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Introduction. In this article, we show the importance of potash fertilizers produced by PJSC
Uralkali, Berezniki, Perm Territory for agriculture and the economy in general. A process of potas-
sium ore underground mining is described from breaking up moment till transportation to the sur-
face. An importance of production planning for the mining enterprise functioning is substantiated.
Various levels of planning, from a general production plan to a weekly and daily plans are described.
The problem of such planning at PJSC Uralkali is in using only integral performance indicators,
it leads to significant errors. It is proposed to use simulation modeling as a possible solution to
the problem. Purpose of work. The purpose of this work is to develop a simulation model of mining
operations, from the process of breaking and transporting ore to a conveyor-transport system, and to
test model’s applicability for ore mining planning. Since the existing software has a number of limi-
tations in applies to potash mines, a specialized object-oriented library allows modeling queuing sys-
tems, multi-agent and active systems is used as a basis for modeling. The limitations and assump-
tions of the model are described. Materials and methods. The model is igned as a deterministic
automaton. The end point for ore mining process modeling is the transfer of ore to the unloading
point, because further transportation of ore is not a limiting factor for mining. Conclusion. The spe-
cial states of all objects of the system including mining combine — self-propelled car — unloading
point and all possible transitions between them are described. A data from open sources is taken to
check the adequacy of the model. Changes in the simulation results are investigated for various input
parameters in the developed software. The simulation results are of a pulsating character due to
the periodic execution of the harvester drive away. A productivity of the combine decreases with
an increase in the distance traveled by a self-propelled car. The possibility of transition to a stochas-
tic model is investigated. An expected decrease due to an increase in the downtime of the combine is
shown. A conclusion about the applicability of the model to improve the quality of planning for un-
derground potassium ore mining is made based on obtained data.

Keywords: potash ore, mining machine, modeling, planning, object-oriented library, adequacy
research, output pulsation, deterministic model, stochastic model.

Introduction

Potash fertilizers have great importance for world agriculture, increasing yields storability and re-
sistance of plants to diseases. Three countries, including Russia have more than 80% of potash ore re-
serves. Ore reserves and finished products made in Russia take the second place in the world after Cana-
dian products Verkhnekamsk potash ore deposit is developed by PJSC Uralkali (Berezniki town, Perm
Region). Uralkali’s potassium chloride reserves are more than 20% of world's reserves.

The most important stage of the production chain is the extraction of ore (halite, sylvinite and
carnallite). The ore is mined underground; the depths of the mines are from 200 to 450 meters. The mine
rock is both a source of useful materials and a building material to ensure the stability of an ore-breaking
floor. The mining is performed in underground blocks by a special underground mining machine. The
mining machine loads mined ore into the storage hopper with a capacity of 15 to 25 tons during the ope-
ration. The ore is carried from the mining machine to the conveyor-transport system by self-moving
cars. The conveyor-transport system aim is the transportation of the ore to shafts. Further the ore is ele-
vated to the surface by skip winder located in the mine shafts.

The long-term plan is usually created for the entire period of deposit exploitation and other plans
(annual, monthly and weekly-daily) are based on it [1]. The annual plan is the most important, and
a crucial stage of the plan is designed using a block model of the deposit and all known geological
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information of the blocks. The monthly plan is a more detailed because of geophysical testing using then
an annual plan, and a weekly-daily plan is the latest and takes into account schedules of repairs, equip-
ment maintenances and workers jobs [1, 2]. Deterministic resource models are typically used to improve
the accuracy of mining planes for each mining machine by estimating an ore content in blocks and ave-
rage values for geological variables, but assumptions of them lead to big errors in planning [3, 4].

A simulation modeling is one of the ways to refine production plans and it has fount application in
a wide range of studies. The mining process can be considered as a queuing system (QS) with random
distributions of operations times, or as an automaton with the assumption that all planned actions are
performed just in time, and emergencies do not arise. The existing mine simulation models focus on coal
and nickel mines and cannot be applied for potash mines due to specifical ore composition [5-9]. The pa-
per [10] is devoted to the potash industry but focuses on ore transportation issues. Therefore, it seems
relevant to develop a new simulation model for mining operations planning.

Materials and methods

A simulation model software implementation was created using an object-oriented library deve-
loped at the Automation of Technological Processes Department of Berezniki Branch of Perm National
Research Polytechnic University. This library allows to simulate complex and multiply connected queuing
systems, active, multi-agent systems and deterministic automatons as a particular case of the QS [11].
We consider only a mining operations modeling from the mining machine to an unloading point because
a conveyor-transport system has no limitations as an assumption [12].

For a model creation we have to describe all special states of the system “mining machine — self-
propelling car — unloading point” and all possible transitions between them. For example, a “mining ma-
chine” object has sixteen states [13]:

1. An ore breaking. The mining machine performs this action from the point where the ore breaking
can be started (the beginning of a new stope or partially completed stope continuation) and the storage
hopper has an available free space. Ore breaking every time is performed till a user-specified length, and
other mining machine could continue it till a new user-specified length.

2. An ore loading from the storage hopper into the self-propelled car is performed when the hopper
is full, and the self-propelled car is ready for ore reception and is placed near the mining machine.

3. A mining machine reverse moving is performed after ore breaking ending.

4. A long-term periodic maintenance is carried out after specific time from a previous analogical
maintenance, and the mining machine has to be placed at the output of the stope.

5. A passage of the mining machine is transfer from one local place of work to another.

6. A begin of stope mining is driving with a variable cut area from a transportation corridor.

7. An electrical generator transition is performed periodically or according to a user-specified schedule.

8. A downtime of the mining machine for maintenance or change of a staff is performed by a schedule.

9. A transfer of a fan is performed at a certain mining machine distance from a previous fan disposition.

10. A timbering installation is performed at a certain distance from the previous timbering position
or at a place of geological deformation (the last one cannot be modeled with assumptions about the de-
terministic model).

11. A ventilating pipe extending is performed when the mining machine reaches a certain distance
from the previous ventilating pipe extending point.

12. An anchor transfer is performed when the mining machine reaches a certain distance from
the previous anchor transfer point.

13. A drilling of degasification wells (by short-hole and long-hole methods) is performed when
the mining machine reaches a certain distance from the previous point according to a chart of working
and type of mining machine.

14. An extension of the power supply wires is performed when the mining machine reaches a maxi-
mum distance from electrical generator. Fuel and lubricant storages can be transferred at the same time.

15. A mine surveyor’s mark installation or replacement is performed when the mining machine
reaches a certain distance from the previous mark.

16. A downtime of mining machine because waiting for the self-propelled car. This unintended idle
state occurs when the mining machine reaches such a distance from the unloading point so the car has
no time to return before the hopper will full of ore. Mining companies aim is to decrease downtime of
the mining machine by changing the stope length and other factors.
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Objects “Self-propelled car” and “unloading point” have six and three states respectively. Fig. 1 is
the visual demonstration of all special states and all transitions between them.

States of unloading point
. States of selfpropelled car

y————Acconding to the schedul

Waintenance of | End of maintenance and selfpropelled car | Ore loading from Storage hopper | Selfpropelied
unloading point Is placed near the mining machine | seitpropelied car | * Seltpropelied SE”-DI'_UPEt”&;: car et 8 o owlime
T | into the unloading [, car is empty Moving 16 e 1= ayailable ™| nearthe mining
Self-propelled car arrives- point mining machine frea space i
Drowntime of . [ ]
End of unloading point

maintenance becausem'rtingfur' Endufur&lgadmg{

seltpropelled car

| Aecomingto_ | | e

the schedule Self-propetled caf arrives and
Unloading point becomes available______ uninading point is ready

z Storage hopperis full and
s sl o u w = = = e w ooraeeceton selfpropelled car is
ready for ore reception

L Self-propelled car Self-propelled car Self-propelled car has no available

‘s downtime near the SE'fT;;ﬂﬁbT:ng;i;e |soniﬁ;arth&_ moving to the  |4— e space orstorage hopper -
# unloading point ar unloading point has no available ore
. . . . . . . - . . . . . . . . . . . . ) i Hoppe i ik
States of mining machine
After spedifictime Serspesfetim .
Electrical L
enerator — el P
?rans’rtiun Downtime of Ore loading from I
mining machine End of downtime :| =storage hopper |
for maintenance or or change of staff into the self [
change ofstaff «| propelled car
Endlofdowntime elf-propelled dar has no available " _ . . .
I.JQ\'IIHIII;.IL.H — orchangeofgafl free space of storage hopper 4
MG Mmacne has no gvailable ore
because of waiting f——————
for self-propelled End of downtime clf-propelled car arrives
ok or change ofgtaff End of gate time
Storage hopperis full and
—f'\—f,bf\j —_—— selfpropelled car  ——
Storage hopperis full and self-propelled car ready for ore reception
|z not ready for ore reception
P—-— Ore breaking
Mining machine isplaced__ 1 1 | # Transfer ofa fan
at the begin ofnew stope ;
re breaking ertling—l
Extension ofthe
powver supply
wires
Wining machine
reverse moving 1
Ventilation pipe
. _ Mining machine extending
Mining machine moves—__| reaches a begin
to another stope ofstons minin
¥ After spedificfime dl;anca g
1525 Timbering
|| Passage of mining WMining machine installation
maddiiie hogl Long-tem reachesa
maintenance spedi fic distance
ming surveyors
] | mark installation
Mining machine moves Mining machine continues orreplacement
to another stope work at the same stope
Mining maching continugs Begm_-:l_fstupe Anchor transfer
work at the same stope mining
—_—
Driling of
degasification
wels
Fig. 1. Scheme of special states and transitions between them
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Result and discussion

The model is equipped by the data from open sources about an ore density, a mining machines
Ural-20R technical specification, physical parameters in blocks, average times of technological opera-
tions and the intervals between them [7]. A validation of the model for adequacy and operability was
made by investigating of model responses to changes of parameters. For example, the percentage of ore
breaking time should decrease when a distance to unloading point growths because of the mining machine
has to wait more time for the self-propelled car return. A first experiment was carried out when the unloa-
ding point located at distance of 50 meters from the entrance of the stope. Each unload point served 20 self-
propelled cars from 20 mining machines; the aim of testing is a study of a queue growth. A self-propelled
car carriage waiting time is increased for each mining machine as expected (Fig. 2). Salient points on
the graph are relevant to mining machine movement between pairs of oppositely located stopes.
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Fig. 2. Dependence between carriage waiting time and modeling time

The graph shows that the productive time of the mining machine is more at the stope begin in
a compare with the machine moves farther from the starting point of mining, and self-propelled car dis-
tance for carriage grows. Later the production time is stabilized at the same level and further pulsations
are explained by the passages of the mining machine and the performing of mandatory operations with-
out carriage waiting.

The influence of the distance from the beginning of the stope to unloading point on the self-
propelled carriage waiting time was studied. It is obviously that waiting time should increase due to pas-
sage increase. This assumption is confirmed by experimental results (Fig. 3).
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When the unloading point is moved away from the beginning of the stope, the productive time of
the mining machine decreases in accordance with the growing of mandatory operations and idles.

The queuing system performance decreases if stochastic delay appears, especially with a uniform
statistical distribution of random numbers [14, 15].
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Fig. 4. Growth of carriage waiting time due to stochastic additional delay of carriage:
#0 — no delay, #1 — delay is 0—1 min, #2 — delay is 0—-3 min, #3 — delay is 0-5 min

The following experiment shows that model adequately responses to self-propelled car passage time
changes (for example, due to unloading queues, interference with movement, etc.) by growing the car-
riage waiting time (Fig. 4).

Conclusion
Thus, the model of underground mining operations is enough adequate and close to reality. It can be
used for planning mining operations providing that its parameters values will be refined to the reality.
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PA3PAEOTKA MMUTALMOHHON MOOENN FOPHO-BBIEMOYHbIX
PABOT AnsA nNiAHWPOBAHUA OOBbIYU KATTIMMHOW PYAbI

A.B. 3amoHckuii’, I.A. S1zee?

" Mepmckutll HayuoHanbHbIL uccrnedosamesnbCKull MOMUMEexXHUYECKUl yHusepcumem,
GepesHukosckul ¢unuarn, 2. bepesHuku, lNepmckul kpad, Poccus,

2 Mepmckuil HayuoHarnbHbIl uccredosamernbCKull MOMUMEXHUYEcKUll yHusepcumenmn,
2. lNMepmb, Poccust

Beenenne. [loka3zaHa 3HAYMMOCTH KAJTMHHBIX yI00peHuil, mpon3BoauMsix [TAO «Ypankanuity,
bepesnuku, [lepMckuii kpai, A1 CENBCKOTO XO3SAHCTBa M 3KOHOMHUKH B IiefioM. OMHUCaH Ipolecce
MOJ3eMHON OOBIYM KAIWHHONW PyOsl OT MOMEHTa ero OTOOHKH 1O TPaHCIIOPTHPOBKH Ha MOBEPX-
HOCTb. [loka3zaHa BaXXHOCTH IUIAHMPOBAHMS JAOOBIYH Uit (DYHKIIMOHUPOBAHHUS TOPHOI0OBIBAIOLIETO
npeanpusTua. OnucaHsl pa3InyHbIE YPOBHH IJIAHWPOBAHUS OT OOIIEro IulaHa JOOBIYH 10 HEAeNb-
HO-CyTO4YHOTO TuiaHa. [IpoGiiema Takoro mmanupoBanus B [TAO «Ypanmkanuit» 3akmodaercs B HUC-
MOJb30BAHUU TOJIBKO MHTETPANIbHBIX MOKa3aTelel MPOU3BOAUTENLHOCTH, YTO MPUBOAUT K CYHIECT-
BEHHOW MOTPENIHOCTH. B KadecTBe BO3MOXHOTO PELICHHs MPOOIEMBbI TpeiaraeTcsl UCIoib30BaTh
UMHTannoHHoe Mojenuposanue. Lleanb padorel. Llenpio maHHOM paboThl cTaBUTCS pa3paboTKa
MMHTAIMOHHON MOJIEJIM TOPHBIX paboT OT mporecca OTOOWKU M TPAHCTIOPTHPOBKH PYIbI 10 KOHBEH-
€pHO-TPAHCIIOPTHOM CHCTEMbl W TMPOBEpKa €€ NMPUMEHUMOCTH JUIsl IUIAHUPOBAHUS NOOBIYM PYHBIL.
CymiecTBylolee NporpaMMHOE 00ecriedeHre NMeeT sl OrpaHWYEHHH Ha MCIOJIb30BaHUE B KaJIHH-
HBIX IIaXTaX, [03TOMY B Kaue€CTBE OCHOBBI MOJEIMPOBAHUS HUCIOJIb30BaHAa CIECLMAIU3UPOBAHHAS
00BEKTHO-OpPUEHTHPOBaHHAsT OMOIMOTEKa, MMO3BOJIAIOIIAS MOAEINPOBATH CUCTEMBI MAacCOBOro 00-
CIIY>)KUBaHHUsI, MHOTOAreHTHBIE U aKTHBHbIC CHUCTEMBI. OIHCBIBAIOTCS OTPaHMYCHHS CO3/1aBaeMOit
Mozenu. Marepuajbsl 1 MeTOAbI. Mozenb CTPOUTCS KaK NeTCPMUHUPOBAHHBIN aBTOMAT, KOHEUHOU
TOYKOM 111 MOJETUPOBaHUS IIpoIiecca J0ObIYN PYy/IBI ABJSIETCS Iepeiada PyAbl Ha TOUKY Pa3Tpy3KH,

52 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2020, vol. 20, no. 4, pp. 47-54



3amoHckuli A.B., Si3ee I1.A. Paspabomka umMmumayuoHHoU Modesiu 20PHO-8bIeMOYHbIX
pabom Ons nnaHupoeaHusi 0o6bI14uU KanuliHol pyobi

TaK Kak JalbHeHInas TPaHCIOPTUPOBKA PYIbl HE SBJIACTCS OrPaHUYMBAIOIINM (HAKTOPOM JOOBIYH.
3akmouenue. Onmcansl 0cOObIE COCTOSHUS BceX 00BEKTOB CHCTEMBI TOPHBIN KOMOAaltH — caMoXo0.1-
HBII BaroH — TOYKa Pa3rpy3KH U Bce BOBMOXKHBIC MEPEXOAbl MeXAy HUMH. J{J1s MpoBEepKU aJieKBaT-
HOCTH MOJICNH B3STHl JaHHBIC U3 OTKPBITHIX HCTOYHHKOB U B pa3pabOTaHHOM MPOrpaMMHOM obec-
MCYCHUH HCCIICIOBAHbl M3MEHCHHUS PEe3yJIbTATOB MOJACIUPOBAHUS MPH PA3IMYHBIX BXOMHBIX Mapa-
MeTpax. Pe3ynbTaThl MOIETHPOBAHHS HOCAT IyJIbCUPYIOIIHN XapaKTep BCICACTBHE NEPHOIMICCKO-
T'O BBIIIOJIHEHUSI OTTOHOB U NeperoHoB komOaiiHa. [Ipu yBennueHnn paccTosHUS, KOTOPOE MPOXOJUT
CaMOXO/IHBIH BaroH, MPOU3BOIUTENLHOCTh KOMOaiiHa cHIKaeTcsl. VccaenoBaHa BO3MOXKHOCTb Iiepe-
X0/la K CTOXaCTHYECKOH MOJIENH, MOKa3aHO OXKMJAeMOE CHW)KEHHE BBUJY YBEJIHYCHHUS MPOCTOCB
komOaiiHa. Ha ocHOBe mosTy4eHHBIX AHHBIX JIENACTCsl BHIBOJ O MIPUMEHUMOCTH CO3JIAaHHOW MOJIEIH
JUIsl YITy4IlIeHHs] KauecTBa IJIaHUPOBaHHS NOA3EMHOMN TOOBIYN KaJTUWHON PYAbI.

Knrwouesvle crosa: kanutinas pyoa, 20pHO-8bleMOYHAS MAWUHA, MOOETUPOBAHIUe, NIAHUPOBAHUE,
00beKMHO-0pUEHMUPOBAHHAsL OUOIUOMEKA, UCCAe008aHUe A0eKEAMHOCU, OemepPMUHUPOBAHHAS
MOO€Nb, CIMOXACMUYecKdas MOOeb.
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