the width of the pit over the ground surface, m).

Table 3. Rational uses of the equipment complexes
with hydraulic excavators
Tabauna 3. O01acTH paliMOHAIBHOI0 NPUMEHEHUSI KOMILIEKCOB 000py10BaHUs
¢ THIPABINYECKMMH IKCKABATOPaMHU

Excavator Ore pit depth H,’, m
bucket capacity L,/By=1-2 L,/B,=2-5
Ep, B=175 | B=15 | B=125 | B=1 | B=175 [ B=15| B=125 | B-1
Fields of excavation difficulty class I, H, < 200 m
5-42 <200 | <180 | <170 | <150 | <200 | <170 | <140 | <130
Fields of excavation difficulty class II, 200 < H,< 320 m
5-7 <310 <270 <240 <220 <310 <260 <220 <200
10-42 <320 <280 <240 <220 <320 <270 <230 <200
Fields of excavation difficulty class 111,320 < H, < 500 m
5-7 <490 <460 <410 <380 <490 <420 <370 <320
10-42 <500 <480 <430 <390 <500 <440 <380 <340
Fields of excavation difficulty class IV, 500 < H, < 700 m
5-7 <690 <630 <580 <540 <680 <590 <520 <500
10-42 <700 <640 <590 <550 <700 <610 <540 <500
Fields of excavation difficulty class V, H,> 700 m
5-7 > 690 > 630 > 580 > 540 > 680 > 590 > 520 > 500
10-42 > 700 > 640 > 590 > 550 > 700 > 610 > 540 > 500

In order to determine the rational uses of equipment, some possible pit variants have
been modeled with the account of filed development difficulty, and planform depth and
dimensions. A field of competition has been formed for the main variants of drilling
rigs, excavators, dump trucks and bulldozers, which are commercially available.

Costs, which considered both operating expenses and investment for every single
unit of equipment when calculating NPV and IRR, were determined using count-up and
predicting their dynamics with lifetime extension.

The values of pit depth in tables 2 and 3 correspond to the basic discount rate
E = 10%. If E_, differs from the basic value then pit depth should be calculated by

co
formulae:

H, =HK,,
K, =Y'/100-Y /100,

where H ;, — pit depth under discount rate £, = 10% according to tables 2 and 3, m;
K, — coefficient for pit depth calculation under discount rate £, > 10% or £, < 10%);
Yand Y '— coefficients accounting for the discount rate and ore value when calculating
pit depth (Y "under £, = 10%, and Y under £ > 10% or £, < 10% in accordance with
graphs at fig. 3).
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In article [ 12] the conditions of rational reduction in the capacity of mining transport
have been shown when developing deep pits or their intermediate stages. Together with
that in order to try previously introduced data, at fig. 3 the results of pit development
variants justification have been presented for Vostochny pit of Olympiadinsky goldfield
which has a round form on a plan.

In this case pit borders have been established because of the mining transport
parameters influence on the parameters of development system elements and ore value.
Up to the project depth of 600 m (variant 2) it is advisable to mine using the complexes
of equipment based on the excavators with 10-15 m3 bucket capacity. With mean
capacity of a bucket increased up to 20-35 m?, together with the increased power and
economic efficiency of a complex in general, it is possible to come down to the depth
of 710 m (according to variant 4 in accordance with the data from table 2).

Variants 1, 2.
Current and design borders of the
3rd stage of the pit (d, =216-250
mm; E; = 10-15 m%; ¢; = 90-136 t)

Variants 3, 5.

: - Design borders of
Variant 4. Design additional phases of the
border of the 4th 4th stage of the pit

stage of the pit (d, = (d5 =216-250 mm;

25(3—270 mm, E3=5-10m’ g3 =401t)
E,=20-35m’;
q2=2201)

Fig. 3. Rational dynamics of the mining and conveyor equipment parameters on Vostochny pit
depth:
1 -450 m; 2 — 600 m; 3 — 660 m; 4 —710 m; 5 — 830 m; d,, d», d5 is a diameter of a drilling bit;
E\, E,, E; — the excavator bucket capacity; g1, g2, g3 is dumptruck loading capacity
Puc. 3. PannonansHast AMHAMHKA ITapaMeTPOB TOPHOTPAHCIIOPTHOTO 000PyIOBAaHNS 110 TITyOHHE
Kapbepa «BocTouHBI»:
1—-450 m;2 - 600 m; 3 —660 m; 4 —710 m; 5 — 830 M; dy, da, d3 — nmuameTtp 1010Ta OYpOBOTO CTAHKA;
E\, E>, E5 — BMECTHMOCTb KOBILIA 9KCKABATOPA; 1, §2, ¢3 — IPY30IOABEMHOCTb aBTOCAMOCBAJIA

Further application of excavators and articulated dump trucks with reduced bucket
capacity and loading capacity (variants 3 and 5) allows to reach the depth of 660 and
830 m. Minimum width of such dump trucks together with their ability to cope with
high haulage slopes make it possible to distinguish between two mining-engineering
stages in mining, reduce and defer significant part of stripping activity to later periods,
and increase the volume of the produced minerals and their value.

Summary. The above states testifies to the fact that the parameters of mining
transport and ore pit depth are interconnected with a number of factors: first, physical
and technical characteristics of the mined rock and their occurrence conditions, second,
equipment types and workflow organization and technologies, third, price volatility and
inflation processes in the world market.

To generally estimate these constituents, the fields have been classified according to
the relative difficulty of excavation, while the produced ore reserves have been classified
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according to their value. Five classes of fields have been singled out according to excavation
difficulty up to pit depth of 200 m, 320 m, 500 m, 700 m, and more than 700 m.

For each field class ore reserves division has been established by value within the
following limits: B < 1; 1 < B < 1.25; 1.25 < B < 1.5;1.5<B < 1.75; B> 1.75.
Considering this, rational uses of equipment complexes with electric and hydraulic
excavators have been determined; it has been stated than with pit planform depth and
dimensions growth it is advisable to apply more powerful and less costly equipment.
Under the base discount rate of 10%, the ultimate pit depth for each class can vary up
to 20-25%. This tendency is true under normal advance of mining, while at the stage of
developing a deep and power pit it is advisable to transfer to equipment with smaller
dimensions because of the reduced working zone.
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JKOHOMHUKO-TEXHOJOTHYeCKHe ACTIEKThI B3AUMOCBSA3M ITyOHHBI
PYAHBIX KAPbEPOB M IapaMeTPOB FTOPHOTPAHCIIOPTHOTO 000PYAOBAHUS

Kysueunos /I. B.!, Kocosanos A. 1.2
! Komnanus «ITosoc Ipoext», KpacHosipck, Poccust.
2 Cubupckuii henepansubiii yausepeuret, Kpacuosipek, Poceust.

Pecgpepam
Beeoenue. B cmamve npusedenvt pesyiiomamvt UccIed08aHUl O 060CHOBAHUIO 2TYOUHBL PYOHO20 Kapbepd 8
Ves3Ke ¢ Napamempami 20pHOMPAHCHOPMHO20 000Py008aHUsl, NPEOCMABIeHHO20 Ha puiike Poccuu.
Teopus uccnedosanuii. Paccmompenvl 0COGEHHOCMU COBPEMEHHO20 COCMOAHUS U OQlbHelue20
pazeumust 21y60KuUx Kapbepos. Jlana Kiaccupurayus MecmopodicOeHull no OMHOCUMELbHOU mpyOHOCHU
paspabomku 6 3a6UCUMOCIIU OM PUIUKO-MEXHUYECKUX XAPAKMEPUCIUK NOPOO, YCIOBULL UX 3a1e2anusl U
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JHCECMKOCU KIUMAMa, a Makice U3BNEKAeMblX 3anacos pyobl 8 3A6UCUMOCHIU OM ee YEeHHOCMU.
Ipeonooicenvl nokazamenu 0s COBMECMHO20 000CHOBANUA MPYOHOCIMU PA3PAOOMKU, 21yOUHbL PYOHO2O
Kapvepa, napamempos KOMNIEKCo8 OpHOMPAHCROPMHO20 000PYOOBAHUs U YCIAHOBNIEHbl 0ONACHU UX
ONMUMATLHBIX 3HAYEHUL.

Pesynomamot  u 66160061  [lonyuenvt 3asucumocmu, HO3601AI0WUE ONEPAMUSHO ONPeOensimb
BMECUMOCHIb KOBULA IKCKABAMOPA, ZPY30N00bEMHOCIb ABMOCAMOCEANA U 0DOCHOBbIBANb 2IYOUHY
Kapvepa ¢ yuemom yeHHOCmu pyosl. YcmanoenieHo, 4mo npu OmKpbimo paspadomre MecmopotcoeHus
COOMEEmMcmeyouje2o Kiacca mpyoHocmu paspabomru OUHAMUKA 3ampam ¢ 2AyOuHot 00ycroseiena
yeenuuenuem MOWHOCMY, NPOU3BOOUMETbHOCMU U  IHEPLOBOOPYHCEHHOCMU OYPOBbIX CIMAHKOE,
9KCKABAMOPOB, ABMOCAMOCEAN08, OYIbO03EPO8 U UMeen 603PACMAIOWULl HETUHEUHbIU XapaKkmep.
Buvioenenwvi obnacmu payuoHanbHo2o npumeHenls KOMNIEeKCO8 OpHOMPAHCHOPMHO20 000py008aHus.,
OCHOBAHHBIX HA INEKMPULECKUX U SUOPABIUYECKUX IKCKasamopax. OyeHeHbl NPUUUHbL 6ePOSMHO20 UX
usmenenus. Pezynomamelr uccnedosanuii anpodupoeanvl npu NpoeKMupoSaHUU CAMO20 KPYNHO20
3010mopyoHoeo Kapvepa «Bocmounviiiy 6 Poccuu no paspabomxe OaumMnuaduHcko2o 3010MOpyOHO20
MECMOPONCOCHUSL.

Knrouesvle cnoga: 2nybuna pyonozo kapvepa, 6MecmumMocmb KOSULA IKCKABAMOpa, 2py30n00bemMHoCb
asmocamoceand, npubbLIb, YUCMbBIL OUCKOHMUPOBAHHBIN 00X00, BHYMPEHHAS HOPMA OO0XOOHOCHU,
YeHHOCmb pyo.
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