PO3POBKA POAOBMUIW, KOPUCHUX KONAJINH

Kapbepa, MOXET HCIIONIb30BaThCI MHXKEHEPaAMU-IIPO-
eKTUPOBIIMKAMU YK€ Ha CTAINH ITPOEKTUPOBAHUS TSI
OTIpe/ieJIEHNST ONTUMAILHOTO BapMaHTa peXuMa rop-
HBIX pabOT ¥ MPOU3BOIUTENILHOCTH Kapbepa 1o pyje ¢
y4eToM uX B3auMOCBs3u. Ha mpumepe AHHOBCKOTO
kappepa [TAO ,,CeB['OK“ nokazaHa BO3MOXHOCTb
CPaBHUTEIbHOM OLIEHKU PeKMMa TOPHBIX paboT U MPo-
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Purpose. Applying technical means to control excavator performance and quality of rock crushing by explosion.
Establishing the dependence of time consumption required for rock mass excavation on its particle size distribution
and mathematical description of this dependence as a function of two variables.

Methodology. The methodological basis to solve the problem is a comprehensive approach including research by
means of IGS-5M devices, applying mathematical statistics methods and analysing the results in the mathematical
package.

Findings. The possibility to maintain operational control of the time consumption required for rock mass excava-
tion and direct measurement of its particle size distribution at the same time has been implemented. The concept of
cycle rate has been introduced and its dependence on the mean diameter of the piece has been determined. The em-
pirical formula to determine excavator technical performance as a function of two variables that uniquely characterize
the quality of rock mass fragmentation has been obtained.

Originality. For the first time in the practice of mining the hardware specifically designed for operational control
of excavators and crushing of rocks by explosion has been used (IGS-5M devices is in the invention stage). A two-
parameter distribution function of the rock mass particle size distribution was proposed where one parameter is the
size of the dominant fraction, the other one is the fraction in the test volume of blasted rock. The formula to deter-
mine excavator technical performance as a function of specified parameters has been obtained.

Practical value. Applying specified devices while organizing and carrying out mining operations will allow using
technically feasible solutions at the design stage of mass explosions. Using the formula to calculate excavator technical
performance in specific conditions will help improve planning technological processes, especially the rational distri-
bution of freight flows. In the long view, the above mentioned formula will be a critical part of the mathematical
model while optimizing basic technological processes at the open pits.

Keywords: open pit, excavator, performance, particle size distribution, rock mass

Introduction. The priority trend to improve the ex-
traction and processing of rock minerals by opencast
mining is establishing and practically applying optimal
methods to control the main industrial processes.

It is well-known that production costs required for
performing the whole technological process greatly de-
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pend on the crushing quality of rocks developed by ex-
plosion, which is usually characterized by particle size
distribution of obtained rock mass, i. e. by the content of
individual cubs (fractions) in its volume. Intensive min-
eral crushing reduces the costs of loading and transport
operations and mechanical crushing, but results in in-
creasing costs of drilling and blasting operations (D&B).
Conversely, decreasing D&B costs contributes to coarse
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crushing, and therefore increases the cost of the subse-
quent technological operations. Optimizing drilling,
blasting, loading and transport operations and mechani-
cal crushing provides such quality of the rock mass frag-
mentation that the total operations cost will be minimal.
This implies that the process of choosing the best pa-
rameters to control D&B complex should be carried out
by special algorithm based on solving a mathematical
model dealing with the influence of particle size distri-
bution of the rock mass on the technical and economic
parameters of these processes. The dependence of the
shovel excavator performance on the quality of the rock
mass fragmentation is the model component, so its de-
termination is an intermediate goal of the optimization
process. The problem of searching the unambiguous
function between these variables can be solved based on
statistical processing of impersonal information contin-
uously obtained within a certain period of time and
dealing with the monitored value status, as well as ap-
plying a mathematical description of the actual rock
mass lumpiness distribution in its volume being accept-
able for analytic transformation and practical applica-
tion.

Analysis of the recent research and publications.
Searching optimal solutions to manage mining opera-
tions at the quarries is particularly relevant nowadays, as
techno-economic calculation allows finding additional
opportunities to increase profits. Work [1] points out
that higher requirements specify a rock crushing quality
implying the lumpiness meeting the terms of the effi-
cient mining equipment usage. It was found that the dis-
tribution of the rock mass grain composition follows the
law of log-normal distribution. This law is characterized
by an average lump size and logarithmic variance. A
correlation equation taking into account these charac-
teristics has been obtained.

The results of studies dealing with the influence of
rock mass crushing intensity on the technical and eco-
nomic indicators of career and transport equipment are
presented in [2]. Statistical analysis of the particle size
distribution of blasted overburden blocks found that the
probability density of the lump distribution follows the
Weibull law. Practical recommendations of the most ef-
fective usage of the mining equipment in the overbur-
den operations management in Kryvbas quarries are
given.

Work [3] introduces an excavation ratio reflecting
the impact of the rock mass lumpiness on the time con-
sumption during the process of loading. It proposes the
technique to forecast excavator-automobile complex
performance and implementation of organizational and
technical measures aimed at ensuring the effective op-
eration of all mining equipment.

Unsolved aspects of the problem. As a rule, imper-
sonal information obtained by applying techniques
commonly used in mining industry, is used in the re-
search works investigating the dependence of excavator
performance on the quality of rock mass fragmentation.
Following this methodology, determining rock mass
particle size distribution is carried out by a photoplani-
metric way where it is necessary to take a lot of pictures
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of surface collapse followed by computing the linear di-
mensions of the Ilumps and their distribution in the
plane of each photo [2]. Chronometer observation of
such excavator performance within a long period of
time as loading more than 2,000 dump trucks is also
carried out [1]. Such methods of research information
support are laborious and not always reliable, and the
issue of their improvement aimed at eliminating these
disadvantages, has not been solved at the appropriate
level yet.

Objectives of the article involve the following: practi-
cal application of technical means to provide efficient
control of the excavator operation and direct measure-
ment of the rock mass size distribution; statistical stud-
ies of obtained information and function definition to
show unambiguous dependence of excavator perfor-
mance on the quality of rock mass fragmentation. Esti-
mation of the mean lump diameter used in these studies
is carried out using the parameters characterizing the
yield and the dominant fraction content in the rock
mass volume.

Presentation of the main research. As we know, theo-
retical excavator performance corresponds to the full us-

3
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age of its design capacity,
hour
3600- 0
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where ¥, is geometric volume of an excavator shovel
trough m?; ¢, is theoretical cycle time, sec.

Its value is determined by calculation, based on the
excavator design data with the face height equal to the
height of the pressure shaft location, with rotation angle
of 90° and unloading rocks into the mine dump. The
value Qr is indicated in the passport of the excavator.
Technical excavator performance is its maximum pos-

sibility in continuous operation in specific geological
3
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conditions,
hour
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where £, is actual cycle time depending mainly on the
rock mass lumpiness, s; K is filling ratio of an excavator
shovel trough; K] is degree of rock fragmentation in the
excavator shovel trough from (1) and (2) we obtain
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where K, = tLt K. is cycle ratio reflecting the influence

of the rock mass fragmentation quality on the theo-
retical cycle time of a particular excavator, i.e. its de-
pendence on the average lump diameter K, = K.(d,,),

I $ .
thus d, :5"2"; -, where Xx;, y; are respectively the

i=1
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linear dimension and output of the i-fraction; ¥ is the
amount of the aggregate consideration (selective and
general).

Research of time consumption dependence on rock
mass excavation having varied lumpiness is performed
using operational information obtained as a result of ap-
plying technical means of control.

Chronometer data of the cyclic operation of
excavators are obtained using the spring type weight
DVR-2 sensors mounted on the boom hoist winch rope.
Fixing the changes of a rope strain from the load, the
sensor continuously gave out information of each cycle
of the rock mass excavation. Output signals after a direct
current amplifier were fed to the recording device input.
Typical waveforms of individual cycles, which are statis-
tically different in their characteristics, are shown in
Fig. 1. The use of objective control of excavator work on
different blocks of rocks allowed determining their ac-
tual time consumption in each case accurately. In paral-
lel with these observations the quality of the rock mass
crushing was continuously monitored directly in the
process of excavation.

For this purpose a device named 1GS-5M (Fig. 2)
created at the level of invention [4] and successfully test-
ed on the EKG-4,6 and EKG-8I excavators was used.

The basis of the device lies in the dependence of the
total energy consumption while digging the rock mass
on its particle size distribution.

IGS-5M work is based on the time conversion of an
input signal received at each excavation cycle. The pulse
generated by the value and duration of the load, is regis-
tered in the count channel, which corresponds to a pre-
determined range of linear pieces dimensions that are in
the rock mass collapse. Total five intervals are given: less
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Fig. 1. Individual cycles of rock mass with varying lump-
iness excavation waveforms. Scale:
a — 55A/mm; b — 614/mm; ¢ — 74A/mm pulling speed is
1 mm/s
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Fig. 2. The IGS-5M device for rapid measurement of the
rock mass particle size distribution

than 200 (200), 201—400 (400), 401—600 (600), 601—800
(800) more then 800 (1000) mm. Their designations are
marked on the device front panel in parentheses. Each
pulse is reflected on the display of the corresponding in-
terval in the cumulative sum; therefore, the distribution
of the impulse amounts along these intervals is the em-
pirical distribution of the rock mass lumpiness in its
controlled volume.

As a result of statistical processing of all information
obtained within a long period of time, the quantitative
ratio of cycle coefficient and average piece diameter has
been found. Based on this, rock crushing by explosion is
conveniently divided into three groups: small, medium
and large (Table). From Table it is clear that the rela-
tionship K.(d,,) is not linear. There is a point of a curve
inflection. The abscissa d,, according to experimental
data, is close by its significance to half of a sub-standard
fractions (“oversized”) diameter, and the ordinate is
(0.5-0.55)K., that is d, = 0.5d,,, where d,,; is the amount

of off-spec fractions and d, = 0,8-\3/19»3 .

In addition, this dependence follows theoretical re-
strictions: K, — 0 if d,, — < (rock mass consists of piec-
es exceeding the “outsized”); K, — 1if d,, —> 0 (excava-
tion of loose ground 7. = ¢.,).

Imagine cycle coefficient K. as an empirical function

K=" (4)

c (d 29
@
b+c-e™
where a, b, c are real numbers, and a=b+cifd,=0.

The values of a, b, ¢ can be defined by function in-
vestigation on the existence of inflection points

Table

Relations between the average diameter of the lump
and the cycle ratio for each rocks group

Parameters Rocks crushing
values small average big
d, (mm) |lessthan 400 | 400—600 | more than 600
K. 1.0-0.8 0.8—0.6 | lessthan 0.6
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Taking into account the errors of less than 3 %,

which is acceptable in the mathematical modelling of
processes in the mining industry, we get

K-——2 (5)

c d, 2
1+ e[[T”]
For EKG-4,6 excavator

K= 2

c
m

1+e[(%]2

This dependence is shown in Fig. 3.
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0.54

0 500 1000 1500

dpy, mm

Fig. 3. Graph of cycle ratio (CR) depending on the mean
diameter of the rock mass lumps (d,). The point M
(650; 0.54) is an inflection point
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By analysing the curve shape shown in Fig. 3, we
conclude that adopted function (4) corresponds to the
specified conditions and restrictions and its values are
close to the experimental data. Using only one of statis-
tical distribution number characteristics (in this case the
average diameter of the lump d,,), as it is known, does
not give a complete understanding of this distribution,
which explains the need to apply more representative as-
sessment of rock mass crushing quality.

The function of rock mass particle size distribution,
whose parameters correspond to only specific lump ra-
tio in each of its volume, has been proposed. In addi-
tion, their definition in terms of production does not
cause any difficulties, even with visual evaluation of
mass explosion results

(]

ma:

Where Xy, Ymax ar¢ parameters, the size of the dominant
fraction and its content in the rock mass volume (mode
and the modal value of the function) respectively; x is
the current size of fraction, mm; A is the interval be-
tween neighbouring values of the size fractions; # is a
normalizing factor determined by the condition.

PO
Ac(x,,)" 0

Let us apply the well-known method of calculating
improper integrals by using a gamma function, then

e.ymax.xmax r n+] _1
A-n n '

The average value of a random variable, according to
the main provisions of the statistics, can be estimated by
the expectation of this quantity. Consequently,

e r - xx

ymax n.J‘an.e [ max] .dx, (7)
A~(xmax) 0

where d,,(X.0 Vmay) 1S the average diameter of a lump,

depending on the distribution parameters. Using the
gamma function, we get

dm(xmax’ymax) =

e '(x )2
(X s Yy ) = s e T(””} (8)

A-n n

In view of this expression, a cycle ratio as a function
of the distribution parameters is

2
d,
1+e b

Using formulas (3, 9), we obtain the formula to cal-
culate shovel excavator technical performance while
loading rock mass having varying lumpiness.

Kc(xmax’ymm() = (9)
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2-0,K,

By Gl Vi) |
db
1+e -K ;

0= (10)

Validity check of the formula (10) dealing with the
dependence reflection existing in the real world has been
carried out for a large number of cases recorded for each
group of rock crushing. To calculate and visualize the
results the computer algebra system (MathCad 15) was
used.

Based on a comparison of calculated and empirical
data it was revealed that an average square deviation be-
tween them does not exceed 8 %. This confirms the reli-
ability of applying formula (10) to assess and predict
technical excavator performance.

Conclusions and recommendations for further re-
search.

1. The device to provide continuous monitoring of
the excavator performance and the IGS-5M device
(Fig. 2) allow obtaining operational information about
the rock mass size distribution and time consumption
required for its excavation. The expediency of their
practical application at the initial stage of mining opera-
tions optimization is explained by the ability to take
more expert decisions while designing drilling and blast-
ing operations.

2. A function of distributing grain size composition
of rock mass (6) was proposed, whose parameters are
the size and the dominant fraction content in its partic-
ular entirety. The evaluation of these parameters that are
clear to any technologists does not cause any difficulties
even during visual inspection of the mass explosion re-
sults.

3. The concept of a cycle ratio reflecting the influ-
ence degree of the rock mass crushing quality on the
theoretical cycle time of a particular excavator has been
introduced.

4. The empirical formula (10) to determine the de-
pendence of excavator technical performance on the
rock mass fragmentation quality has been obtained. The
unambiguity of this formula is explained by the fact that
rock mass quality is characterized not by an average
lump diameter but by the size and predominant fraction
content in the blasted rocks volume.

5. In the long view, the formula (10) will be used in
the mathematical model while optimizing basic techno-
logical processes at the open pits. The volume of exca-
vated rock mass can be determined previously using nu-
merical simulation of controlled rock failure [5].
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Meta. 3acTocyBaHHSI TEXHIYHUX 3ac00iB orepa-
TUBHOTO KOHTPOJIIO POOOTU €KCKAaBaTOPiB i SKOCTi
NIpoOJIEeHHS TipChbKUX Topin BuOyxoMm. BcTaHoBiIeHHS
3aJICXKHOCTI BUTPAT Yacy Ha eKCKaBallilo ripcbKol Macu
Bil 11 IpaHyJOMETPUUYHOIO CKJany, MaTeMaTUYHUIA
OIMTUC 1Ii€l 3aJIeXXHOCTI Yy BUTISAAI (DYHKIIII TBOX 3MiH-
HUX.

MeTtoauka. MeTOm0JIOTiYHOIO OCHOBOIO BUPIllIEH-
HSI TOCTaBJICHOTO 3aBHaHHSI € KOMIUIEKCHMI IMiIxim,
110 BKJIIOYAE AOCIIIKEHHS 3a TOMOMOTOI0 MPUCTPOIO
ITC-5M, BUKOpUCTAaHHS METOMiB MaTeMaTU4YHOI CTa-
TUCTUKU, aHaJi3 pe3yJbTaTiB y MaTeMaTUYHOMY Ma-
KeTi.

Pesyabratu. PeanizoBaHa MOXJIMBICTb BeAEHHS
OITepaTUBHOTO KOHTPOJIIO BUTPAT Yacy Ha eKCKaBaIlito
ripCchKOI Macu OJHOYACHO 3 0e3mocepeaHiM BUMIpOM il
TPaHYJOMETPUYHOTO CKJIaly. YBEIEHO IMOHATTS Koe-
¢imieHTa UKITY Ta BCTAHOBJIEHA MOr0 3aJeXKHICTh Bif
CepeIHbOro niamMeTpa mmarka. OTpuMaHa eMIipuJaHa
¢dopMyna s BUBHAYEHHSI TEXHIYHOI TPOAYKTUBHOCTI
eKCKaBaTopiB Y BUIVISIAI (PYHKIIIT ABOX 3MiHHUX, 1110 OJI-
HO3HAYHO XapaKTepU3YIOTh SIKICTb APOOJIEHHS Tip-
CbKOI MacH.

HaykoBa HOBHM3HA. Y1iepllle y NMpaKTUILi BeIeHHS
ripCbKUX pOOIT 3aCTOCOBAHI TEXHIUHi 3aC00U, CIeli-
aJIbHO CTBOPEHI IJISI OTIepaTUBHOTO KOHTPOJIIO POOO-
TH €KCKaBaTOPiB i SIKOCTi ApOOJICHHS TipChbKUX TTOPif,
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BuoyxoM (mpuctpiii II'C-5M Ha piBHI BHWHaxXomy).
3ampoIroHOBaHa ABOMapaMeTpUUHA (YHKIIiSI pO3IT0-
JIiny rpaHyJOMETPUYHOro CKJIaAay TipChbKOi Macu, y
SIKill OOWH TIapaMeTp MpeAcTaBse po3Mip dpakilii,
110 TIepeBaXae, APyTuit — 3MicT pakiiii B TOCTiIXKY-
BaHOMY 00cs3i minipBaHux nopia. OTpumaHa popmy-
Jla IS BU3HAYEHHST TEXHIYHO1 MPOAYKTUBHOCTI €KC-
KaBaTopiB y BUTJsAAI DYHKIII 3a3HaUYeHUX Mapame-
TpiB.

IIpakTnyna 3nauyumicTs. BukopucraHHs npeacTaB-
JICHUX TIPUCTPOIB MPU OpraHi3zallii Ta BeIeHHi TipCbKUX
pOOIT TO3BONUTH 3aCTOCOBYBATU TEXHIYHO OOIPYHTO-
BaHI pillIeHHSI Ha CTail IIPOeKTYBaHHSI MAaCOBUX BUOY-
XxiB. BukopucranHus ¢hopMynau 119 OOUMCICHHS TeX-
HIYHOI MPOAYKTUBHOCTI €KCKAaBaTOPiB y KOHKPETHUX
yMoBax Oyze CIPUSITHU MOJIIIIeHHIO TIJIAaHYBaHHS TeX-
HOJIOTIYHUX MPOIIECiB, 0COOIMBO pallioHATLHOMY PO3-
MOiTy BAHTAXKOMOTOKIB. Y MePCIeKTHBI BUIlIEBKa3aHa
(opmyna craHe HaliBaXKJIUBIlLIOIO YaCTUHOIO MaTeMa-
TUYHOI MOJIEJIi ONTUMi3allil OCHOBHUX TEXHOJOTIUHMX
MpoLeciB y Kap’epax.

KmouoBi cioBa: xap’ep, exckasamop, npooykmue-
HICMb, 2DAHYAOMEMPUHHUI CKAAOD, 2IPCbKa Maca

Hens. [puMeHeHe TEXHUIECKUX CPENCTB OTepa-
TUBHOTO KOHTPOJISI pabOThl 9KCKaBATOPOB U KauecTBa
IPOOJEHUSI TOPHBIX MOPOJA B3PBLIBOM. YCTaHOBJICHUE
3aBMCUMOCTH 3aTPaT BPEMEHU Ha SKCKaBaIlUIO TOPHOM
Macchl OT €€ rPaHyJIOMETPUYECKOTo CocTaBa, MaTemMa-
TUYECKOEe OMMCAHUE 3TOI 3aBUCUMOCTU B BUIe (DyHK-
LI IBYX IEPEMEHHBIX.

MeTtoauka. MeTon010ruueckoit OCHOBOM pelleHust
IMOCTaBJICHHOM 3a/Jauil SIBJISIETCSI KOMIUIEKCHBIN IO -
XONI, BKJIIOYAIOUIWI HCCIENOBAaHUSI C ITOMOIIBIO
yctpoiictBa UT'C-5M, ucnonb3oBaHUE METOIOB MaTe-
MaTUYECKOM CTAaTUCTUKU, aHAJIN3 PE3YJIbTaTOB B MaTe-
MaTUYECKOM TTaKeTe.

PesyabraThl. Peann3oBana BO3MOXHOCTb BeIEHUS
OTIEPAaTUBHOTO KOHTPOJISI 3aTPaT BPEMEHU Ha DKCKa-
BallMI0 TOPHOW Macchl OJTHOBPEMEHHO C HEIocpen-
CTBEHHBIM U3MEPEHUEM €€ TPaHyIOMETPUUECKOTO CO-
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craBa. BBeneHo moHsATHEe KoahdUIIMEHTa LMKIA U
YCTaHOBJIEHA €TO 3aBUCUMOCTH OT CPETHETO TMaMeTpa
Kkycka. [TonyueHna smmupuueckast (popmyria Ijis ormpe-
NeJICHUS] TeXHUYECKOI MPOU3BOAUTEIbHOCTU SKCKa-
BaTOPOB B BUAC (DYHKIUMU ABYX MEPEMEHHBIX, OMHO-
3HAYHO XapaKTepU3YIOIIMX Ka4YeCTBO APOOIEHUS Top-
HOI Macchl.

Hayuynasa noBu3Ha. BriepBble B IpakTUKe BEICHUS
TOPHBIX PabOT MPUMEHEHBbI TEXHUYECKHUE CPENICTBa,
CMeUMalbHO CO3[IaHHBIE 11 ONEPaTUBHOTO KOHTPO-
Jist pabOThI 9KCKABaTOPOB U KauyecTBa IPOOJIEHUS TOp-
HBIX Mopoj B3pbiBOM (ycTpoiictBo MT'C-5M Ha ypoB-
He m300peTeHms1). [IpemmoxkeHa IByXmapaMeTpudie-
ckast GyHKIMS paclipeaeeHUs TpaHyIOMeTPUIEeCKO-
IO COCTaBa TOPHOM MACChI, Y KOTOPOW OAMH ITapaMeTp
MpeaCcTaBIsIeT pa3Mep MpeobiagaroIieil (hpakiuu,
BTOPOI — coaepKkaHue (PpaklMU B UCCIETYEMOM 00b-
eMe B3opBaHHBIX Topoa. [lonydeHa dopmyna s
ornpeneseHuss TEeXHUYECKON MPOU3BOAUTEIbHOCTHU
9KCKaBaTOpPOB B BUe (DYHKIIMU YKa3aHHBIX IapaMe-
TPOB.

IIpakTuyeckas 3HaunmMocTh. Vcrionp3oBaHue npen-
CTaBJICHHBIX YCTPOMCTB MPU OpraHW3allii U BeICHUU
TOPHBIX PA0OT ITO3BOJIUT MMPUMEHSITh TEXHUUECKH 000-
CHOBaHHBIC PEIICHMSI Ha CTAguMd IIPOCKTHPOBAHMS
MacCOBBIX B3pBIBOB. Mcronb3oBaHue (hOpMYIIBI IS
BBIYMCJICHUS TEXHUYECKOI ITPON3BOIUTEIBHOCTH DKC-
KaBaTOPOB B KOHKPETHBIX YCJIOBHUSIX OyIET CIIOCO0-
CTBOBaTh YJAYYIIEHUIO TJIAHUPOBAHUS TEXHOJIOTMYE-
CKHUX IPOLIECCOB, OCOOEHHO PallMOHAJbHOMY pacmpe-
NIEJICHUIO TPy30ITOTOKOB. B mepcrekTuBe BbllIeyKa-
3aHHas1 hopmysa CTaHeT BaxkKHeMIIeit yacTbio MaTeMa-
TUYECKOM MOJEIN ONTUMHU3AIIMA OCHOBHBIX TEXHOJIO-
TMYECKUX MTPOLECCOB Ha Kapbepax.

KioueBble ciioBa: Kapovep, sKckagamop, npou3goou-
MeAbHOCMb,  2DAHYAOMEMPUYECKUll  cocmas, 20pHas
macca
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