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The influence of bottom-up anchors pre-tension optimization
on the prediction of pit walls rockfall displacements
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Abstract
Introduction. Currently in Russia, innovations in urban subsoil facilities construction are among the
key factors of economic development. To improve the efficiency of holding a pit wall in restraint urban
conditions and prevent soil loosening around the pit, it is proposed to optimize the pre-tension forces of
the bottom-up anchors. It has been determined that the pre-tension forces of the active anchors create
extra retention forces in the sliding wedge and, in some specified sense, reinforce the walled soil.
Research methodology. When modeling the complex calculation of a pit wall, 4 main stages of the pit
excavation and 3 stages of preliminary level tensions of anchor ties were preset. The numerical solution
of the beam bending problem is the basic method of calculating the walling strength, the beam laying
on the elastoplastic base and retained by the anchors as bonds. The bottom-up anchor structure is
modeled in the operating environment of GeoWall software. The values of bottom-up anchors
pre-tension are set following the ordinates of forces in the anchors, obtained from the walling stability
calculation by the deterministic approach. Experimental research was carried out of the impact made
by pit opening stages on the walling stress strained state.
Results. Analysis and discussion. The efficiency of bottom-up anchors optimal pre-tension, according to the
research results, is obtained by constructing the diagrams reflecting the correlation dependence between
the anchors loading and the walling displacement. An obvious advantage of the software is the opportunity to
calculate walling and retaining structures stage by stage ignoring their construction technologies.
Experimental calculation in GeoWall has shown a high bearing capacity of the bottom-up anchor support.
Summary. The nature of the obtained dependence between the anchor longitudinal forces and the pit
walling horizontal displacement reflects the actual situation. Thus, for a quiet expectable value of
horizontal displacement, it is required to correct the optimal value of pre-tension using the empirical-
formula dependences.

Keywords: anchor support; bottom-up anchor structure; active anchors; walling displacement;
retaining structures.

Introduction. On the scale of urban underground excavation, subsoil structures
built by the opencast method account for a rather significant share. The successful
construction of such facilities is greatly determined by retaining structures’ reliability
and rational engineering decisions.

To hold a pit wall in restraint urban conditions, reduce the material intensity, labor
intensity, and cost of the ground anchor works, as well as to improve their bearing
capacity and reliability, it is considered to optimally load the bottom-up anchor
structures.

For pits walling, two types of anchors are used [1], distinguished by the load
intensity: active, prestressed with tension as much as 30% of design load, and passive,
i.e. having some tension that ensures anchor centering and weakness selection.
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Relying upon the typical designs of pit retaining structure [2—5], it should be noted
that anchors are connected with walls by a girt and are considered as elastic bonds,
the reaction values of which are directly proportional to anchors deformation or
displacement [6, 7]. Anchor’s on-load operation is characterized by its stiffness K
which bonds the value of the linear force N in anchor and anchor displacement U [8]:

K=
U

The calculation model reflecting the change in the bottom-up anchor forces under
the staged pit excavation is shown in fig. 1.

Rz

o -

First stage

y TN V%
€

[{0

Second stage

LA

z

Fig. 1. Calculation model determining the longitudinal forces
of the bottom-up anchors
Puc. 1. PacdeTHas cxema MO ONpeNENEHHUIO MPOJOIBHBIX YCHIIUI
BOCXOIAIUX aHKEPOB

During the staged development of a pit, the flexible retaining wall deformations
increase. Besides, the hazard of its displacement increases with the growth of the pit’s
depth. Due to the pre-tension of anchors, soil loosening around the pit is prevented. But
the action of pre-tension is limited by the finite stiffness of anchors. Moreover, the
value of pre-tension, not having a strict bond with active earth pressure, results in
the development of plastic deformations which are measured in dozens of millimeters.

A benchmark of efficient anchor tension is a total absence of plastic deformation
increase in the calculation period.

Research methodology. An example of integrated calculation of a pit walling in the
layers of plastic loam, gruss, and gabbro-diorite of low or medium strength using
GeoWall software is considered as an object of geotechnnological analysis. Pit
parameters are 30 x 20 m. For pit wall stability, a walling is provided made of a row of
steel discrete I-type legs retained by the bottom-up anchor structures. After the pit is
uncovered, the adjoining surface of the soil is loaded by an active load of 30 kN/m?.
Seismic activity in the region is less than 7 scores.

In GeoWall the wall pressure is calculated in accordance with the rules and regulations [8].
Soil stability around the wall digging-in is assessed by the limit state of soil in the area
of anchorage. Passive wall pressure from the direction of backfilling is taken into account.
Wall elastic bending is modeled by the finite element method with Lagrange variational
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formulation, taking into account Bernoulli’s hypothesis of flat cross-sections. GeoWall
program package makes it possible to account for the inhomogeneity

Table 1. Physical and mechanical characteristics of soils
Tabuauna 1. ®U3uK0-MeXaHHYECKUE XAPAKTEPUCTUKH TPYHTOB

H Pn Psatty Cn P ks, E,
EGE Soil type hym glem® | g/em® | kPa | degrees | kN/m® ko MPa v

1 Semi-hard loam 2.7 | 1.79 219 | 370 240 995 | 0.54 | 19.0 | 0.35
Crushed stone 15| 192 227 | 272 27.9 1665 | 0.43 | 32.0 | 0.30

3 Gabbro-diorite
of low strength 7.0 2.24 2.33 37.0 28.0 4000 | 0.33 | 40.0 | 0.25

4 Granodiorite-

porphyry of
medium strength | 10.0 2.54 2.70 24.0 36.0 5000 | 0.25 | 50.0 | 0.20

h — the thickness of the engineering geological element (EGE); p, — soil density in natural state for the first group
of limit states; py.. — soil density under the total water saturation for the first group of limit states; ¢, — specific
cohesion for the first group of limit states; ¢, — angle of shear resistance for the first group of limit states, degrees;
ks — coefficient of subgrade resistance; Ay — coefficient of passive earth pressure at a standstill; £ — modulus
of deformation; v — Poisson’s ratio.

of base soil, soil layers inclination, and the presence of groundwater and impermeable
barrier [§—10]. An obvious advantage of the software is the opportunity to calculate
walling and retaining structures stage by stage ignoring their construction technologies.

Table 2. Anchor bond parameters
Ta0auna 2. [TapameTpbl aHKepPHBIX CBsA3eil

. Rigidity of Setting .
Stage | Bond type Settlngmdepth, bond, Spacing, m angle, fTenSli?\I
kN/mm degrees orce,
2 Anchor 3.0 12.6 3.0 -15.0 150
Anchor 6.0 105 3.0 -27.0 240
Anchor 9.0 8.7 3.0 -35.0 270

Physical-mechanical characteristics of soil are presented in table 1.

Anchors bearing capacity calculation was carried out by the method of VSN 506-88
(Minmontazhspetsstroi). Anchor bond parameters and design parameters of the bottom-
up anchors are presented in tables 2 and 3.

Table 3. Design parameters of the bottom-up anchors
Ta6uauna 3. PacueTHble mnapamMeTpbl BOCXOASILIUX AHKEPOB

Parameters Level 1 Level 2 Level 3
Anchor type Strand Strand Strand
Unbonded length, m 10.0 12.0 145
Bond length, m 1.0 1.0 1.0
Anchor overall length, m 11.0 13.0 155
Bond diameter, mm 1000 1000 1000
Anchor cross-sectional area, mm? 600.0 600.0 600.0
Tie ultimate strength, MPa 1550 1550 1550

The calculation model of the fender reinforced by three layers of bottom-up anchors
[11, 12] is presented in fig. 2.
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Bending moment, kN - m/m

420@ Crushed stone sand. B 0 et Sl T I frseseed

@ Gabbro d10r1te of low strength

11 20

@Granodnonte porphyryofmed.um ... .. .. .N\Nf§  sStages 1 12.00
.strength ) SRR NN e e s R

. !/IH>K .
e T e e e R WAHPOEKTIG
Fig. 2 Calculation model of the pit walling, including the outline of the bendlng moments, kN - m/m,
and possible wedge of soil movement for the 4th stage of soil excavation

Puc. 2. PacuerHast cxema Orpax/eHusi KOTIIOBaHa, BKJIIOUYAst OYEPTAHHS SMIOPHI M3THOAIOMNX MOMEHTOB,
kH - M/M, 1 BO3MOXHOI IPU3MBI CIBH)KEHHS TPYHTA JIs 4-TO 9Tama SKCKaBalluK IPyHTa

Several diagrams

s 20@ Crushed stone sand.

@ Gabbro dlorlte of low strength

11 20
— . .
@ Granodiorite- porphyry of medlum e
o strength N
B e e e e e e e R S TN TPOEKT

Fig. 3. Diagrams of maximum wall pressure, kPa (on the left), and horizontal displacement,
cm (on the right), for the 4th stage of walling design
Puc. 3. Dmropsl npenenbHOTO 1aBlIeHUS Ha orpakaeHue, klla (cieBa), 1 TOPH30HTAIBHBIX IePEeMEIICHHH,
cM (crpasa), 1715 4-To 3Tama pacyeTa OrpakJaroleil KOHCTPYKIUH
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Results. Analysis and discussion. When modeling a pit wall integrated calculation,
7 basic stages of pit construction were preset, including 3 stages of active anchors level
installation.

At the first stage, single end-bearing piles were sunk to the theoretical height.
The soil was excavated to the level of the drilling rig station, i.e. half a meter lower than
the first girt. Until the installation of the first level of active anchors, stress strained state
of the pile row upper overhanging area is recorded, maximum horizontal displacement
of which is 1.7 cm. The maximum bending moment reaches 31 kN - m/m, the shearing
force is 19 kN/m. The safety factor for the steel of the I-bar is Ks = 6.3.

Table 4. The results of numerical modeling in GeoWall program. Comparison of the top-down
and bottom-up anchor support parameters
Ta6auna 4. Pe3yJbTaThl YMCIEHHOT0 MOIEJIHPOBAHNS B IPOrpaMMHOM KoMILiekce GeoWall.
CpaBHeHHUe MapaMeTPOB HUCXO/sILIEl U BOCXO/sIIIell aHKePHOii Kpenu

Studied parameters Top éi?;vn:e?:rcshors Botts;;lrfe?:rghors
Pit depth, m 12.0 12.0
The quantity of levels 3 3
Pile sinking depth 7, m 5.0 4.0
Piles spacing L, m 1.30 1.80
Calculated longitudinal force in anchors, kN 62; 98; 206 166; 263; 309
Tie load under the offset yield stress, kN 408.0; 408.0; 408.0 936.0; 936.0; 936.0
Maximum bending moment in a pile, kN - m/m 65 53
Maximum shearing force in a pile, kN 82 86
Maximum horizontal displacement, cm 2.6 1.2

Characteristics of piles’ cross-section

Pile profile and type I-beam 50 B1 I-beam 40 B1

Safety factors of calculation components for all levels (4th stage of excavation)

Minimum safety factor in the metal of the end-bearing

pile 2.7 2.1
Safety factor in piles anchorage 5.3 35
Anchor’s soil safety factor 1.0;1.0; 2.0 3.8;24;2.2

The final fourth stage of walling deserves consideration. It perfectly characterizes
the stress-strained state of the whole pit wall system (fig. 3)

Longitudinal anchor forces from levels 1 to 3 made up 157 kN, 248 kN, and 295 kN
correspondingly, under the tension of 150 kN, 240 kN, and 270 kN. Longitudinal forces
increase in anchors is due to the process of soil excavation, in the course of which
the walling experiences elastic deformation. Wall displacements grow with the depth of
excavation, and the behavior of anchors as elastic bonds increase in proportion to their
displacements.

The values of the bottom-up anchors pre-tension were preset in accordance with the
ordinates of forces in anchors, obtained from the walling stability calculation using
the deterministic approach [11, 12].

However, further increase in anchor pre-tension does not contribute to the efficient
reduction of horizontal deformations. Moreover, the safety factor of the pile’s metal
decreases, the safety factor of material and soil drops sharply, and the stability of pit
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walling in general decreases significantly. Thus, experimental calculation in Geowall
program showed a high bearing capacity of the bottom-up anchor support. Comparative
analysis of the bottom-up and top-down anchor support is presented in table 4.

There is no doubt that the research results have proved the efficiency of the bottom-
up anchors optimal tension that is presented in the diagrams reflecting the dependence
between the anchors loading and the walling displacement (fig. 4). The nature of the
studied interrelation for the anchors active loading is conditioned by the attainment of

a b
30 1= 51721024 729.97x 180 ¢ 14700 4 14.597
— = . X . X
a00 | R2=0.9969 160 7 Ro— 1
140
z 250 z
o y =-285.66x2+585.68x < 120 [ y=49.618x-0.7406
Ezoo - R=1 E 100 | R=0.9862
e -
S0 1 g 9 y=136.747x
IS 5] - .
<100 } < 60 R =1
y =-285.44x2+ 447.16x 40
50 R*=0.978
20
O 'I 1 1 ] 0 L, 1 1 1 ]
0 0,5 1 15 0 1 2 3 4
Active anchors displacement, cm Passive anchors displacement, cm
—&— Level 1 —@—Level 2 —o—Level 1 —8— Level 2

Level 3 Level 3

Fig. 4. Dependence diagram N,,,. = f(U,) of anchors active — a and passive — b load and walling
displacement
Puc. 4. Quarpammsl 3aBucuMoct N, = f(U,) aKTHBHOT0 — ¢ ¥ TACCUBHOTO — b HarpyxeHus
AHKEPOB OT CMCIICHUA orpamﬂa}omeﬁ CHUCTCMbI

optimal longitudinal forces of the bottom-up anchors. The dependency graph of the
anchor longitudinal forces and horizontal displacement of the walling elements
N,.=AU ) represents a smooth curve with distinctive breaks in the moment of critical
load. The function graph of each level has an anchor loading extremum. Thus, for a
quiet expectable value of horizontal displacement, it is required to correct the optimal
value of pre-tension using the empirical-formula dependences. The character of the
studied dependence for anchors passive loading is conditioned by the development of
significant horizontal displacements. Besides, forces in anchors can’t be corrected in
the conditions of passive loading of the pile row and don’t ensure the safety of walling
service [1, 4]. It is the switch to the pile row active loading correction that makes it
possible to solve this problem.

Summary. Theoretical and experimental research analysis showed that the nature
of the obtained dependence reflects the real situation. The function graph for each level
of bottom-up anchors has its extremum indicating the efficient loading limit.
Consequently, not exceeding the extremum, it is possible to correct the optimal value
of pre-tension for a quite expectable value of horizontal displacement with sufficient
reliability, using the equations of dependences obtained from the results of the trend
analysis for each stage of pit excavation.

So, the improvement of the anchor structures bearing capacity and the reliable
prediction of the walling-anchor-soil system stress-strained state ensure more efficient,
safer, and more advanced industrial processes when constructing urban subsoil
structures by opencast method.
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Bausinne onTuMM3aluuu NPEeABAPUTEIBHOI0 HATHKCHUA BOCXOAAIINX aHKEPOB
Ha YIIPEKICHUE 00BaJIOONACHBIX l'[epeMEIHEHHﬁ orpameﬂm‘fl KOT/JIOBAHOB

Bukyaos B. M.!, Boakos M. H.!
1 Vpanbckuii rocyaapcTBeHHbIN TOpHBIA yHUBEpCHTET, EkarepunOypr, Poccust.

Pecgpepam

Beeoenue. B cospemennvix ycnosusx ¢ Poccuu unnosayuu 6 cmpoumeibcmee 20pOOCKUX NOO3EMHBIX
COOpYIHCEHULl BbICIYNAION OOHUM U3 KIIOUEBbIX (PaKmopos SIKOHOMUeckoeo pazeumust. /s nosviuenus
appexmusnocmu  yoepoicanus 6opma KOMIOBAHA 6 YCIOBUAX NIOMHOLU 20POOCKOU 3ACMpOKU U
npe0omepauyeHls pazyniomHeHus. 2PYHma 60Kpy2 KOMA0SaHA npedidzaemcs: ONMuMU3Upo8ams YCuius
npedeapumenbHO20 HamsANCeHUsl BOCXOOAUUX AHKEPOS. YCmMaH061eHO, YUMo YCUNUS HAMSNCEHUS, AKIMUGHBIX
aHKEpPO8 hopMupyom OONOIHUMENbHBIE YOEePICUBAIOUUE CUTLLL 8 NPUMe 0OPYULEHUsL U 8 ONPEOeTIeHHOM
CMbICIIE YIPOUHSIION 02PaAdICOAeMblll MACCUE 2PYHMA.

Memoouxa uccnedosanus. [Ipu modenuposanuu KOMRIEKCHO20 paciema 02pancoeHust Komiosana Oulio
3a0an0 4 0CHOBHBIX DMana ycmpoucmsea Komio8ana u 3 5mana npeosapumenbHbiX NOAPYCHbIX HAMSANCEHUL
ankephvix msie. Memoouueckoli 0CHOBOU paciema Ha NPOYHOCHb 02PANCOAIOUUX KOHCIMPYKYUL CTLYHCUM
yucienHoe pewenue 3a0auu  uzeuba 6anku, aexcaujell Ha YNpy2o-nidcmudeckoM OCHOBAHUU U
VOepaHcusaemoi aHKepHbIMU KOHCMPYKYUAMU 8 Kauecmee ceasell. Modenuposanue 6ocxoosuyeli ankepHotl
KOHCMPYKYuu peanuzyemcs 6 onepayuonnoli cpede npocpammusl GeoWall. Benuuunol npedsapumensHuix
HAMSAANCEHUL BOCXOOSUUX AHKEPO8 3A0AI0OMCsL 8 COOMEEMCMEUL ¢ OPOUHAMAMU YCUIUL 8 AHKepax,
NONYYEHHBIX U3 pacdema YCMOUHUGOCMU 02padicoaoujell CUCmemvl O0emepMUHUPOBAHHBIM MemOoOOM.
TIposedenvl sKcnepumMeHmanbHble UCCLe008AHUS GIUSHUSL IMANOE 6CKPLLMUSL KOMIOBAHA HA HANPSIHCEHHO-
0eqhopmMupo8anHoe COCMOosIHUE 0ZPANCOCHUSL.
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Pesynomamot. Ananus u oocysicoenue. p@ekmugHocms ONMUMAnIbHO20 NPEO8APUMENbHO20 HAMSINCEHUS]
BOCXO0SIUUX AHKEPOS NO PE3VIbMAMAM UCCLEO08AHULL 0OCMU2AeMcsl NpU NOCMPOEHUU OUAZPAMM,
0mMobPaANCAIOWUX KOPPETSYUOHHYIO 3ABUCUMOCMb HASPYICEHUS AHKEPO8 OM CMEUWeHlsl 02paxcoaiouyetl
cucmemol. Be3ycnoenvim 0ocmouncmeom npoepammvl sGISEmcst 603MONICHOCMb ROIMANHO20 paciemd
02padcoarowux U  YOepicuBalowux KOHCMPYKYULL APU  PA3TUYHBIX MEXHON02UAX UX 6036€0€HUs.
Dxcnepumenmanvhuvlil pacyem 6 npoepammuo-gviyuciumenviom komniexce GeoWall noxazan evicoxyro
HeCyuyio cnocobHOCmb 60CX00sUell AHKEPHOU KPEnu.

Bb1600. Xapaxmep nonyuenHol 3a6UCUMOCMU NPOOOIbHBIX YCUIUL AHKepd Om  20PU30OHMALbHBIX
nepemeweHull INEeMEHMOo8 02PadicOeHUs. KONMI08aHa ompasicaem peaivhyio cumyayuio. Taxum obpasom,
051 6NOJIHE 0JICUOAEMO20 3HAYEHUS. 20PUBOHMAILHO20 NepeMeujeHus cledyem KoppeKmuposants
ONMUMANbHOE 3HAYEHUe NPedsapumensHo20 HAMANCEHUs, UCNONb3YSL  VPAGHEHUs. IMAUPUYECKOU
3a6UCUMOCTIU.

Knrouesvie cnosa: ankeprnas Kpenv, KOHCMPYKYUs B0CX00AU€20 AHKEPA; AKMUBHbBLE AHKEPbL, nepemMeuyeHue
ocpacoaroweli KOHCMPYKYu; NOONOPHbIE COOPYIHCEHU.
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WccnegosaHue 1 pa3paboTka COCTaBOB TBEpAGHOLLEN CMECH
Ha OCHOBE HeTpaAMLIMOHHbLIX OTX0A0B NPON3BOACTBA

Fonuk B. U.1, PazopeHos 0. W.2, Barun B. C.2, IlAweHko B. U.3*
! CeBepo-KaBkaackuid rocyaapCTBEHHbIN TEXHONOMMYECKUA YHUBEPCUTET, T. Bragnkaskas, Poccus
2 lOxHO-PoccuidcKkuiA rocyLapCTBEHHbINA NONUTEXHUYECKMIA yHUBEpCUTET, . HoBouepkacck, Poccus
3 YKpauHCKmit Hay4YHO-UCCNEA0BATENbCKMIA U NPOEKTHO-M3bICKATENCKUIA MHCTUTYT NPOMbILLNEHHOV
TexHonoruu, r. XKentble Bogel, YkpanHa

*e-mail: vilyashenko2017@gmail.com

Peghepam
Axmyanvrnocmo. O0HuM U3 HaubdoIee pacnpoCmpaneHHbIX OMX0008 2OPHO20 NPOUIBOOCMBA AGNAEMCA
gocoecunc — npodykm xumuueckou nepepabomxu anamumos. Ymunuzayus ¢pocgoeunca noxa He
umMeem WUPOKO2O PACHPOCMPAHEHUs, NOIMOMY ee CMOUMOCMb Hegenukd. [[ns  onpedenenus
MEXHON02UYECKOU BO3MOJICHOCMU U IKOHOMUYECKOU yelecoobpaznocmu npumenenus hocgoeuncos,
WAAMO8 U OOTOMUMOB 6 KAuecmeae GANCYWUX Npu KOHEepCUU MexXHONo2uti 0o00uiuu pyo GblnoaHeHbl
KOMNLEKCHbLE UCCLe008AHUSL.
HLenv uccneoosanuii — paspabomka cocmasog meepoeioueti cmec Ha OCHO8Ee HeMPAOUYUOHHBIX OMX0008
npou3eoo0cmea, onpeoenenue MexHON02UHECKOl BO3MONCHOCHU U IKOHOMUYECKOU YenecooOpasHocmu
npumenenust ocGhocuncos, wWIAMO8, OOIOMUMOE U OPYyeUX OOCMYNHBIX MALOAKMUGHLIX MUHEPALO8
6 Kauecmae 3ameHumensi 00po2oCmosaue20 U OMHOCUMENbHO 0eUYUMHO20 BAANCYULe20.
Memooonozua uccnedosanusn. Hccnedyomes ucxoouvie 0anHbie 0mMx0008, 00NA0AIWUX GAICYUIUMU
ceoticmeamu. IDhgexmusnocmv ux 000a8KU onpeoersiemcs Nno HPOYHOCMU U320MOGIEHHbIX 8
1aOOPAMOPHBIX YCIOBUAX KOHMPOLbHBIX 00pA3Y08 MEepoeiowux 3aKiadoynsix cmeceil. Ha ocnosanuu
6bINOIHEHHBLX UCCIeO08AHUL CO30AeM sl OAHK OAHHBIX /15l RPAKMUYECKO20 UCNONb308AHUSL PE3YIbIMAMO8
6 Pa3eUmMUU 20PHO20 NPOU3B00CEA.
Pesynomameor. Ilonyuenvl cocmagvl meepoeiowux cmeceli HA OCHO8E HEMPAOUYUOHHBIX OMX0008
npouU3B00CMeEa, GKAIOUAIOWUX XEOCMbL 2UOPOMEMANIYPIULECKO20 U 0002amumenbHo20 nepeoeos,
MONAUGHBIX ULLAKOG, HUBKOCOPMHBIX NECKO8, 3016l menioswix dnekmpocmanyuil (TOC), xumuueckozo
npouszeoocmea. Pexomendosan onmumanviwlii cocmas cmecu na 1 m3: xeocmot obozawenus — 600—750 kz;
sona TOC — 180-220 e, yemenmnas noino — 250-315 ke; yemenm — 35—40 ke; 6ooa 3ameopeHus —
450-515 n npu noosusicHocmu cmecu coenacro noxkasamensm npubopa II'P (xonyca CmpoullHHJ1a)
okono 14 cm. [na obecneuenus paouayuonHou Oezonacnocmu meepoeroujeli cmMecu Ha OCHO8e
HempaouyuoOHHbIX OMX0008 NPOU3BOOCMEA PEKOMEHOOBAHO YUUMbIGANb He MONbKO NOKA3AMEnu Uux
XUMUYECKO20 U (DUBUKO-MEXAHUYECKO20 COCMABO8, HO U GeIUNUHY IPPeKxmuenoi axmugnocmu
NPUPOOHBIX PAOUOHYKAUOOS.
Bu1600b1. Yecmanosneno, umo npouHocmuv cmecetl, cooepicawyux eunc, yeeruuueaemes 6 1,5-2,0 paza u
npu cpoke meepoenus 3, 6 u 12 mec cocmagnsem coomeemcmeento 3,1, 5,7 u 7,6 Mlla. Iloxazano, umo
cocmaswl ¢ pacxo0om esgcyujezo 450 ke na 1 M3 npu coomnowenuu yemenm : winax 1 : 2 obecneuusarom
npounocmv om 2,8 00 4,9 MIla uepes 28 oueil. Codepoicanue ommyuugaemuvlx 4acmuy HUKOCOPMHbIX
neckog oocmueaem 20 % u 6onee. Knaccwl ¢ yoenvhou nogepxnocmuio 28,4 m?/ke omnocsames k spynne
MENKO20 necka, a ¢ yoenvHot nosepxnocmuio 27,7 m*/ke — k cpedneii epynne. IIpounocms cocmagos 6
so3pacme 28 oueu docmueaem 0,5 MIla, 90 oneii — 0,9 Mlla ¢ 3asucumocmu om pacxoda yemeHmad.
Obocnosano, umo esdcyujue, NpueomogieHHbvle Ha OCHO8e pmopauncos, gocghoeuncos u berumossix
WIAMO8 NYMEM COBMECHHO20 NOMONA 2PAHYIUPOBAHHO20 OOMEHHO20 ULIAKA C (YepPOXPOMOBLIM ULIAKOM
u gocgozuncom oo 70 %, kpynnocmoro 0,08 mm obecneuugarom nPoUHOCHb 2UNCOBO20 GNCYUIE20 00
3,0 MIla c pacxodom 450 ke na 1 M3 cmecu.

Knroueewvie croea: omxoow: npouzeoocmea, meepoeouasn cmecs, éaxcyuee; sona TOC; sonoulnax;
yemenm,; ¢mopeunc, @ocpoaunc, uHepmmuvie 3aNOAHUMENU; OGEIUMOBbIE WIAMbL, NPUPOOHbLE
PAOUOHYKIUODL.
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B co30anuu, coseepwiencmeosanuu u 6HeOPEeHUU HAYUHBIX PA3PAOOMOK RPUHUMANU YyuacmUe
cneyuanucmor  FOxncno-Poccuiickozo  20cyoapcmeennozo noaumMexXHU4ecKko20 yHugepcumema,
2. Hogouepkacck, Poccus; I'll «YkpHHIIHHnpommexnonozuu» u I'll «BocmI OK» (2. Kenmute
Boowt, Ykpauna); Hayuonanvnozo mexnuueckozo ynugepcumema «/[Henpoeckan noaiumexnukay,
2. /luenp, Ykpauna u op.

Brenenue. /[jis npuroToBiIeHUs TBEPCIOICH 3aKIaJIKU MPH JJOOBIYE Py B KAYSCTBE
BSDKYILETO MCHOJB3YIOT MPEUMYILECTBEHHO NMOpTIanaueMeHT. OH sBiserca Aeduuur-
HBIM H JOPOTOCTOSIIIMM MarepHajioM, IO3TOMY 3aMEHSETCS] MECTHBIMH MaTepHajlaMy,
HallpuMep AOMEHHBIMH I'PaHYJIMPOBAHHBIMHU IITAKAMH, TOIZIMBHBIMH IILTAKAMU U 30J10H,
OeTMTOBEIME M HE(EeTMHOBBIMY TImamMamu [ 1, 2]. OxanM u3 Hanbosee pacipoCcTpaHeH-
HBIX OTXONOB siBJsieTcsl (hocOrunc — MpoayKT XUMHUYECKOW MepepaboTKH anaTHTOB.
VTunuzanus ero noka He UMeET IIUPOKOTO paclpoCTpaHEeHHUs, T03TOMY €€ CTOMMOCTh
HeBenuKa [3, 4]. Otu o0cTosTeNbCTBA ONAaronpusITCTBYIOT puMeHeHuto hocdorurnca Ha
Canonckom mectopoxaernu (PCO-Ananus). He meHee pacripocTpaHeHbI OTXO/IBI allio-
MHHHEBOIO IIPOU3BOICTBA — OEJIUTOBBIE IIAMBI, TAKXKE 00IaAaI0IINe BSOKYIMMH CBOM-
ctBamMu [5, 6]. LInpoko MCTIONB3YIOTCS OTXOABI KapOOHATOB, HAIIPUMEP JIOJIOMHTA, 10
3anacaM kotoporo CesepHast OceTHsi 3aHUMAEeT MepBOe MeCTO B Mupe. J{i1st onpeneneHus
TEXHOJIOTHYECKOH BO3MOKHOCTH M IKOHOMHYECKOW LIeNeCOO0pa3sHOCTH MPUMEHEHUS
¢ochoruricos, ITAMOB 1 TOTIOMUTOB B KAYECTBE BSUKYLIMX IPH KOHBEPCHUH TEXHOJIOTHIA
JIOOBIYH PY/T BHITTOTHSFOTCS KOMIUIEKCHBIE HCCIIeIoBaHus [7, 8].

Tabauna 1. Coaepixanne KpUCTALIU3ANUOHHON BO/ABI IPH
Aeruapatanuu gpocdorumnca, %
Table 1. The content of water of crystallization under
phosphogypsum dehydration, %

Bpemst Temneparypa o6pabotku, °C
A€Tu/ipaTaluy, 1 160 180 200
15 9,0 73 51
2,0 7,1 53 3,5
2,5 5,0 34 2,0
3,0 3,4 1,6 04

B Tpynax oTedecTBEHHBIX M 3apyOeXHBIX yUEHBIX C(OpPMYIHpOBaHA II0OANbHAS
npoOiieMa HaKOIJICHUSI OTXOJIOB TOPHOTO MPOW3BOJICTBA BCIIEJACTBUE OTCTABaHUS BO3-
MOXHOCTEH TepepabOTKH MUHEPAIbHOTO CHIPbSl OT BO3MOXKHOCTEH €ro JoObIYU W3
Hesp. YKazaHHas npo0iieMa XapakTepu3yeTcs MPOI0KAIONIIMMCS HAKOTIIICHHEM XBOC-
TOB TIepepabOTKH HA 3eMHOW MOBepxXHOCTH. [loaTOMY mpobiiemMa MOMCKOB ambTepHA-
THUBHBIX U KOMIUIEKCHBIX BSKYIIUX HA OCHOBE HETPAJULMOHHBIX OTXOJOB IPOU3BOJ-
CTBa — BaXHAs Hay4yHas, TMpaKTHYeCKas W COLWaNbHas 3aaada, TpeOyromas
ONEPaTUBHOIO PELICHUSI.

Hean padoThI — HcclleIOBaHUE U pa3pabOTKa cOCTaBa TBEPACIOIIEH cMecH Ha oc-
HOBE HETPAAUIIMOHHBIX OTXOJ0B MPOU3BOACTBA, ONPEACICHNE TEXHOJIOTHIECKOU BO3-
MOXXHOCTH W SKOHOMHYECKOH IenecooOpa3HoCcTd nmpuMeHeHHs (OoChOTUIICOB, IMTa-
MOB U JOJIOMUTOB M JPYTUMX AOCTYIHBIX MAaJOAaKTHBHBIX MUHEPAIOB B KaueCTBE
3aMEHUTEIS TOPOTOCTOSIIETO W OTHOCUTEIIBHO JE(HUIIUNTHOTO BSOKYIIIETO MTPH KOHBEP-
CHU TEXHOJIOTHH TOOBIYH PY/I.

MeTtoasl. [1jisi JOCTYDKEHHUS TOCTABICHHOMN 1IEJIM UCCIISYFOTCS UCXOIHBIC U MTPUOO-
pETECHHBIE B pe3yJbTare MepepadOTKU CBOWCTBA OTXOOB, OONAIAIONINX BSDKYIHMU
cBoiicTBaMu. D(PHEKTUBHOCTh WX TOOABKH OIPENEINSeTCs M0 MPOYHOCTH M3TOTOBIICH-
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HBIX B JJAOOPAaTOPHBIX YCIIOBUSIX KOHTPOJBHBIX OOpa3loB TBEPACIOLIMX 3aKJIAJOYHBIX
cMmeceil. Ha ocHOBaHMM BBINOJHEHHBIX HCCIENOBAHMN CO37aeTcs OaHK AaHHBIX IS
NPAKTHYECKOTO UCTIONB30BAHUS PE3YJIbTaTOB B Pa3BUTHU TOPHOTO Tpom3BozacTBa [9, 10].

Teopust Bonmpoca. [Ipn ucronp3oBanuu hochorumcos mpeodiiagacT HapaBIeHIES
yTuian3anuu B-moaudukanyu 6e3 TPOMBIBKH ¥ HEWTPATH3AIUH UCXOJIHOTO MaTepHa-
na. Haubonee panpoHanbHBIM cIOCOOOM IMOMy4eHUs! B-MoAu(UKaMK MOTyTHIpaTa
cynb(ara KauplHs SBISETCS TepMOoOpadOTKa HEWTpaln30BaHHOTO (ocdorurca

Ta6auna 2. CBoiicTBa BsKylIero u3 gpocdorumnca
Table 2. Phosphogypsum binder properties

TTokazatens | HemonoTsrit | MomnoTtsriii

IIpu 6o0osscywem omuowernuu 0,8

CpOKI/I CXBaTbIBAHUA, MUH:

HaJao 5 5

KOHEI[ 8 8
IIpenen npounoctu npu u3rude, Mlla, B Bo3pacre:

3y 1,34 2,10

3cyr 1,43 2,10

28 cyt 1,98 4,54
IIpenen npounoctu npu cxxaruu, MIla, B Bo3pacTe:

34 1,72 2,88

3cyr 1,96 3,28

28 cyT 3,40 6,80

IIpu 600osscywem omuowernuu 1,0

CpOKI/I CXBaTbIBAHUA, MHUH:

HaJao 5 5

KOHEI[ 14 14
IIpenen npounoctu npu u3rude, Mlla, B Bo3pacre:

3y 1,18 1,72

3 cyr 1,27 1,82

28 cyt 2,15 2,70
IIpenen npounoctu npu cxxaruu, MIla, B Bo3pacre:

34 1,22 2,06

3cyr 1,26 2,22

28 cyT 2,88 4,20

pu Temmeparype okojio 200 °C. Ob6s3arensHO# onepanyel SBIsIeTCs CyITka HeUTpa-
JTU30BaHHOTO (ocdorurnca 10 BraxHOoCcTH He Oonee 10 %. D10 CBsA3aHO C TeM, YTO
npuMeHseMoe 000pylIOBaHHE HE PACCUYMTAaHO Ha TepMOOOPaOOTKy MaTepuaia 0oib-
el BnaxHoctH. B maGopatopum CalOHCKOTO CBHHIIOBO-IIMHKOBOTO KOMOHWHATa
(CCUK), mocenok Mm3yp, PCO-Ananus, TepMoodpadboTky dhocdorumca nmpoBoauin
npu temneparype 160-200 °C B reuenue 1,5-3,0 u [11, 12].

[Ipu 06paboTKe ABYBOIHOTO TUIICA B BUJIE Mapa BHIACIACTCS KPUCTAIM3AOHHAS
BOJIA:

CaSO, - 2H,0 = CaSO, -0,5H,0 + 0,5H,0 1. )

IIpu nmepexoxne B momyruapar rumc tepseT 15 % Bogsl. Tak kak docdorurmc comep-
xuT 90-95 % CaSO, - 2H,0 u 5-10 % npumecei, conepkanue KpUCTaILIN3aMOHHOMI
BOJIBI TTOCIIE Aeruaparanun gocdorumca He npesbimaeT 6 % (tadm. 1).
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st momy4deHust BOKYIIETO MOMyruapata f-Moaudukaiuy Ha ocHOBe (ocdorumca
onTuMaibHa Temieparypa neruaparanun 180 °C u Bpemst aerunpartanuu 2 4. Gocdo-
THUIIC UCCIIEOBAIH Ha JIAOOPAaTOPHOM CTEHJE, MPEICTABISAIONEM CO00i HMIMHAD U3
HeprKaBeIoIIeH cTalu, B KOTOPOM CMOHTHPOBaH IIHeK. Harpes nunuupa 10 3ajaHHON
TEMIEpPaTypbl OCYLIECTBISETCS C MOMOIIBIO AIEKTpOHArpeBareiel Ha Hapy>KHOM Mo-
BEPXHOCTH IMIMHApaA. L{unuHap co MIHEKOM MTOMENIEH B METAJUIMYECKUH KoxKyX. [Ipo-
CTPAHCTBO MEXly HIMIMHIPOM U KOXKYXOM H30711poBaHo. lIIHek mpuBOANTCS B IBUXKE-
HUE OT 2JEKTPOJBUTATENS Uepe3 YEPBAUHBII PEIYKTOp U peMeHHY!o nepenauy [13, 14].

Ta6uuna 3. Biausinue 106aBok Ha cBoiicTBa docdorumnca
Table 3. The impact of admixtures on phosphogypsum properties

Ipenen npounoctu, MIla

Bopossikymiee

CocraB BsKYIEro
OTHOIIIEHHE

2y 28 cyr

N3rub Coxatre M3ru6 Cokatre

Jlobaska xnopuoa nampus

Docporurc (OI) 0,8 1,40 1,87 2,7 5,69
oI + 0,5 % NaCl 0,8 2,04 2,58 1,84 2,98
@I + 1,0 % NaCl 0,8 1,71 2,54 1,87 2,30
or 1,0 0,87 0,94 1,40 2,19
@I + 0,5 % NaCl 1,0 1,41 1,68 1,32 1,67
oI + 1,0 % NaCl 1,0 1,42 1,73 1,14 1,48
Jobaexa cynvghama nampus
or 0,8 14,0 18,7 27,0 56,9
@I + 0,5 % Na,SO, 0,8 18,0 23,3 25,7 46,2
@I + 1,0 % Na,SO, 0,8 16,9 20,0 21,1 36,6
or 1,0 8,7 9,4 14,0 21,9
@I + 0,5 % Na,SO, 1,0 12,6 144 19,0 33,2
@I + 1,0 % Na,SO, 1,0 12,6 15,2 9,70 13,0
Jlobaska C/[b
or 0,80 14,0 18,7 27,0 56,9
or +0,1 % CIb 0,70 22,5 34,7 374 80,6
oI +0,3 % CJIb 0,68 21,6 29,6 39,3 70,3
oI +0,5 % CJ/Ib 0,60 20,3 32,0 34,7 67,0
or 1,00 8,7 9,4 14,0 21,9
or +0,1 % CIb 0,72 21,8 325 34,7 63,6
oI +0,3 % CIb 0,70 20,2 32,9 37,7 66,6
oI +0,5 % CIb 0,68 25,2 411 42,7 63,8

CocTaB TBepAelIIUX cMeceil Ha 0CHOBE HETPAAUIMOHHBIX 0TX010B MPOU3BO/I-
cTBa. [1J1s IOBBIIICHUS IOCTOBEPHOCTH OMBITOB UCCIEAOBAIN (POCPOTHUIIC ABYX XHUMHU-
YECKUX MPEANPHUATHI ¢ HECKOJIBKO Pa3JIMYarOIIUMUCS TEXHOJIOTUISCKUMU CBONCTBA-
Mmu. Docdorunc 3arpyxkaercs uepe3 BepxHHUiA (IaHel, a pa3rpykaercs Yepe3 HIKHUT
¢umanen. Bspkymee u3 ¢docdorunca npeanpuatus | UMeeT yACTbHYH MOBEPXHOCTh
5850 cM?/T u conepkanue THAPATHOM BOIbI 5,84 %. 3MeHeHHe YIeIbHON MOBEPXHO-
CTH OT Ha4aJIbHOM s IByBOAHOTrO (pocdorumnca or 3285 mo 5850 cM?/r s mOIyrU-
npara docdorurca B-moauduranuu OOBACHICTCS TEM, YTO B MPOIECCE MOSBICHUS
HOBOTO KPHCTaUI000pa30BaHUS YaCTHIBI TPyTCS Jpyr o apyra. s yiaydineHus
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CBOICTB BSDKYIIIETO €r0 MOJIOJH B IIApOBOM MeibHHUIE B TedeHue 10 mun. OOpa3ubl
pasmepamu 40 x 40 x 160 MM rotoBuiM HpH BoAoBsDKymeMm oTHomeHnu 0,8 u 1,0
C TBEpJCHUEM B €CTECTBEHHBIX YCIOBUSIX U HCIBITHIBAIN Ha Tpecce (Tali. 2).

[Ipu yBenuueHUH YeIbHOU ToBepXHOCTH 10 6300 cM%/T MPOYHOCTH OOPA3IOB 110
CpaBHEHHIO ¢ 0a30BbIM 3HaYEHHEM yBeIUUMIachk B 2 pasa. B Bo3pacte 28 cyT npeaen
MIPOYHOCTH NpH cxaTtuu npu oTHomeHuu 0,8 cocrasun 6,8 Mlla npotus 3,4 Mlla,
a npu otHoeHuu 1,0 — 4,2 Mlla mpotus 2,9 Mlla. YcTaHoBIeHO yBeIHUEHUE MTPOY-
HocTH (hocdorurica npu 1o0aBKe PTOPUCTHIX COCTUHEHHH C HEUTPAIU3YIOIIUM KOM-
nonenTom CaCO, mmn Ca(OH),. Kpome docdorunca 6bum onpo6oBaHbl 100aBKU
NaCl, Na,SO, u cynsputHO-npoxskeBoii Opaxku (C/1B). Jlobaska NaCl BBoaunack
B koimmuectse 0,5 u 1,0 % ot maccel ¢ocdorurnca [15, 16].

IS}

TIpenen npoyHocTH IpH
ckatun, Mlla

0 0,1 0,3 0,5 0,7
Copnepxanue 100aBoK, %

=)

»
T

1 \

N

Tpexen NpOYHOCTH TIPH
cxaruu, Mlla
e
T
ro

0 0,1 0,3 0,5 0,7
Copnepxanue 100aBoK, %

Puc. 1. 3aBUCHMOCTh MPOYHOCTH BsOKyIIero wu3 Qocdorumnca
B Bo3pacte 28 cyT oT 100aBOK:

a — IpUu BOHOBSDKYUIEM OTHOLICHUH 0,8; 6 — IIpU BOHOBSDKYIIEM OTHOIIC-

mun 1,0; 1 —NaCl; 2 -Na,SO,; 3 - CIIb

Fig. 1. Dependence between the 28 days phosphogypsum binder
robustness and the admixture:

a — under the water-binder ratio of 0.8; 6 — under the water-binder ratio

of 1.0; 7 — NaCl; 2 — Na,SO,; 3 — sulfite-yeast mash

[TpuroroBneHHbIe 00pa3LBI TBEPACTH B €CTECTBEHHBIX YCIOBHUIX M UCTIBITHIBAIUCD
B Bo3pacte 2 4 u 28 cyT (tabn. 3). [Ipu BomoBspkymem otHomenuu 0,8 mpenen mpouy-
HOCTH IpHU CKaTHU U M3ruOe 00pa3loB, TBEPACIOUINX B TEUEHHE 2 U B €CTECTBEHHBIX
YCIIOBHSX, yBenuumics Ha 28—45 %, a mpu BopoBsixy1em oTHomeHnH 1,0 —nHa 60—-80 %.
B nanpHelineM NpoYHOCTH He yBeIHMUUBaIach. bojee Toro, o0pasisl ¢ JOOaBKOH XJ10-
puaa HaTpud B BO3pacTe 28 CyT €CTECTBEHHOIO TBEpJIEHHUS HMENU IPOYHOCTH
B 1,52 pa3za Huxke, 4yeM 0e3 100aBOK. YCTaHOBIICHO, YTO U3MEHEHUE BOJOBSIKYILETO
otHomenus ¢ 1,0 mo 0,8 u 0,6 yBenuuuBaeT MPOYHOCTH OOPA3IOB COOTBETCTBCHHO
B 1,2 14 pa3za. OTo CBUACTENBCTBYET O TOM, YTO MIPU IPUMEHEHNUH J00aBOK IPOYHOCTD
TBEpJIEIONIEeH CMECH MOKHO YBEIHYUTD.
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YcranoBieHo, uto qo6aBka NaCl yBennuuBaeT mpoYHOCTh CMECH B HAUaJIbHEIH I1e-
puon teepaeHus (puc. 1, a). Ananornuno snausuue u Na,SO, (puc. 1, 6). CIIb BBoau-
nace B konuyectse 0,1, 0,3 u 0,5 % ot maccel cMecu. [Ipu coxpaneHuu npexxHen noa-
BIDKHOCTH BOJAOBSKYIIlEE OTHOIIeHHe cMecu cHuxaetcs ¢ 0,8 10 0,6 u ¢ 1,0 no 0,68,
a MpoYHOCTh yBennuuBaercs B 1,5-3 pasza. OntumansHa no6aska C/Ib B KomuuecTse
0,1-0,3 % mo macce. [Ipounocts 00pa3ioB mpu 3toM gocruraer 8,0 MIla, uro mocra-
TOYHO JIJISl CAMBIX OTBETCTBEHHBIX KOHCTPYKIIMI B TOPHOI MpaKTHKE.

Taoauna 4. 3aBUCHMOCTb POYHOCTH 0OPA3IOB OT TEMIEPATYPHI
00padoTKHN
Table 4. Dependence between the robustness of the samples and
the treatment temperature

Temmeparypa, VenbHas IMpenen npounoctu npu cxartuu, MIla
°C HOBEPXHOCTD, CM’/T 7 oyt 28 cyr
100 35004000 0,07 0,08
400 3500-4000 0,15 0,16
500 3500-4000 0,16 0,21
600 3500-4000 0,20 0,24
700 3500-4000 0,22 0,72
800 3500-4000 0,19 0,40

JlaBopaTopHBIMH UCCIIEAOBAHUSIMH yCTAHOBIIEHO, YTO MPH TEPMOOOPAOOTKE B TEUE-
aue 1,5 g u remneparype 180 °C u3 docdorumnca BO3MOKHO TOITYUEHHE BSIKYIIETO
MarepHalia ¢ IpeaesioM IpPOYHOCTH IPH CKaThuu B Bospacte 28 cyt 5,7 Mlla mpu Bomo-
BsokymeMm otHomennn 0,8. IIpenen mpodHoCcTH 00pa3oB M3 BSDKYIIETO C J00aBKOM
CIb nocruraer 8 MIla. TepmooOpaboTKa HccaenyeMoro 0eauToBoro mniama [lasio-
JIApCKOTO amfOMHUHKEBOTO 3aBona (Pecmybnmka Kasaxcran) ocymecTBisiiack Ipy TEM-
neparype 100, 400, 500, 600, 700 u 800 °C Ha METATUNYCCKUX TOAIOHAX ITPHU TOJIIHU-
He ciosg 3—5 cM.

HcnpiTanuem 00pa3oB Ha Mpecce YCTaHOBICHO, YTO TPH ONPEICICHHBIX YCIOBU-
X OHM HAOHMpParoT MPOYHOCTH. OOpasIibl, MOTYYSHHBIE IPECCOBAHUEM TPY JIaBICHUU
15 Mlla, TBepaeBIIHE B BO3AYITHO-BIAXHBIX YCIOBUSAX B TeueHue 7, 28, 56, 90, 180 u
365 cyT, mMeroT npeaet npoanocty npu cxaruu ot 0,8 1o 5,5 MIla. [Tockonabky miam
SBIIIETCS TpyOomuciepcHpIM MatepuanoMm (Oomee 70 % wactui kpymaee 0,315 mMm),
00OXOKEHHBIHN IIJITaM MOJIONU B IIAPOBOM MENbHUIIE 3,5 9 10 JOCTIIKEHUS yIEeITbHOMN
noBepxuoctH npumepto 4000 cm?/r. Ipu yBenudeHun Temreparypsl ooxura ot 100
110 800 °C 60blIyI0 MPOYHOCTh Ha CIKATHE UMEIOT 00pa3iibl U3 IIaMa, 00KUTraeMoro
npu 700 °C. Ilpu yBennMueHUHN UM YMEHBIIEHUH ONTHMAaJIFHON TeMIIepaTyphl 00XKHra
MPOYHOCTh 00pa3ioB cHmxkaercs. O0pasipl pazmepamu 40 x 40 x 160 MM rotoBuiIx
MIpH BOIOBSDKyIIEeM oTHomeHnu 0,4 ¢ TBepieHueM B TeueHHne 7 M 28 CyT B €CTECTBEH-
HBIX yCIIOBUSAX (Ta0IMI. 4).

Bonpmas npoynocts nonydena npu temneparype 700 °C B Teuenne 2 4. CBoiicTBa
BSDKYIIETO OMPENEIsIN pY BOIOBsDKyIIeM oTHomeHnu 0,4, oGecrieynBaromeM ycaai-
Ky KoHyca He MeHee 120 M. YcTaHOBIIEHO, UYTO OOJBIIEH MPOYHOCTHIO 00IaIal0T 00-
pasiiel, TBEPAEBIINE B eCTECTBEHHBIX ycnoBusax (¢ = 20 °C, W = 60 %). I[Ipounocts
o0pa3oB, TBepaesmux B kamepe (¢ = 20 °C, W = 90 %) 3HaunTenpHO MEHbIIE. JTH
o0pasiel B Bozie He 3aTBepienu. [Ipenen nmpodHocTH oOpas3IoB, TBEPICBIINX B eCTe-
CTBEHHBIX YCJIOBHAX B TeueHue 28 cyt, coctaBmi 0,9 MIla [17, 18].

Jyist yCcTaHOBJICHUSI ONITUMAIIFHOTO BPpeMEHH O00XKUra IuiaM MOABEprayid TepMoo0-
pabotke mipu Temreparype 700 °C B Tedenue 2, 4 u 6 9 (Tadi. 5).
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Jnis yaydieHus: BXKYIIMX CBOMCTB IUIaMa MCCIeq0BaId JOOaBKH: XJIOPUIbI HAT-
pus ¥ Kaubust, GochOrunc u u3BecTb. XJIOPUA HATPUS BBOAWIM B KOJMUYECTBE OT
0,5 no 2,5 % ot maccel nama. [Ipu TBepAeHUH B €CTECTBEHHBIX YCIOBHIX 00pasiibl B
BospacTe 7 u 28 cyT He HaOpanu npouHocTy. Ipu nobaske xnopuna kanpuus CaCl, B
xomunvectse 0,5 1 1,0 % 1mo macce mpouyHOCTH 00Pa3LoB B BO3pACTe 7 CYT yBEIHMYUIIACH:
0,40 u 0,44 MIIa ipu no6agske 0,5 % xmopuna kanbiwst; u 0,23 u 0,25 MIla — mpu 10-
oaeke 1,0 % (Tabmn. 6). [Ipu yBenrmueHN CPOKOB TBEPACHUS 00pa3IoB /10 28 CyT Mpo4-
HOCTh HE M3MEHMJIAch. MI3BeCTh BBOAWIACH B 000X KeHHBIH mipu TeMmeparype 700 °C
B TeyeHue 2 4 U M3MENBICHHbIN JI0 yIenbHOU moBepxHocTr 3700 cM?/T muiak mpu 3a-
TBOPEHMHU BOAOI B KommuecTBe OT 1 10 15 % mo macce. OOpa3ibl M3roTaBINBAIN IPU

Tabauna 5. 3aBHCHMOCTH IPOYHOCTH 00PA3I0B OT BpeMEHH
TepMOOOPaAGOTKH
Table 5. Dependence between the robustness of the samples and the heat
treatment time

Temmneparypa, B VienbHas ITpounocts npu cxatuu, MIla
°C pemd, | TIOBEPXHOCTB, CM*/T 7 cyr 28 ¢yt
700 2 35004000 0,18 0,92
700 4 35004000 0,22 0,93
700 6 35004000 0,25 0,96

BOJOBsUKyIeM oTHomeHuu 0,4. OOpa3ubl TBEpAEIN B €CTECTBEHHBIX YCIOBHUIX U UC-
MBITBIBAIMCH, B Bo3pacte 7 m 28 cyr (tadbm. 7). U3 momyruapara docdorumca
B-Moau¢uKkanmuy ObLIM H3TOTOBJIEHBI IBE MapTHH 00pa3noB. [lepBas napTus npuroras-
JMBajach MPU MOCTOSHHOM BOAOBSDKYIIEM OTHOIIEHHH, paBHOM 0,4, M comepKaHuu
nobaBku monmyruapata gocgorurnca 1o 15 % no macce. Bropas napTus nsrorapinaa-
Jach MPH MEPEMEHHOM BOAOBSDKYILIEM OTHOIICHHH, HO M3 PABHOMOABMKHBIX CMECEH.
KomngectBo nomyruapara gocgorurca ot 0 10 50 % mo macce. lo6aBka monyruapara
¢docdorunca B konmuuecTse 10 15 % Mo Macce Mpu MOCTOSTHHOM BOZOBSDKYILIEM OTHO-
HICHUH YBEIMYUBAET MPOYHOCTH 00pasnoB mpu cxatuu a0 9 Mlla, npu usrude —
1o 12 MIla.

YCcTaHOBJICHO, YTO M3BECTh 3HAUYUTENHHO YAYYIIAeT BSDKYIME CBOWCTBA LIIaMa.
Job6aBka u3Bectr B konuuectBe oT 1 10 10 % mo mMacce yBeanmuMBaeT mpezes mpoy-
HOCTH 00pa3I0B PU CKATHH U U3rude cooTBeTcTBeHHO ¢ 0,72 1 0,59 Mlla no 11,61 u
4,53 Mlla (puc. 2).

[Tpu noGaske n3zBectH B 1tam dosnee 10 % npoyHOCTh yMeHbIIaeTcs. Beumy 60b-
II0H BOJOMOTPEOHOCTH Tonyrupara (ochorumnca ¢ yBeIHUCHUEM €ro CONEPIKaHUS
B IIJITAME CHIKACTCS MOJIBUKHOCTh CMECH, U TIPU BBeACHUU Oosiee 15 % cMech cTaHo-
BUTCSI MAJIOTIOJBM)KHOW, YTO HENPHEMIIEMO W3 YCIOBHH TEXHOJOTHH €€ YKJIaIKH.
[TosTOMy BBITIONHEHA OICHKA BIMSHUS T00aBKH NOyruipara Gocgorurca B KOIUISCTBE
ot 1 10 50 % Ha oOpasuax U3 paBHONOABHKHBIX CMECEH.

KomngectBo nonmyrunpara gocdorumnca B-moanpukanuu gocturano 15 % mno mac-
ce. MI3BecTh BBOAMIIACH TTOCTIEAOBATENLHO B KojaudecTse 1, 3, 5 %. Hanbomnbiiee moBbI-
HIEHUE MPOYHOCTU JOCTHTaeTcs MPH BBEACHWH B OOOMOKEHHBI HIIAM IMONYTHIpAaTa
docdorunca B konuuectse 15 % u u3Bectu B konudectse 1 % mo macce. [IpouHOCTh
NIPY BBEJCHUH KOMILIEKCHOM 100aBKH OKa3aiach 3HAYUTENBHO BBILIE, YeM Y 00pa31oB,
W3TOTOBJICHHBIX U3 IIIaMa C JO0aBKaMH TOJIBKO M3 U3BECTH WK (OCHOTHUIICA B TEX KE
konnuectBax. JlooaBka 10 % u3Bectn obecnieunBaet nmpouHocTh 11,6 MIla.

YcTaHOBJIEHO, YTO HA OCHOBE IIIaMa, 00oxokeHHOTO Mpu Temmeparype 700 °C u
M3MeNBIeHHOTO 10 35004000 cM?/1, 1 MUHEPATIBHBIX JOOABOK MOKHO MOJNYYUTH Bsl-
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JKyIIee ¢ MPOYHOCTRIO pH cxxatuu 10 11 MIla. MccnenoBannsiMu GeMMTOBBIX MIJJAMOB
YCTaHOBJIEHA NPWHIUNHAIBGHAS BO3MOXKHOCTH ITONyYEHHUS TBEPACIONIEH 3aKiIaaku
¢ TpeOyeMbIMH I TOPHOIM TEXHOJIOTWM CBOWCTBamu. HamOombimas MpoYHOCTH —
5,0 MIla — gocturaercst mpu BogoBsoKyIieM oTHomeHuu 0,45 1 qo6aBKe Mmoyruapara
docdorurca B komudectse 15 % (puc. 3).

Cocmasbl cmecu Ha 0cHOBe X80CMO8 2udpomemaniypeuieckozo nepedena. Kpyn-
HOCTh yacTuil He npeBbimaet 0,2 mM. [IpodHOCTE cMecei, comepKalyx TUTIC, YBEIH-
guBaercs B 1,5-2,0 paza. BkiriodeHrne XBOCTOB YITydIIIaeT TPAaHCIIOPTAOSIEHOCTh CMe-
cu. OTCyTCTBHE TBEpPAOTO KOMIIOHEHTAa B CMECH JIMIIAET €€ CTPYKTYpHOTO CKelieTa
¥ TIOBBIIITAET KOMITPECCHOHHBIE CTIOCOOHOCTH. [IpoYHOCTD 00pa3LioB MpH CpOKe TBEPAE-
Hus 3, 6, 12 mec cocrasnser 3,1; 5,7 u 7,6 MlIla [19, 20].

Ta0auna 6. CpoiicTBa BSKYLIEro B 3aBUCHMOCTH OT YCJIOBHii TBepieHUs
Table 6. Binder properties depending on the hardening conditions

YcnoBus TBEpACHUS
IMoxazaTens
EcrecTBeHHbIE B kamepe B Bone

Cpoku cXBaTbIBaHUS, U:

Hay4aJo 2,50 - -

OKOHYAaHUE 5,50 — -
Ocajka KOHyca, MM 120 120 120
[penen mpounoctu npu usrude, Mlla, B Bozpacre:

7 cyt 0,13 0,08 Het

28 cyT 0,59 0,36 Her
IIpenen npounoctu npu cxxatuu, MlIla, B Bo3pacre:

Teyr 0,18 0,12 Her

28 cyT 0,72 0,40 Her

Cocmaswi cmecu Ha 0CHOBe X80CO8 0bo2amumenbHo20 nepedeid. B xadecTBe Bi-
JKYIIUX UCHOJB3YIOT KIMHKEpHBINA LieMeHT U 301y ['POC. IlogBuxHOCTH TBEpACIOLIEH
cMecu conacHo konycy CrpoilllHWJIa coctaBisieT okono 14 ¢cM, NpoYHOCTh HAa OHO-
ocHoe ckarue B Bospacte 60 cyt — 3,5-4,0 MIla. OntumanbHblii cocras Ha 1 M3 cme-
cH: XBoCThI oboraienus — 600-750 kr; 3oma — 180—220 xr; nemeHTHas 0bulb — 250—
315 kr; uement — 3540 kr; Bona 3atBopenHust — 450-515 n. 3akiagouHble cMecH,
MIPUTOTOBJICHHBIE Ha XBOCTAaX C collepkaHueM ciitonbl bonee 50 %, TpeOyroT yBennde-
HEA BsoKyiero 1o 400 kr/ms,

Cocmaswl cmecu Ha 0CHO8e MONAUBHBIX UiIAKO8. IIPOTYKTHI TEPMOXUMHUYECKUX U
(ha30BBIX TpEBpaIlleHUH yIJIei MeHee aKTUBHBI, YeM [UTaKH METaJUTypriHIecKoro Mmpo-
n3BozcTBa. OHU HUCIONB3YIOTCA B KAYECTBE BSHKYIIETO IS TTOMYUYEHHsI CMecel mpod-
HOCTBIO 10 4,0—5,0 MIla ¢ noOaBkamu 1LieMeHTa B KoauyecTBe OT 5 10 25 %. Illnaku
JIPoOAT B IPOOMIIKE € 3a30pOM IIEK 5 MM, a 3aTeM B IMApOBOM MedbHHIE A0 55 u 75 %
ToHKOCTH (1Ipoxoy uepe3 cuto +0,08 mm). CoctaBbl ¢ pacxomoM Bsokymero 450 kr Ha
1 M® ipu cooTHONIEHHU yemenm : wnaxk 1 : 2 00eCredynBarT NPOYHOCTH OT 2,8 110
4,9 MlIla B 28-1HeBHOM BO3pacTe. YBEIMUECHHUE TOHKOCTHU oMoIa uiaka ¢ 55 1o 75 %
MOBBITIIAET MPOYHOCTH 10 30 % 0a30BOii BEIHMYNHBI.

Cocmasbl cmecu Ha ochose HU3Kocopmuwlx neckog. ConepkaHue OTMYUYHBAEMbIX
yactun gocruraer 20 % u 6onee. Kinacesl kpynmHocThIO 110 1,845 ¢ ynenpHON moBepx-
HOCTBIO 28,4 M?/KI' OTHOCATCS K TPYIIE MEIKOTO MECKa, a KPYIHOCThIO o 2,185
C YZIeTBbHOM TIOBEPXHOCTBIO 27,7 M?/KT — K cpesHel rpyrie. [IpouHOCTh B CMECH B BO3-
pacte 28 gueit gocturaer 0,5 MIla, a 90 aueit — 0,9 MIla B 3aBUCUMOCTH OT pacxona
ueMeHTa. COOTHOILIEHUE TBEPAOIO U JKUIKOro B cMecH A0xoauT 1o 1,85 : 1 mpu Hop-



ISSN 0536-1028 «H36ecmust 8y306. Tophwiil scyprany, Ne 3, 2021 21

MaTUBHOM 3HaueHuH 3,5 : 1. OTKIIOHEHHS conlepKaHMUs TIMHUCTBIX BKIIOUEHUH paan-
KaJIbHO M3MCHAIOT Ka4€CTBO MCKYCCTBCHHBIX MAaCCHBOB MU HE 00ecIIeunBaroT Hagex-
HOCTH OOHaKEHUH.

Cocmagel cmecu nHa ocroge 307bl. 3011a 00Ia1aeT BOKYIIMME CBOWCTBaMH 0Oe3 /10-
OapneHus neMeHTa. 3arBopeHue cmeceii 3 %-mu pacrsopamu HCl u CaCl, yBenuumusa-
€T ITPOYHOCTb CMECEU U YCKOPSCT CPOKU CXBATbIBAHMS.

Taéauua 7. BausiHue 106aBOK HA MPOYHOCTb TBePAEIOIEi cMecH
Table 7. The impact of admixtures on the robustness of the hardening mixture

ToHKOCTS IIpenen npounoctu, MIla
CocTaB BSKYILETO TOMOJIa, OTEI?I::He- 7 cyt 28 cyT
oM’/ N3rud Cykarue N3rud Cxarue
llobaska uzeecmu
Hlnam 3700 0,400 1,3 2,2 59 7,2
Ilmam + 1 % u3Bectn 3700 0,400 40 4.4 6,8 7,7
[lnam + 3 % n3Bectn 3700 0,400 55 9,4 14,1 13,6
[Inam + 5 % usBectn 3700 0,400 245 50,4 35,3 88,9
IInam + 10 % uszBectn 3700 0,400 31,2 70,6 45,3 116,1
[lmam + 15 % u3Bectu 3700 0,400 26,9 65,6 36,0 107,6
Jlobasxa nonyeuopama gocgozunca
HInam 3700 0,400 1,3 2,2 59 7,2
HInam + 1 % OI" 3700 0,400 7,2 16,5 13,2 18,7
Inam + 3 % @I 3700 0,400 13,5 27,1 20,9 47,8
Inam + 5 % @I 3700 0,400 121 35,6 18,0 63,1
Inam + 10 % @I 3700 0,400 10,8 39,6 22,1 74,0
Inam + 15 % &I 3700 0,400 125 49,0 20,9 93,0
Hlnam + 1 % @I 3700 0,400 7,2 16,5 13,2 18,7
HInam + 3 % OI" 3700 0,425 10,8 194 10,8 24,8
Inam + 5 % @I 3700 0,432 12,7 26,7 11,3 43,6
nam + 10 % @I 3700 0,447 7,2 21,8 8,3 42,6
Inam + 15 % @I 3700 0,450 7,8 18,4 11,4 48,8
Inam + 25 % oI 3700 0,472 8,6 25,6 13,3 52,4
Inam + 50 % O 3700 0,537 10,0 20,4 155 42,3
Lobaexa nonyeudpama pocgozunca u uzeecmu
Inam + 15 % @I 3700 0,450 7,8 18,4 11,4 48,8
IInam + 15 % ®I' + 1 % u3Bectu 3700 0,450 20,1 82,5 441 138,5
IInam + 15 % @I + 3 % u3BecTu 3700 0,450 12,6 52,6 36,4 101,3

Cocmasbl cmecu Ha 0CHOBe OMX0008 XUMUYUECKo20 npousgoocmea. B cmecu nodas-
nsitor CCh, C/Ib, kpeMHerens U OKCHAITHIINPOBAHHYIO JKUPHYIO KUCIOTY. [1o cpaBHe-
HUIO ¢ 0a30BBIM COCTaBOM, BKIodarommM 160 kr mementa u 220 kr 30mbl Ha 1 M3
CMECH, ee MPOYHOCTh C J0OABKOW KpeMHerelsl B KonruecTBe 5—7 Kr Boime Ha 15-20 %.
C yBenuuenneM kpemHeresst 6onee 9 kr/m3 coctaBsl 6sicTpo cxBarbiBatorcst. CCh mo-
BBIIIAET IUIACTHYHOCTh, TOJABUKHOCTD, MOPO30YCTOHYMBOCTb, BOJOHEIIPOHHUIIAE-
MOCTB, JOJITOBEYHOCTh cMecH. Jlob6aBnenue B cmecu 0,2 % C/Ib ot xomndyecTBa ieMeH-
Ta yBenW4yMBaeT MpoyHOCTh B 60-mHeBHOM Bo3pacte Ha 30 %. Ilpu ymeHbIneHHH
meMeHnTa Ha 20 Kr mpoyHOCTH yBenumumBaercs Ha 10 %, HO MeHbine Ha 20 %, dem
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cmeceii ¢ pacxonom ementa 160 kr/mS. Jlo6aska mnactudukaropos CCh yBennuuBa-
eT npodHocTh Ha 10-30 % npu oqMHAKOBOW MJIACTUYHOCTH MJIM CHIDKAET PacXof Iie-
MeHTa Ha 10-15 % npu onquHakoBoH npouHocTH [21, 22].

IlepcriekTHBHBIC HANPaBJIeHUs NCCJIEAOBAHMIL. ABTOPHI OTMEUAIOT MEPCHIEKTUB-
HBIE Pa0OTHI MO MCMONB30BaHHIO (OCHOTrHIICa B KAYECTBE BSDKYIIETO ISl 3alOTHEHHS
TEXHOTE€HHBIX IyCTOT IIaXT. BsOKyIye roToBAT MyTeM COBMECTHOTO TIOMOJIA TPaHyIUpO-
BaHHOTO JOMEHHOTO HIJIaKa ¢ (peppoxpoMoBIM HITakoM U ocdoruncom 1o 70 % xpyn-
HocThio 0,08 MM. @ocdorurc conepxut 10 95 % dpakuuii kpynHoctsio 0,08 Mm. [Ipou-
HocTh 3,0 MITa qocTiraeTcst Ipu pacxojie TUICOBOro BshkyIero 450 kr/ms [23, 24].

[En
N

=
o

o]

SN

N

Ipenen npounoctu npu cxxarun, MIla
(2]

5 10 15
ConeprxaHue U3BECTH B CMECH, %o

o

Puc. 2. 3aBHCHMOCTb NPOYHOCTH CMEIIAHHOTO BSDKYIIETO
(1am + U3BECTh) OT KOJIMYECTBA JOOABISIEMON U3BECTH
Fig. 2. Dependence between the mixed binder robustness
(sludge + lime) and the amount of the added lime

®Docdorurnc, kKak OOBEKT YTUIIN3ALNH, B CBOEM COCTaBe coaepkuT donee 90 % kpu-
cramnos CaSO, - 2H,0. IIpumecu, KoTopble coaepikarcs B pocporumce — 310 B OCHOB-
HOM NPOAYKTHI HeAOPpa3IokeHUs GochaTHOTO CHIPbs U PTOPUABI, IPHYEM CYMMAPHO
conepxkanue F u P,O, ne 6onee 1,5-2 %. MMeeTcss HeCKONBKO HaNPABICHUH], JAFOIIUX
NEPCIEKTUBY MacIITaOHOMY HCIOJIBb30BAaHHUIO KaK CBExec(opMOBaHHOTO (ocdorum-
ca, Tak ¥ ocdorurca, HAKOINICHHOTO B OTBaJaX.

PexoMeHI0BaHO YUMTHIBATH HE TONBKO IOKAa3aTeNd XMMHUYECKOro cocTtaBa (ocdo-
TUICa, HO W BelMWYUHY S((EKTUBHOW aKTHMBHOCTH NPUPOAHBIX PaJUOHYKIUIOB
A,y B/KT, 110 n3BecTHOI popmyse:

3,, = A,Ra+1,31A Th+0,085A K, )

rae 1,31 u 0,085 — cyxatomme kodpduuuenTsl ans Topusi-232 u kanus-40 cooTBeT-
CTBEHHO IO OTHOLIEHUIO K pajuio-226.

Takum 00pa3zom, peanu3aiys UK 3aMEHBI IEMEHTA BSOKYILIUMHE 100aBKaMH TpeOy-
€T COBEpPIICHCTBOBAHMS NPOLIECCOB TOPHOTO MPOU3BOACTBA, B NMEPBYIO OUYEPEAb H3-
MEJIBYCHUS U aKTUBALMU MUHEpaNoB [25, 26]. [lony4yeHHble B pe3ynbraTe UCCiIe10Ba-
HUIl 3aKOHOMEPHOCTH W BBIBOJIBI MPHMEHUMBI B Pa3IMUYHBIX OTPACIsIX HAPOIHOTO
X034HCTBAa M HOCST YHUBEPCAIbHBIA XapakTep, SBIAACH OAHOBPEMEHHO INPHPOJIO-
OXpaHHOH M pecypcocOeperalomieil TEXHOMOHAMH. VICToabp30BaHne Pe3ylibTaToB OTKPhI-
BAaeT NEPCIEKTUBBI BEDKUBAHUS B yCIOBUAX (hOpMUPYIOLIErocs poiHka [27, 28].

BobiBoabl. Yemanosneno, 4ro BO3MOXKHOCTD IPUMEHEHHUsT (HOCHOTHIICOB, IIIIAMOB,
JIOJIOMUTOB U JPYTUX JOCTYIHBIX MaJIOAKTUBHBIX MHUHEPAJIOB B KaU€CTBE 3AMEHUTEIS
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JOPOTOCTOALIETO M OTHOCHTENBHO JE(QHUIMTHOTO BSKYIIECTO ONPENENeTCs MO Mpod-
HOCTH M3TOTOBJICHHBIX KOHTPOJIBHBIX 00pa3loB TBEPACIOIINX 3aKJIa0YHBIX CMECE B
nabopaTopHBIX yCIOBUAX. Tak, MPOYHOCTb CMECE, COEpKAIIUX TUIIC, YBETUUNBACT-
csa B 1,5-2,0 pa3a u ipu cpoke TBepaeHHs 3, 6 U 12 Mec coCTaBiIsIeT COOTBETCTBEHHO
3,1;5,7u 7,6 MIla.

S}
=
N N » o] o

TIpenen mpoYHOCTH TIPH
cokatuu, MIla

0 5 10 15 20 25 30
Copeprxanue nonyoaoro docdorurca, %

10

N o @

IIpenen npoyHoCTH IPU
ckatuu, MIla

0 5 10 15
Copepaxanune nomyBoaHoro docdorumca, %

Puc. 3. 3aBUCHMOCTh TPOYHOCTH CIIOKHOTO BSDKYIIETO (muiam +
dhocdorurnc) ot nodaBku pochorurnca:
a — 28 nueii; I — npu BomoBsbkymieM otHomeHuu 0,4; 2 — npu paBHOIt noz-
BI)KHOCTH; O — IIPU BOJIOBSDKYILIEM oTHotieHuu 0,4; 1 — 7 nHeid; 2 — 28 nHeit
Fig. 3. Dependence between the complex binder robustness (sludge +
phosphogypsum) and the added phosphogypsum:
a—28 days; I —under the water-binder ratio of 0.4; 2 — under the same fluidity;
6 — under the water-binder ratio of 0.4; / — 7 days; 2 — 28 days

Ilokazarno, 9To COCTaBhI ¢ PACXOAOM BshKyIIero 450 kr Ha 1 M® IpH COOTHOIIEHUH
yemenm : wiaax 1 : 2 obecnednBaroT MpoYHOCTH OT 2,8 110 4,9 MIla B 28-1HEBHOM BO3-
pacte. YBenMueHUE TOHKOCTH IIOMOJIa 1j1aka ¢ 55 10 75 % yBeauuuBaeT OpOYHOCTh 10
30 % 6a3oBoii BenmnuuHbL. Co/lepKaHNe OTMYYHBAEMBIX YaCTHUI] HU3KOCOPTHBIX ITECKOB
nocruraet 20 % u 6osee. Kiaccsl ¢ yaeapHON MOBEPXHOCTBIO 28,4 M2/KI OTHOCATCS K
IpYIIIe MEJIKOTO TI€CKa, a ¢ YAEIbHON MOBEPXHOCTBIO 27,7 M%/KI K CpPEIHEH TpyIIIe.
[Ipounocts coctaBoB B Bo3pacte 28 nHeil gocruraer 0,5 Mlla, 90 nueit — 0,9 MIla
B 3aBHCHMOCTH OT Pacxo/ia [IeMEHTa.

ObocHosano, 9TO BSKYIIKE, IPUTOTOBIEHHBIE HA OCHOBE (PTOPTUTICOB, (hoChOTUI-
COB M OEIMTOBBIX IIJIAMOB ITyTEM COBMECTHOTO TIOMOJIa TPaHyIMPOBAHHOTO JOMEHHO-
ro nuiaka ¢ peppoxpomoBbIM 1IakoM 1 pochoruncom o 70 %, kpynaoctsro 0,08 Mm
00ecrneunBaroT MPOYHOCTh TUTICOBOTO BspKymiero A0 3,0 Mlla ¢ pacxogom 450 xr Ha
1 M3 cmecH.

Pexomenoosano yauTeIBaTh He TOJBKO IMOKA3aTENM XUMUYECKOTO U (PH3MKO-Mexa-
HUYECKOTO COCTAaBOB HETPAAHMIIMOHHBIX OTXOAOB IPOW3BOJCTBA, HO W BEIHYUHY 3(-
(heKTUBHOW aKTHBHOCTH MPUPOTHBIX PATUOHYKIHAOB. DTO 00ECIEeUnT paualliOHHYIO
0e301MacHOCTh TBEP/CIONIEH 3aKIaJ09HON CMECH.
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Study and development of hardening mixture composition based
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Abstract
Relevance. Phosphogypsum, the product of apatites chemical processing, is one of the most common mining
wastes. Phosphogypsum utilization is not widespread yet, therefore its cost is low. Integrated research has
been carried out to determine the technological capacity and economic feasibility of phosphogypsum,
sludge, and dolomite utilization as binders in the conversion of ore production techniques.
Research aim is to develop a hardening mixture composition based on unconventional industrial waste,
determine the technological capacity and economic feasibility of utilizing phosphogypsum, sludge,
dolomite, and other accessible low activity wastes as a substitute for expensive and relatively scarce
binder material.
Research methodology. Initial data are studied of the wastes possessing binding properties. The efficiency
of admixing them is determined from the robustness of hardening backfill mixtures control samples that
have been produced in laboratory conditions. Based on the research, a database is created to apply the
results in practice for mining development.
Results. The hardening materials compositions were obtained based on unconventional industrial waste
including hydrometallurgical and dressing tailings, furnace clinker, low-grade sand, thermal power
plants (TPP) and chemical industry ashes. The optimal composition of the mixture per cubic meter:
tailings — 600750 kg; TPP ash — 180-220 kg; cement dust — 250-315 kg, cement — 35-40 kg, tempering
water — 450-515 [ under the mixture's fluidity of about 14 cm according to the readings of the mortar
consistency measuring device (StroyTsNIL cone). To ensure radiation safety of the hardening mixture that
is based on unconventional industrial waste, it is advisable to take into account not only their chemical and
physical-mechanical indicators but the value of naturally radioactive nuclides’ effective activity as well.
Conclusions. It has been stated that the robustness of mixtures containing gypsum is 1.5-2.0 times higher,
and under the hardening time of 3, 6 and 12 months makes up 3.1; 5.7 and 7.6 MPa correspondingly. It has
been shown that the compositions with the binder s flow rate of 450 kg per cubic meter under the cement :
sludge ratio of 1 : 2 show the robustness from 2.8 to 4.9 MPa in 28 days. The content of low-grade sand
levigate particles reaches 20% and more. Classes with a specific area of 28.4 m*/kg refer to fine sand, and
with a specific area of 27.7 m?*/kg refer to medium sand. The robustness of the 28 days old composition
reaches 0.5 MPa, 90 days — 0.9 MPa depending on the cement flow rate. It has been substantiated that
binders based on fluorine gypsum, phosphogypsum, and belite sludge by mixed grinding of the granulated
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blast-furnace slug with the ferrochrome sludge and phosphogypsum up to 70%, 0.08 mm size, show the
robustness of the binder up to 3.0 MPa with the flow rate of 450 kg per a cubic meter of the mixture.

Keywords: industrial waste; hardening mixture; binder, PPT ash, ash and slag; cement, fluorine gypsum;
phosphogypsum; non-reactive aggregate; belite sludge; naturally radioactive nuclides.
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FEOMEXAHUKA. PA3PYLLEHUE rOPHbIX NMOPO/.
OU3NYECKUE U XUMUYECKMUE MPOLIECCHI
FOPHOIO NPOM3BOACTBA

VIIK 622.831 DOI: 10.21440/0536-1028-2021-3-28-35

OueHka ko3adhduLmeHTa KPpenocTn ropHbIX Nopoa
KOCBEHHbIMM MeTogaMu

ABpgeeB A. H.**, CocHoBckas E. J1.1, BonotHeB A. 10.2
L WHctutyT ropHoro aena YpO PAH, r. Exatepun6ypr, Poccus
2 /ApKYTCKMIA HALMOHAbHBIN MCCIIeA0BATENLCKUIA TEXHUYECKMIA YHUBEPCUTET, T. MpKyTCK, Poccus

*e-mail: avdeev0706@mail.ru

Peghepam
Beeoenue. Ilpu pazeedounvix, cmpoumenbHuix u 20pHO000bIBAIOWUX PADOMAX HE0OXOOUMO NPOBOOUMD
OYeHKY PU3UKO-Mexanuieckux ceolcme 20pHuix nopood. Oounaxo nabopamopmvle UCNLIMAHUSL NOPOO
dopoeocmosiwy, MpyooemMKu U mpedyom OO0AbU020 KOIUYECMBAd KAYECMBEHHbIX 00pazyos
20pHbIX Nnopoo. Bosnuxaem npobnema onepamugHol OyeHKU @QUIUKO-MEXAHUYecKux noxazamenel
KoC8eHHbIMU, Hepaspyuarowumu memooamu. [lpobarema paccmompena na npumepe 00H020 U3 6a308bix
ceoticme — Koappuyuenma kpenocmu no wikane M. M. Ilpomoodssikorosa.
Memoouku. Coenan ananumuyeckusi 0030p OCHOBHBIX KOCBEHHLIX CHOCOO08 onpedeneHus
Koapuyuenma xpenocmu na 6aze NPOUHOCMHBIX, YAPY2UX U AKYCIUYECKUX CBOUCME 20PHBIX NOPOO HA
OCHOBAHUU CMAMUCMUYECKUX 3Mnupuyeckux 3asucumocmeti B. B. Pocescxoco, I. . Hosuxa,
JI. U. Bapona; K. JI. TepMuxasnana, A. U. bBepona, M. M. [Ipomoodvsaxonosa. Bvibpansl naubonee
nepcnekmugHvle MemoouKku Hepaspyuanwux aabopamopHelX UCNLIMAHULL MOOYIS  YHpPY20Cmu
U CKOpOCMU NPOOOTLHOU BOTHDI.
Pezynsmamut u 661860001. [Ipogedenvl pacuemol KodIpduyuenma Kpenocmu HeCKOIbKUMU CROCOOAMU HA
npumepe OKGAPYOBAHHBIX NECHAHUKOS, OMOOPAHHBIX U3 PA3BEOOYHOU CKBANCUHBL 2A30HOCHO20
MecmopodicOenus. Buinonnen cpasnumenvHulll aHaniu3 NOAYHEHHbIX Pe3yIbmamos Opye ¢ OpyeoM u
¢ Kadacmposwvimu cnpagounvimu mamepuaramu. Haubonee onmumanvuvimu 0iis paciemos oKa3aniuch
saeucumocmu B. B. Powceeckoeo, I H. Hoeuxa, JI. U. Bapona npu oyeuke kpenocmu no Mooyuio
ynpyeocmu u 3asucumocmu A. U. bepowna, JI. U. Bapona npu pacuemax Ha 0a3ze axKycmuueckux
Xapaxmepucmux.

Knroueesvte cnoesa: NnpouHOCmHble, ynpyeue U aKycmuyeckue C60UCMEA CKANbHLIX NOPOO;
Koapuyuenm kpenocmu, npeden nPOUHOCMU HA cxcamue; MOOYIb YAPY2OCHU, CKOPOCMb NPOOOTbHOU
BONIHDL, IMNUPUYECKUE 3A8UCUMOCTNU, PACHEemHble MEMOOUKU.

Cmamps nodzomoenena 6 pamkax 6vlnoaHenus 2ocyoapcmeennozo 3adanus HIJ] YpO PAH
Ne 075-00581-19-00 no meme Ne 0328-2019-0005.

Beenenne. IIpu ocBoeHMM MECTOPOXKIECHUI MOJE3HBIX MCKOMAEMBIX, T€OJIOrHYe-
CKUX U T€OMEXaHWYECKHX HCCIEJOBAHUSX, NPH CTPOUTEIHCTBE TOPHOTEXHUYECKHUX
COOpPYXEHHUIl Bcerna MNpPOBOAAT OLEHKY (H3MKO-MEXaHMYECKHX CBOWCTB TOPHBIX
niopox [ 1-5]. IIpodanocTHBIE U IeOpMAITHOHHBIE XaPAKTEPUCTUKN OCHOBHBIX JINTOTHITOB
HEOOXOAMMO 3HATh IS A3PPEKTHBHOTO IUIAHUPOBAHUS U TIPOU3BOJCTBA PadOT.

B TO ke Bpems ompeneneHHe CBOWCTB IFOPHBIX MOPOJ Kak B JabOpaTropuu, Tak
U B IOJIEBBIX YCIOBUAX TPYAOEMKO U TpeOyeT OOJIBIIMX BpeMEHHBIX 3arpar. Kpome
TOTO, JUI CTAaTUCTUYECKH 3HAYMMBIX PE3yJbTaToOB M3MEPEHUH TpeOyeTcsl 3HaYUTeIb-
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HBII 00BEM KEPHOBOTO Marepuaa, 0oJblIasi 4acTh KOTOpOro OyaeT pa3pyllieHa B Ipo-
1ecce NpoBeAeHus JadopaTopHbIX ucnblTaHui. [lodydyeHue kauecTBEHHBIX 00pa3LOB
B HEOOXOIMMOM KOJTMYECTBE HE BCETAA BOBMOXKHO, UTO CBA3aHO CO crienn(HUKON IpoBe-
JEHUS Te0JIOTOPa3BeJOUHBIX paboT. M Torna Bo3HUKAET aKTyalbHBIH BOIIPOC ONpeae-
JieHns1 HeOOXOAMMBIX MOKa3aTeNel KOCBEHHBIMH, Hepa3pyLaloIUMI METOJaMH.

KocBenHbIe MeTOABI B (PU3HKE TOPHBIX ITOPOA OOBIYHO UCIIONB3YIOT Ha Oa3e craru-
CTHYECKH-IMIMpPHUIECKOro noaxona. B Poccun neranpHble, CTaTHCTHUECKH 3HAYMMBIE
nabopaTopHbIe HCCIIEAOBaHUS (PU3UKO-MEXaHMUECKUX CBOWCTB MPOBOIMIN OOJNBIINE
KOJUIEKTUBBI 1oJ, pykoBoacTBoM H. B. MensnukoBa, B. B. Pxesckoro, M. M. Ilpoto-
IBbSIKOHOBA M MHOTHX ApYTHX [4, 6—9]. OH1 aHamM3UpOBaIl MPOYHOCTHBIE, 1edopma-
LIMOHHBIE, AKyCTUYECKUE, TEMJIOBbIE, MEKTPUUECKIE, MaTHUTHBIE U IPYTHE MTOKa3aTe-
JIY TIO BCEM 3HAYMMBIM JIMTOTHUIIAM TOPHBIX TOPOJ, OTydaeMbIe B IIPOLECCE pa3BEIKU
U 3KCIUTyaTallud MECTOPOXKJIEHHUH, CTPOUTENBCTBE TEXHUUECKUX cOOpykeHuil. Hayd-
HBIE PE3yAbTaThl 0GOPMIUTUCH B BHIE MHOTOYHMCICHHBIX MOHOTpaduii, ClipaBOYHH-
KOB, Ka/IaCTpOB, COOPHUKOB CTaTeil, METOIMYECKUX YKa3aHUH, KHUT U T. 1. B paborax
CHUCTEMAaTH3UPOBAINCh, AHATU3UPOBAINCH W BBIABISUINCH B3aMMOCBS3H YNPYTHX U
NPOYHOCTHBIX XapakTepucThk. [1lo Mepe HakomieHus: 1 06pabOTKU JaHHBIX MOTYYECHO
OO0JIBIIOE KOJTMYECTBO SMIIMPHYECKUX 3aKOHOMEPHOCTEH, KOTOPBIE MOYXHO HCIONb30-
BaTh JUI1 YCKOPEHUs U yIELICBICHU J1a00PaTOPHBIX UCTIBITaHUH. OJJHAKO TP UCTIONb-
30BaHMU 3THX 3aKOHOMEPHOCTEH BO3HUKAET NpodiieMa BBIOOpa KOHKPETHOTO METOa U
€ro IPUMEHUMOCTH B KOHKPETHBIX YCIOBUAX IMEHHO M3-3a SMIUPHUYECKOTO XapaKTepa
IpeJularaéMbIX 3aBUCUMOCTEH.

PaccMoTpum 3Ty mpobieMy Ha mpuMepe OLIEHKH OIHOTO W3 Hanbolee HCIOoJb3ye-
MBIX, 0a30BBIX (PU3MKO-MEXaHHYEeCKUX mokazareseil B Poccuu u crpanax CHI™ — koag-
¢unmenta xkpenoctu no mkaiae M. M. [Iporonesikonosa f. Ha ero ocHOBe onpenensior
CPOKH IIpOBeAeHHs padOoT, MOITHOCTHBIE NOKA3aTeNl TEXHUKH, PACCUUTHIBAIOT OOBEMBI
MaTepHalbHBIX PECYPCOB, BEIOMPAIOT CIIOCOOBI U CPEACTBA Pa3pyLICHUs TOPHBIX MOPOI.

MeToauku. PaccMoTprM BO3MOKHBIE MTOAXOABI K OLIEHKE KOA(PHUINEHTa KPETOCTH
Kak JJaOOpaTOpHBIMH, TaK ¥ PACYETHHIMH METOJAMH.

OnHuM n3 HanboIee MPOCTHIX JIAOOPATOPHBIX METOJOB ONPEAETICHUS KPEHOCTH SIB-
JseTcsl MeToA «TomdeHus». lllupokoe pacpocTpaHeHue MOMyYHId METOJIBI Pa3/laBiIn-
BaHMA 00pa3LOB MPAaBUILHOW M HEMpaBUIbHOH GopMmbl. HecMoTps Ha mpoCcTOTy MeTo-
JIOB, BCE OHH JIOCTaTOYHO TPYAOEMKH U TPEOYIOT 3HAUUTEIbHBIX BPEMEHHBIX 3aTpar U
JIOCTAaTOYHOI'0 KOJIMYECTBAa KEPHOBOTO Marepuaa.

[rpoko U3BECTEH pacueTHBIN METO ONPEAETICHHS KPETIOCTH, MPeII0KEHHBIN ca-
muM M. M. [IpoTonpsKoHOBBIM, Ha 0a3e OIHOOCHOTO Mpeesia MPOYHOCTH Ha CKaTHe:

T @

7€ 6, — Opees NPOYHOCTH Ha OIHOOCHOE ckatue, MITa.
[To3maee, amanm3upyst HakonuBIuecs nanueie, JI. WM. bapon [8] yTounmt 3Ty 3a-
BHCHUMOCTb:

(¢} (&)
= oK 4 oK 2
/ 300 30 @

[Ipenen mpouHOCTH HAa OMHOOCHOE cxkatre B popmynax (1), (2) oO6br4HO ompemnerns-
€TCsl CTaHJIAPTHBIMH JTa0OpaTOPHBIMH UCTBITAHUSAMH. OJHAKO €ro MOXKHO OIICHUTH
Y KOCBEHHBIMH METOJIaMHU.
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Tak, B. B. PxeBckuii, I. 1. HoBuk [4] ycTaHOBMIM, YUTO C MPEAEIOM MPOYHOCTH
MIOPO/IBI Ha OJHOOCHOE CXKATHE, KI/CM2, KOPPEIHPYEeTCsl MOIYIb yIPYTroCTH E:

o, =42-10"E — 445, (3)

CoBmectHOe pemerne Gopmyi (2) u (3) mo3BoIsIET ONpenesaTh KO3 PUIUEHT Kpe-
MIOCTH, 3Hasl TOJIBKO MOYJb YIIPYTOCTH.

ITo pe3ynsraTaMm MHOTOYHCIIEHHBIX J1a00PaTOPHBIX HCTIBITAHUH 00pa310B TOPHBIX TOPOX
B XOJI€ CTPOMTEIBCTBA THAPOTEXHIYECKHX coopyxenni, K. JI. Tep-MukasmsiHoM Takke 00-
HapyKeHa CBS3b MY KO3(QUIMEHTOM KPermocTH 1 MoxylieM yrpyroctu, MI1a [9]:

E=230 g0t (4
26—/

[Toce mpeoOpazoBanust GOpMyITHI (4) MOXKHO TIOTYUYHUTH €Ille OJUH BapHUaHT Kod(-
¢uIrenTa KpenocTy Ha 6a3e MOAYIS YIIPYTOCTH:

100 1)
f=2[7+EJ . (5)

Crnenyer oqHAaKO yYUTHIBATh, YTO MOIYJb YHIPYTOCTH — 3TO AedopMalMoHHas Xa-
pakrepucTka. B mpouecce 1abopaTopHBIX UCTIBITAHUH MO YOPYTOCTH Hanbosee
XpyIKHe 00pasibl 3a49acTyIo MOABEPXKEHBI paspylleHnto. B ycioBusx nedunura mare-
pHana o0pa3LoB NPHOPUTET UMEIOT Hepa3pyIIaroNe METOABI ONpeaeneHus Gpu3nko-
MEXaHUYECKUX XapaKTepUCTHK. Takue crnocoObl MCTONB3YIOTCS MPU ONpEAEICHUH
aKyCTHUYECKUX CBOWCTB IOPHBIX IOpoA. MHOrue M3BECTHBIE MCCIEAOBATENIN 3aHUMA-
JIMCh ¥ 3aHUMAIOTCSI BBISIBIICHUEM 3aBHCUMOCTEH MEXIY aKyCTHUYECKHMHU U MEXaHu4e-
CKHMH CBOWCTBaMHU ropHbIX nopon [10, 11].

B sTOM acnekTe BhI3BIBAIOT HHTEpPEC dSMIUprudeckue 3aBucuMoctd A. U. bepona [12],
KOTOPBIH TPEIUTOKHIT HCTIONB30BATH CKOPOCTH MPOIOMBHBIX BOIH C,, M/C, 1T paciera
mpezena TPOYHOCTH HA CXKarhe, Kr/CM?, M TBEPIOCTH TOPHOM MOPOIBI IO
Ipeiinepy, Kr/MM2:

o, =(0,440C, - 530); (6)

P, =(0,085C, —153). (7)

N3BectHO, uTo M. M. IIpOTONBAKOHOB AJIs pacdyeTa TBEpAOCTH T'OPHOM MOPOIBI 110
peitnepy Py, Kr/MM?2, HCTIOIB30BaI IIPEEN IPOYHOCTH Ha ckaTue [6]:

Py =22,5,. (8)

TakuMm 00pazoM, npesesl POYHOCTH Ha CKATHE MOYKHO TIOJIyYUTb, UCTIONb3YS KpH-
TEpUi CKOPOCTH MPOAOIBLHON BOJIHBI, €Ie OHUM CIIOCO00M, Mpeobpa3oBaB GOPMYJIbI

(5) u (6):

0,085C —153
Oox ! 221,05 )' ©)
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CosmecTHO pemas (2) u (6) wnn (2) u (8), MOXKHO MOTYyYUTH KOAPPHUIHMESHT KPeTo-

CTH, 3Has CKOPOCTh IPOIOIHEHON BOJTHBIL.

Pe3ynbTarbl. PaccMOTprM BO3MOXXHOCTH NMPUMEHEHHS HM3JIOKEHHBIX 3aBHCHMO-
CTel Ha mpuMepe OLIeHKH KoddGHImenTa Kpernocty mo 24 o0pasiaM OKBapIioBaHHOTO
MeCUaHMKa, B3ATBIM W3 Pa3BEJIOYHOM CKBaXXMHBI HE(TETa30BOr0 MECTOPOXKICHUSI.
[IpoBenem pacdeTsl KpPEMOCTH YETHIPhMsI CIIOCOOAMHM: JIBa BapHaHTa HAa OCHOBAHUU
nabopaTOPHBIX UCIBITAHUN MOJIYJIsl YIIPYTOCTH H JIBA BapUAHTA 110 HEpa3pyIIAOIIUM

HCITBITAaHUSAM aKyCTHUYCCKUX CBOUCTB (CKOPOCTH MPOIOJIBHOMN BOJIHEI) (Taodi. 1).

Ta0auna 1. PacueTHble 3HaYeHNs KO3 PUIMEHTA KPENOCTH OKBAPIOBAHHBIX NeCYAHUKOB
Table 1. Calculated values for the strength coefficient of the siliceous sandstones

PacuerHoe 3HaueHue KOE)(t)(bI/[HI/[CHTa KpENnocCTu B 3aBUCUMOCTH

Homep CKOpOCTb“ Monyns -
06pa3ua TIPOAOJIBHOU yYOpyrocTtu, OT MOAYJI YIIPYTrOCTH OT CKOPOCTHU IIPOJAOJIBHON BOJIHBI
BOJHEL M/C [Ma Bapuanr 1 Bapuaur 2 Bapuanr 3 Bapuaur 4
1 5401,0 66,93 17 9 11 14
2 5371,0 61,78 16 8 11 14
3 5452,6 64,31 16 9 11 14
4 5200,0 54,80 14 8 11 14
5 5452,6 60,47 16 8 11 14
6 5490,1 69,13 18 9 11 14
7 4755,7 44,32 12 7 10 12
8 4850,3 43,86 12 7 10 13
9 5269,0 60,39 16 8 11 14
10 5523,2 64,98 17 9 11 14
11 5320,1 62,02 16 8 11 14
12 4809,2 42,64 11 6 10 13
13 4560,4 39,41 11 6 9 12
14 4682,2 41,12 11 6 10 12
15 4458,3 36,84 10 6 9 12
16 5204,7 51,75 14 7 11 14
17 5037,7 52,11 14 7 10 13
18 5521,5 64,52 17 9 11 14
19 5198,4 57,97 15 8 11 14
20 4447,6 38,69 10 6 9 12
21 4865,5 50,13 13 7 10 13
22 4885,3 48,54 13 7 10 13
23 5061,0 48,37 13 7 10 13
24 4784,5 43,44 12 7 10 12
Cpeonue snauenus 13,9+2,4 7,5+1,1 10,4+0,7 13,3+0,8

Hcnonr3yemsie (hopMyItel IO BapuaHTaM pacueTa cieryrolne:

— BapuaHT 1 — dopmyisl (2), (3) c ucronszoBanueM 3aBucuMocTeit B. B. Pxescko-
ro, I. 4. HoBuka, JI. U. bapoHa;

— BapuaHT 2 — ¢popmyna (5) ¢ ucnonp3zoanneM 3apucuMocTh K. JI. Tep-Mukasnsaa;

— BapuadT 3 — dopmyisl (2), (9) ¢ ucnonp3zoBanneM 3asucuMocteit A. . bepona,

M. M. IIpotoassakoHoBa, JI. M. bapona;

— BapuadT 4 — dopmysl (2), (6) ¢ ucnonp3zoBanneM 3aBucuMocteit A. . bepona,

JI. Y. bapona.
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CpaBHUTENBHBIN aHATIN3 PE3YJBTATOB PACUETOB KO3 PHUIIMEHTa KPEOCTH MO3BOJIS-
€T OTMETHUTB CIICAYIOLIEE.

MakcumansHoe 3HaueHue Kod((HUIMEHTa KPEemocTH IOIyYeHO B BapuaHTe |
(B. B. PxeBckut, I. 1. HoBuk). 3necs cpeanss kpenocts pasHa 13,9+2,4. Munumans-
Hoe 3HaueHue kpernoctu (7,5+1,1) gaetr meronuka K. JI. Tep-Muxkasnsna (Bapuasr 2).
O0e MeToANKHY HCTIONB3YIOT IS pacueTa MOAy/b ynpyroctu. Ho B Bapuanre 1 nomon-
HUTENBHO, B KAYE€CTBE TPOMEKYTOUHOTO 3Tala pacuyeToB, yUUTHIBAETCS IIPOYHOCTD Ha
0JHOOCHOE ckartue. CXoAuMOCTh pe3ynsTaToB 1o gopmynam (2), (3) u (5) HeBenuka.
3TO eCTECTBEHHO, TaK KaK 00€ NCIOIb3yeMble 3aBUCUMOCTH HOCST KOCBEHHBIH, IMITH-
pHUYECKUI XapakTep.

BapuanTts! pacueta 3 U 4 yuuTBIBAIOT Kak CKOPOCTH IPOAOJIEHOM BOJIHBI, TaK U
MIPOYHOCTH Ha OJHOOCHOE C)kaTHe. BapuaHT 3 1ONOMTHUTENBHO UCIIOIB3YET TBEPAOCTh
nopozs! o lpeitnepy. CpenHsis kpenocTs B BapuaHTe pacuera 3 paBHa 10,4+0,7,
B BapuanTte 4 — 13,340,8.

Haunbonbas cxonuMocTh pe3yasTaroB y BapuaHToB | u 4. Jlnanazon xkoaddumnmen-
TOB KPEMOCTH IO 3TUM METOAUKaM cocTaBisieT 12—14. 3HaunTenbHO Ooliee HU3KOE
3HauYEHHE KpenocTH 1o MeTonuke Tep-MukasisHa (BapuaHT 2) MOKHO OOBSICHUTD TEM,
4yro Tep-MuKasIsH onepupoBall OrpaHMYEHHBIMU TeoMaTepruanaMu OJIM3MOBEpXHOCT-
HBIX U OOBOIHEHHBIX (0CIA0JICHHBIX) IPyHTOB. OKBaplOBaHHBIE MECYAHUKH, U3BIIE-
YeHHBbIE U3 TIIyOOKHX TOPHU30HTOB, €CTECTBEHHO, OyAyT oOnamaTh Ooyiee MPOYHBIMH
xapakrepucTukamu. IloHnKeHHbIe 3HaYeHMs KPETIOCTH B BapUaHTE pacdyera 3 MOXHO
OOBACHUTH TeM (DaKTOM, UTO 3/1€Ch UCIOJIB3YETCs JOMOIHUTEIBHO TPEThsI KOCBEHHAs
3aBUCUMOCTH (pacuet TBeproctu no Ulpeiinepy). To ecTs qoOaBIeHNE MPOMEKYTOU-
HBIX KOCBEHHBIX 3aBUCHMOCTEH, OUEBUIHO, HETATUBHO CKa3bIBACTCS HA OOIIEH TOYHO-
CTH OKOHYATeNbHOIO pe3yibTaTa.

CpaBHUM NOJy4YEHHBIE PE3YIBTAThI C KaAACTPOBBIMH CIIPABOYHBIMH HCTOYHHKAMH.

B cnpaBounoii nuteparype [2] cpeaHee 3HaueHHE KpemocTH necdaHukos f = 10.
B xamactpe 1975 r. [3] cpenHee 3HaueHME Mpeena MPOYHOCTH HA CKaTue y MecyaHu-
KOB CyHIECTBEHHO KBapIIEBOIO COCTaBa paBHO G, = 167 Mlla, pacueTHblil K03 duiu-
eHT KpenoctH 1o popmyie (2) cocrasur 13. Y Pxesckoro B. B., Hosuxa I'. f1. [1, c. 82]
G, = 147 Mlla, pacueTHblil K03QduLreHT Kpenoctu — 12.

TakuM 00pa3oM B COOTBETCTBUH CO CIIPABOYHBIMH JaHHBIMH, KO3()DUIIMEHTHI Kpe-
MOCTH OKBAapLOBAHHBIX IMECYAHUKOB C YYETOM MX IMPOYHOCTH HA CKATHE COCTABISAIOT
12-13, 0OBIYHBIX TT€CYaHHUKOB — 10.

Haunbonee 61M3KMMHU K KaJaCTPOBBIM UCTOYHUKAM SBIISIIOTCS PE3yJbTaThl pACUETOB
B BapuaHTax 1 u 4. YuuThIBas, 4To B pacueTax UCIOIb30BAHbI PE3yJIbTaThl ABYX HE3a-
BUCHMBIX APYT OT Jpyra NpsMbIX Ja0OpaTOPHBIX MUCHBITAHUI (MOAYMS YIPYTrOCTH H
CKOPOCTH TPOAOJIBLHON BOJHBI), MOKHO PEKOMEHAOBAaTh 3TH BapUaHTHI pacyeTa s
KOCBEHHOH OLICHKH KPEMOCTH CKaJBHBIX MMOPOA MPH HAJHMYUH J1a0OpaTopHO MOTydeH-
HBIX MOAYJIS YIIPYTOCTH U CKOPOCTH MPOJOIbHOMN BOJIHEI.

3akmrouenne. Ha ocHOBaHMM M3710)KEHHOTO MOYHO C/IE€TIaTh CJIEAYIOIINE BHIBOIBI.

KocBenHble cioco0bl onpeiesieHust PU3UKO-MEXaHUIECKHX XapaKTEPUCTHK B yCIIO-
BUSIX Ae(ULIUTa KaueCTBEHHBIX 00pa310B TOPHBIX OPOJI, BPEMEHHBIX, MaTepUaIbHBIX
M SKOHOMHYECKUX PECYPCOB TOPHBIX MPENNPUSATHA M aHATUTHYECKUX JIabopaTopuii
SBJIIOTCS TIEPCHIEKTUBHBIMHU.

s oueHky ko3(hUIMEeHTa KPENOCTH CKaNbHBIX opoA mo M. M. IIpoTonssikoHo-
BY MOXKHO TIPUMEHSTH NPEATIOAKEHHbIE KOMIIEKCHBIE PACUETHBIE METOJUKH C UCIIONb-
30BaHHEM Pe3yNbTaTOB Ja00PATOPHBIX UCIBITAHUN YIIPYTUX, TIPOYHOCTHBIX U aKyCTHU-
YECKUX XapaKTEPUCTHK.

B wacTHOCTH, U1 CKalbHBIX MOPOJ Fa30HOCHBIX MECTOPOXKAEHHUH Hanboee mpu-
MEHUMBI IMIupudeckue 3aBucumoctu B. B. Pxkesckoro, I'. fI. HoBuka, JI. 1. bapona,
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A. WU. bepona, noiyueHHsle Ha 0a3ze mpenena MPOYHOCTH HAa OXHOOCHOE CHKaTHE,
CKOpPOCTHU MPOJOJIBHON BOJTHBI, MOAYJS YIIPYTOCTH.

CrenyeT y4uTHIBaTh, YTO HEOOXOIUMO OCO3HAHHO MTOJXOAUTH K BIOOPY KOCBEHHOM
METOOUKH. M3-3a 3MIUpPHUYECKOro xapakTepa OOJIBIIMHCTBAa (OPMYIT Ha Pe3yJbTaThl
pacyeToB OKa3bIBAIOT 3HAUYUTEIBHOE BIMSIHUE YCIOBHS, B KOTOPBIX MTOTyUYEHBI UCTIONb-
3yeMble 3aBHCUMOCTH. Takke HE CTOMT B pacueTax 0e3 KpalHed HeoOXoAMMOoCTH
I00aBIATh MPOMEKYTOUHBIE SMIUpPUUECKUE 3aBUCUMOCTH. C KaXIod 100aBOYHON
(bopMysI0ii MOHMKAETCSI TOYHOCTD MOIY4YaeMbIX PE3YJIbTATOB.

PexomenayeTcs mpu KOCBEHHOH OLIEHKE (PU3UKO-MEXaHMUECKUX MOKa3aTelel mpu-
MEHSTh HECKOJIBKO HE3aBHCUMBIX METOIMK pacueTa. B ciryuae oTcyTCTBHS TaKMX METO-
JUK HE0OXOAMMO KOHTPOJBHOE OMNpEAEIeHUE OLEHHBAEMOTro MOKa3aTelsl MO0 OTIeIb-
HBIM OOpa3naM TopHbIX nopox. Takum oOpaszom, OynmeT obecrnedeHa IOCTaTOYHAs
HaJIe)KHOCTh Pe3yNbTaTOB HCCIEAOBAaHUN Jake MPHU OrpaHMYCHHOM J1abopaTopHOM
Marepuaie.
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Strength coefficient estimation by indirect methods

Arkadii N. Avdeev!, Elena L. Sosnovskaia!, Aleksandr Iu. Bolotnev?
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Abstract
Introduction. In exploration, construction, and mining operations it is necessary to assess the physical
and mechanical properties of rocks. However, laboratory rock tests are expensive, time-consuming, and
require a large number of quality rock samples. There is a problem of rapid evaluation of physical
and mechanical properties by indirect, non-destructive methods. The problem is considered on the example of
one of the basic properties, the strength coefficient according to Protodiakonov's scale.
Research methodology included the analysis of the main indirect methods of determining the strength
coefficient based on strength, elastic and acoustic properties of rocks on the grounds of statistical
empirical relationships of V. V. Rzhevskii, G. la. Novik, L. I. Baron; K. L. Ter-Mikaelian, A. I. Beron, and
M. M. Protodiakonov. The most promising methods based on non-destructive laboratory tests of modulus
of elasticity and longitudinal wave velocity are selected.
Results and conclusions. The strength coefficient was calculated by several methods on the example of
siliceous sandstones, selected from the exploration well of the gas-bearing field. The results were compared
with each other and with cadastral references and materials. The most optimal for calculations were the
dependences of V. V. Rzhevskii, G. la. Novik, and L. I. Baron when evaluating the strength coefficient by
the modulus of elasticity, and the dependences of A. I. Beron and L. 1. Baron when calculating based on
acoustic characteristics.

Keywords: strength, elastic and acoustic properties of rock; strength coefficient; uniaxial compressive
strength; modulus of elasticity; longitudinal wave velocity, empirical relationships; calculation methods.
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MporHo3 ycTonymBoCcT NPUOOPTOBOrO MaccmBa B FMHUCTbIX
FPYHTaX YETBEPTUYHLIX OTNIOXKEHUMN C YHETOM BIUAHUA
(bUNLTPALUOHHBIX KONNEKTOPOB
Ha npumepe bayaTckoro yronbHoro paspesa

Kapa6bnui M. M.™*, Cuporta [1. 10.2, MpocTos C. M.2
! KysBacckuin ronoBHOM MHCTUTYT N0 NPOEKTUPOBaHMIO yrneaobbiBatoLLmx v yrnenepepabaTtbiBatoLLmx
npeanpusaTui «Kyabaccrunpolwaxty, r. Kemeposo, Poccus
2 Kyabacckuin rocyaapCTBEHHbI TEXHUYECKUN YHUBEpCUTET MMeHu T. . Mopbavesa,
r. Kemeposo, Poccus
*e-mail: karablin.mm@gmail.com

Peghepam
Beeoenue. IIpu omxpbimoii 2e0mexHono2uu Yopmuposaniie 20pHoiX 8bIPAGOMOK 8 SIUHUCTBIX 2DYHIMAX
YEeMBEPMUUHBIX OMIOHCEHUN HEPEOKO CONPOBONXCOAemcs HapyuleHuem ycmouuusocmu. Kax npasuno,
NPUYUHOU  PA3BUMUA  2COMEXAHUYECKUX — NPOYEcco8 ABNAEmCs.  HecOOMBEMmcmeue  NPUHAMbIX
2eOMEMPUYecKUx Napamempos QU3UKO-Mexanuieckum xapakmepucmuxam zpyumos. IIpu mechoi
63AUMOCEA3U NPOYHOCHIHBIX XAPAKMEPUCTIUK C BIANCHOCBIO 8 YCA0BUAX OMCYMCMBUS UCHOYHUKOS
HacvlueHust 6000 OMKOCHL 8 MeyeHUe ONUMENbHBIX NEPUOO0E COXPAHAIOM YCIMOUYUBOCMY, 0OHAKO NPpU
B000HACHIWEHUU EPYHMbL NEPEXO0Am 8 NAACMUYHYIO UAU MEKYUVI0 KOHCUCHEHYUIO U CHUNCAIOM
npouHocmubie ceéocmea. B undicenepnoil npakmuke 015 npedomepaujeruss ONACHbIX 2e0MeXAHUYeCKUX
npoyeccos npumMeHsiom 1eKmopousuieckue Memoobl KOHMPOJs, KOMopble NO360NAIONM 34 Cuem
9NIeKMPUYECKOU KOHMPACMHOCU NOCMPOUMb 2PAHUYbL AHOMALLHBIX O GAANCHOCMU 30H. B ciyuasx,
K020a No OaHHbIM OYPeHUs. UIU BePMUKATLHO20 9NEKMPUYECKO20 30HOUPOBAHUS U3BECIHA 2yOUHA
3ane2aHus U MOWHOCHb B00OHACHIUWEHHO20 Cl0s, OSNeKmpudeckoe npoPUIUPOSAHUe NO3601em
ONepamusHo YCmManHo8uUmsb UsSMEHYUBOCb OAHHLIX XAPAKMEPUCMUK AHOMAuU. Aemopamu cmamou
NPeoNodceH aneoOpumm onpedeneHus UsMeHYUBOCMU MOWHOCIU PbIXI020 6000HACLIWEHHO20 CLOSL OM
KOOPOUHAMbL MOYKU INEKMPONPOPUAUPOBAHUSL.
Lens pabomur — npozno3 ycmouuugocmu npubOPNIOBO20 MAcCUBa 8 CIUHUCMBIX 2PYHMAX HemE8ePMUHbIX
OMIONCEHUL C YUemOoM GIUAHUSL DUILMPAYUOHHBIX KOLNEKMOPO8 3d Cuen KOMNJIEKCUposaHus 6a3
OGHHBIX UHIHCEHEPHO-2€0NI02UUECKO20 USVUEHUs U Pe3YTbMmamos UHMEPnpemayuu 2eoQusuieckux
usMepeHuil Ha OCHOBe 0OBLEMHOIL 2€011020-2€0PUULECKOU MOOEIU.
Memooonozua npedycmampusaem ananus 6a3 OAHHBIX UHICEHEPHO-2€002UUECKO20 U3VUeHUs U
De3yIbmamos uHmepnpemayuy 2e0PU3U4eCcKux usmMepeHull.
Pezynomameot. Ilo pesynomamanm 8bINOIHEHHBIX pabom HOCMpoena 006veMHas 2e01020-2e0puU3u1ecKds
MOOenb npubopmoso20 MACCUBA € SPAHUYAMU BOOOHACLIYEHHO20 CNIOS 05l NPOSHO3A YCMOUYUBOCMU
Qaxmuueckozo nonoxcenus npubopmosozo maccuea. Ilo pesynemamam npocHO3ad YCMOUYUBOCMU
yemanoeneno credyouee: na paciemuvix cevenusx O,y —0 .y s nocie depopmuposanus yoepiicusaioujue
CUNbL 3HAYUMENLHO Npesblualom cosueaiowue (Kodgduyuenm ycmouyusocmu), 4mo 00ycioeieHo
Yyeenuueruem geca nPU3Mbl YRopa 3a cuem Ono3Hesbix Mace, NOMeHYUaibHO ONOA3HEONACHbII YUACMOK
npuypouen x pacuemnomy cedenuio Oy, umo 0ObACHAEMCA NAAGHBIM CHUDICEHUEM KOIppuyuenma
yemotiyugocmu ¢ 1,38 (ceuenue O,y,) 0o 1,06, 61u3k020 K npedensHoMYy.
Bo1eoowvl. [ns demanuzayuu usMeHeHull QU3UKO-MeXaHUUeCKUx ceolcme npubopmoguix Maccusos
paspesod  yenecoobpasHO  UCHOIb308AMb MemoO  NeKMpPopa36edKu  (NeKmpo3oHOUPOBAHUS U
npoQuUAUPOBAHUsL) ¢ BblOENeHUEM BOOOHACHIWEHHBIX 30H NO JOKANLHLIM OMPUYAMETbHLIM AHOMATUAM
9P Pekmugnozo yoenoHo20 2NeKmpoConpoOmueienus u onpedeienuem GYHKYuu usmeHeHus MOWHOCmu
DLIXIbIX  YeMEEePMUYHBIX — OMIOJNCEHUTl NYmeM UHBEPCUU  2PAPUKO8  INeKMPONpoOUAUPOBAHULL
C UCNONb306AHUEM MeNO0008 HAUMEHbUIUX KEAOPAMO8 U 3010mo2o cevenus. Ilpu 3HauumenvHol
NPOMANCEHHOCIU ONOAZHEONACHBIX VUACMKO8 USMEHEHUe DACYemHbIX 3HAYeHUll Ko3gduyuenmos
YCMOU4U80Ccmu, OnpeoeneHHbX Ha OCHO8E 00bEMHBIX 2e0]1020-2e0PU3UYECKUX MOOeTell, MOoXcem UMems
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HEMOHOMOHHbBIN  XapaKkmep ¢ HEeCKOMbKUMU IKCMPEMATbHbIMU 3HAYEHUAMU U  3HAYUMETbHbIMU
epaduenmamu, NOIMOMY YerecooOPaA3HO GbINOAHAMD AGMOMAMUZUPOBAHHBII PACYem C YUKAUYECKOU
Ooemanuzayueti Haubonee ONACHLIX YHACMKO8 NO KOOpOuHame NpoQuis u HAnpaeieHuio paciemHnozo
ceyeHus 6 naame.

Knroueswte cnosa: sepmuransnoe snexmpuueckoe 30n0uposanue; snekmpuieckoe npouiuposanue;
npubopmosoll maccus; QUILMPAYUOHHIN KOLIEKMODP; 00beMHAs 2€01020-2e0QU3ULECKas MOOeb,
K03 uyuenm ycmouuugocmu.

BBenenue. IIpu oTKpEITOI reoTexHONOTHH (HOPMUPOBAHHE TOPHBIX BBHIPAOOTOK
B INIMHUCTBIX TPYHTAX YETBEPTUUYHBIX OTIIOKCHUM HEPEAKO COMPOBOXKIACTCS HAPYILICHU-
eM ycroiunBocTy. Kak mpaBuio, mpuunHONW pa3BUTHS F€OMEXaHMYECKHUX MPOLIECCOB
ABIACTCA HECOOTBETCTBUEC MPUHATHIX I'COMETPUIYCCKUX IMapaMETPOB @HSHKO-MGX&HI/I-
YECKUM XapaKTepPUCTUKaM IpyHTOB. [Ipr TeCHOM B3aMMOCBSI3M MPOYHOCTHBIX XapaKTe-
PHUCTHUK C BIaKHOCTBIO B YCIOBUSIX OTCYTCTBHUSI HCTOYHUKOB HACBIILIEHUSI BOAOH OTKO-
Cbl B TCUCHHUC [UJIMTCIIBHBIX TIIEPHOAOB COXPAHAIOT yCTOﬁHHBOCTB, OJHaKO IMpH
BOJIOHACBIIIIEHIH TPYHTHI NEPEXOAT B IUIACTHUHYIO MIIM TEKYUYyIO (OPMY U CHIDKAIOT
MIPOYHOCTHBIE CBOMCTRA [1, 2].

Puc. 1. IlnaH ONBITHOTO y4acTKa C PacHONOKEHUEM BOJOHACHIIIICHHBIX 30H:
1 — ruzpooTBan «CarapibslKCKHii»; 2 — BOCTOYHBIN OOpPT paspesa
Fig. 1. The plan of the experimental site with the location of water-saturated zones
1 — Sagarlyksky hydraulic waste disposal; 2 — open pit’s eastern wall

B unxeHepHO NpakTHUKe Ul NPEJOTBPAIIEHHsI ONACHBIX F€OMEXaHUUECKUX MPO-
LIECCOB MIPUMEHSIOT JEKTOPOPHU3NUECKUE METOABI KOHTPOJISL, KOTOPBIE TO3BOJISIOT 32
CYET MEKTPUIECKON KOHTPACTHOCTH MMOCTPOUTH IPAHUIIBI aHOMAJIBHBIX 10 BIIAXKHOCTH
30H [3—11]. B cnyyasix, Korya 1o JaHHbIM OypeHHS HITH BEPTHKAIBLHOTO 3JIEKTPHYECKO-
TO 30HIMPOBAHMS U3BECTHA ITyOMHA 3aJeTaHus ¥ MOIIIHOCThH BOJIOHACKHIIIIEHHOTO CIIO,
MEKTPUUECKOE MPOGUINPOBAHUE TIO3BOJISIET ONIEPATUBHO YCTAHOBUTH U3MEHUMBOCTD
JTAaHHBIX XapaKTePUCTUK aHOMAJINU. ABTOPAMHU CTaThbH MPEIJIOKEH AITOPUTM ONpEre-
JICHUs1 UK3MEHYMBOCTH MOLTHOCTH PBIXJIOTO BOJOHACHIIIEHHOTO CJI0S /I OT KOOPIMHATHI
TOYKH IAEKTPOTPOPIINPOBAHUS X.

Llenpro paboThI ABISAETCS IPOrHO3 YCTOMYMBOCTH IPUOOPTOBOTO MAacCHBa B INIMHU-
CTBIX TPYHTaX YETBEPTHUHBIX OTJIOXKEHHUI C YUE€TOM BIMAHUS (DUIBTPALMOHHBIX KOJI-
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JIEKTOPOB 3a CYET KOMILICKCUPOBaHUs 0a3 NaHHBIX MHKEHEPHO-T€OJIOTHYECKOTO U3Y-
YEHUS U pe3yNbTaTOB MHTEPIIPETAMY re0(hU3NIECKUX N3MEPEHHI Ha OCHOBE OOBEMHOI
reosioro-reopuznyeckoit Mmozaenu [12].
MeTonuka npoBeJeHUs1 MccaeI0BaHM. PaccMOTpUM dlieKTpUYecKoe Mojie, U3-
MEPEHHOE C IMOMOIIBI) CUMMETPUYHOHN YEeThIPEXIEeKTpogHON ycTaHoBku LInromOep-
XKE, A KOTOpOI?I BBIIIOJIHACTCSI COOTHOIICHUEC
20 30 poom-w Ty < (1/3)r, Mexay nuTarommmu AB 1 u3mepuTens-
R HBIMU 371eKTpoaaMu MN U pa3HOCTH NOTEHIUAIOB AU
MeXIy anekrponaMu MN HU3MEpeHbl B OTHOPOIHOM

] 3
61 40 H30TPOIHOM IMOJTYIPOCTPAHCTBE:
12- 80
Ip,(r,z
Au = P2 4 )
184 120- 2n
24~ 160 - 7 7
e k, = —— 4 M — ko3 PUIKCHT yCTaHOB-
30- 200 - Paa¥an Teu'Bw
x5 an K, p, (; z) — 2bdexTHBHOE yNETEHOE IMEKTPOCONPO-
¥ Y tusnenue (YOC), Om - M; [ — TOK UCTOYHHKA, A;
, M M
7 — PacCTOsIHUE OT UCTOYHHMKA TOKa JI0 TOYKH U3Mepe-
Puc. 2. Tpaguk B33 Ne 1 HUS TIOTEHIIMANA, M; Z — BEPTHKAJIbHAs KOOPIUHATA

| — mouBenHsIi cioid; 11 cioit yersep-
TUYHBIX 0TI0keHUH; III — KopeHHbIe 1o- TOYKH U3MEPCHHUS ITIOTCHIINAJIA, M.

porss; 1V — GuILIpalmOHHE Komek- Tak kak ycTaHOBKA CHMMETPHYHAS, TO 7', = Fp\ U

TOp; /-3 — TOPSIKOBBI HOMEp cepHU AM BN
U3MEPEHUH _

Fig. 2. Plot of the VEZ no. 1: uav = Tmp @& 3HaUMT ee  KOdhduIMEHT

I — soil layer; II — a layer of Quaternary

deposits; III — bedrock; IV — filtration k= ZFMN - 2rMN
reservoir; /-3 — measurement series y =~ —®—, ,IACr—pacCTOAHHUC OT HCTOYHH-

number / Vi lun r
Ka TOKa J10 cepeanHbl oTpe3ka MN.
Hens o6e yactu pasenctsa (1) na r,,, << 1, no;ry4nm BeIpaxeHUE

8_u _Ip(7,2)
or w?

Takum 06pazom, 3pdexruBaoe YIC MOKET OBITh BRIPAKECHO Yepe3 MPOU3BOIHYIO
OT TIOTEHITMAJIA TCKTPUICCKOTO MMOJIs 110 hopMyIie

'’ Ou

p(r,2) :TE 2)

PaccmoTpum MozenbHyI0 3amady (2), B KOTOpOW JaHa TpeXcIOoHHas OXHOPOAHAS
M30TPOIHAA B MpeAesax KaKIoro cios cpesa ¢ MI0CKonapaiebHbIMU IPAaHULIAMH 1
yAeIbHBIMH 25eKTpoconpotusieHusamu (YOC) py, py, p,, IpudeM YOC BEPXHErO €105
(Bo3myxa) p, — oo. Ha rpanuie BepXHETO M IIPOMEXKYTOYHOIO CIOEB (IIOBEPXHOCTH
3eMJIM) PACIIOIaraeTcsl TOYCUHbIH HCTOUYHHUK TOKA (1Ba OJIM3KOPACIIONIOKEHHBIX 3a3€M-
JICHHBIX JIEKTPOJA).

[IpocTpaHCTBEHHOE paciipeieseH e MoTeHuana 1 = U(r, Z) CTalluOHAPHOTO AJICKT-
PHUYECKOTO TOKA TAKOTO MCTOYHUKA YIOBJIETBOPSET ypaBHEHUIO Jlannaca B HUIMHIPHU-
YECKOM cUcTeMe KOOpAMHAT BUAA
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2 2
o“u(r,z) +l8_u+ o“u(x,z)

=0
or’ r or 0z*
MU CIACAYIOMUX TPAHUYHBIX YCIOBHIX
Ip, . _ ou| _p, oy,
1lr—0 ' Ul = Yol T~ Ty A

2nR - . 0|, P, Ol

ou,
u2|R—>oo -y . = 0’

82 z=0

rae R — paccTossHUE OT UCTOYHHMKA TOKA 10 TOUKH U3MEPEHMS NTOTEHLIMANA B TPEXMEP-
HOM IPOCTPAHCTBE, M; Py, P, —

Y3C cmoeB, OM - M; i — MOIITHOCTh PHIXJIOTO BOJIOHA-
CBIIIIEHHOTO CJIOS, M.

Ha TOBCPXHOCTU 3CMIIU IIPU Z = 0 NOTCHIIH A ITOJIAA MOXKET OBITh BBEIUUCIICH T10 (bOpMy.TIC

u(r) = I 1, 2.[ Jo(mr)K exp(-2mh) |
2n | r o 1= Kexp(=2mh)

e K=22"P1 KOO(DPHUIMEHT «OTpaXKEHUs» TOKA Ha HWKHEH IPaHUIE CIIOEB;
pz +p;

Jo(mr) — dynxius beccens HyneBoro nopsika.

K exp(-2mh) B psn Teinopa mo crenenam exp(—2mh) u
1- K exp(—2mh)

npuMenss hopmynry Bebepa, momyuum dhopmyry

PacknagpiBas apo0b

M()— pl _

le,/ o + (Znh) )| ®)

ou
BBI‘II/IC.]'ISISI HpOPI?:BOJIHYIO _ HOJ'IyT-II/IM BI)Ipa)KeHI/Ie
or

o n_3
6u_(r):1L12 14 22% _
or 2nr = (r"+(2nh)°)"

Torma TeopeTndeckoe 3uadeHne 3pdexruaoro YOC u3 (2) OymeT onpenensaThes 1Mo
hopmyme

0 Kn 3
pi(r) = Pl[l + 2;%} (4)

Wcnonp3yeMmslii B (4) CTeeHHOH psl cXoAUTCs Ha BceM mHTepBane —1 < K < 1.
Onnako u3-3a pusuyeckoro cmeicia koddunuenta K rpannynsie 3nadenns K = +1
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HEOCTIKUMEL Uem Onmke 3HaueHue K kK rpaHuIlaM HHTEpBajia CXOJMMOCTH, TEM CKO-
pocTh cxomuMocCTH psia Menble: mpu K = 1 6onee 100, a mpu K =—1 — 50 cmaraempIx.
B kauecTBe anbrepHATUBBI PA3NOKEHUIO B PN MPEUIOKEHO anmpOKCUMUPOBATH

K exp(—2mh)
BBIpaXXCHUC IIOJIMHOMOM, CTCII€HBb KOTOPOT'O OIIPEACIACTCA HO,IIGO-

1— Kexp(-2mh)
pom. Ilocne mpoaenaHHOM MpoUEAYpbl ANNPOKCUMALMN W TNPUMEHEHHS (OPMYIIBI
Bebepa noixyunm GopManbHO NPaKTHYECKH TAKOE K€ BBIpaKeHHE, YTo U (3), a BBIYHC-
JIs1s1 IPOU3BOHYIO, HalileM BEIpasKeHHE, aHAJIOTHYHOE (4), 17151 TEOPETHYECKOTO 3HaYe-
Hus Kaxymeroca YOC:

N 3
p(n)r
(r)=py| 1+ , 5
Pe P1 ; (rz + (znh)Z)l,S ( )
e p(n) - KOB(i)(bI/I]_II/IeHTLI IMOJIMHOMAa-aIlllIPOKCUMAaHTa, IMOJIYUYCHHBIC C ITIOMOIIBIO ME-
TOJda HAMMEHBIINX KBaJApPaTOB.

a

P OM - M
A
40

20

0 200 400 600 800 1000 1200 X1,

301

20F

10

3

0 200 400 600 800 1000 1200 xp, M

Puc. 3. I'paduku 3¢ HeKTHBHOIO yeIbHOTO SNEKTPOCONPOTUBIeHHU 110 ocsaM O x; —a
u O,x, — 6.
1-3 — MOPSAKOBBIN HOMEDP CEPUH H3MEPEHHIT; 4 — DUIBTPAIIHOHHBIC KOJLUIEKTOPBI
Fig. 3. Plots of effective electrical resistivity in sections O,x;, —a and O,x, — 6:
1-3 — measurement series number; 4 — filtration reservoirs

Bripaxkenue (5) MOXKHO paccMaTpuBaTh Kak YpaBHEHHE OTHOCUTEIHHO OAHOTO MITH
JIBYX HEM3BECTHBIX: MOIIHOCTH BOAOHACHILICHHOTO CNIOsI /1 ¥ K03 (ULIMEHTa OTpaxe-
Hust K. PemieHre cocTaBieHHBIX YPaBHEHHH BO BCEX CIIydasiX BO3MOXKHO C MCIOJbB30-
BaHMEM METOAa HAaMMEHBIINX KBaIPaTOB.

Pesyabrarsl. Mccnenxyemslit mnpuOoopToBoii MaccuB badarckoro yroipHOTO paspesa
pacIojokeH Ha 3amajHoM OOpTYy MeXIy BBIPaOOTaHHBIM IPOCTPAHCTBOM U OTBAJIOM
CYXOH BCKpBIIIIN, OTCHIITaHHBIM Ha HAMBIBHBIE OTIIOKEHHS THAPOOTBaA «CarapibIKCKUI.
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Pa3smepsl ombITHOTO yuactka coctaBwid (puc. 1): anuna (Bmonbs OpoBku Oopra) —
2000-2200 m, mupunaa — 300-500 m. Penbed moBepxHOCTH — paBHUHHBIN, HA HHTEP-
Bane x; = 0,0, = 0-500 M MMEIOTCS HaBaIbl BCKPHIIIHBIX MOPOJ BHICOTOH 10 5—6 M.
ITo koHTYpY OTBaJIa pacHoNIOKEeH BOIOOTBOAHOM KaHaI IIUPUHOMH 1,5—2 M 1 niryOuHO#M 1-2 M.

AL

[0: 7y}
v
®(h) =[p, ()~ p} (A

¥

Tlonck MmunuMyMa
dynkun O(4). Meron

Pr, "=

A

30JI0TOT0 CCUCHUA

hmax = hmax +10

Puc. 4. Biiok-cxeMa aJIropiT™Ma OnpeIeIeHUsI MOILIHOCTH CJIOSI BOJOHACHILICHHOTO IPYHTa / 110 H3Mepe-
HMSM 3JICKTPUYECKOTO IOJIS Ha TIOBEPXHOCTH 3€MJIM — @ U PACYETHBIE Tpa)MKH H3MEHEHHSI MOIITHOCTH
PBIXJIBIX YETBEPTUYHBIX OTIOKEHHUN — O JUIs SIEKTPOPUIHIESCKUX TPOoduIIei:
1-0yx;;2-0x,

Fig. 4. Block diagram of the algorithm for determining the thickness 4 of a water-saturated stratum — a
and design charts of loose Quaternary deposits thickness variation — 6 for electrophysical sections:
I1-0px;and 2 - O,

B OopTy 4eTBepTHYHBIX OTIOKEHHI HEOJHOKPATHO (PUKCHPOBAIUCH TEOMEXaHNYEC-
CKHE IPOLIECChI ¢ BBICAYMBAHUEM BOJIbI HA OTKOC Ha rimyouHe 13—17 M oT 3eMHO# 110-
BepxHOCTH. OOpyIIeHHE YCTYIIOB IMPOUCXOIUT C 00pa30BaHUEM TPEIIHHEI OTPHIBA BHI-
COTOH 710 3—6 M, B HIDKHEH YacTH OIOJI3HEBBIE MAacChl BRITTONakuBaroTcs 10 20°-30°.
AHanu3 mIaHOB FOPHBIX Pa0OT MOKA3bIBAET, YTO C TECUYCHUEM BPEMEHH HHTEHCUBHOCTh
pa3BUTHS OIOJI3HEBBIX MPOIECCOB yBeInYMBaeTcs. OTIENbHbBIC YYaCTKH JehopMaruii
00BeMHSIOTCS B eMUHBIN (DpoHT B TeueHue 6omnee 10 set. [ MOHMTOpHHTA THIPO-
TeOMEXaHUYECKOTO COCTOSIHUS TIPHOOPTOBOIO MAaCCHBA BHIITOJIHEHBI AIEKTPOPU3NISCKHEC
UCCIICZIOBAHUS: BEPTUKAIBHEIC AIeKTpruiecKkue 3oHaupoBanus (BD3) — 5 monepeunbix
npoduneit Oy;, Oy, Ogvs O,,, Ogs ¢ MaKCUMaNbHBIM pa3sHocoM AB = 260 m
(150 Touex); snexrpudeckue npopunuposanus (OI1) — 2 mpogonsHbIX poduis O,x,,
O'x, cymmapnoi anunoi 2400 m (120 Touek).

[Ipu mHTEpHIpeTaluu ICKTPOPUIUISCKUX UCCIECAOBAHUI HA MHTEPBAJIaX MOHO-
TOHHOTO M3MEHEeHHs 3(P(EKTHBHOrO yiaenabHOro sexrpoconporusnenus (YOC) p,
OBUIH YUYTEHBI CIeIyIoIre 0COOEHHOCTH CTPOCHUS M3y4aeMOTr0 MacCHBa: MOCKOJIBKY
TJIMHHUCTHIE TTOPOIBI HMEIOT BBICOKYIO MOPUCTOCTh U BIAXKHOCTD, T€OANIEKTPHUECKUN
pa3pe3 Ha OCHOBHOM 4acTH MPOQUIIS CIIEAYEeT MPUHSTH JBYXCIOWHBIM ITPH COOTHOIIIE-
HMU YIEIbHBIX 31eKTpoconpoTusineHuii (YOC) cinoes p; < p,; 30HbI BOIOHACHILEHUS
MMEIOT OTpaHWYeHHBIE pa3Mephl B IJIAHE U 10 ITyOMHE W IOJKHBI PACCMATPHUBATHCS
KaK JIOKaJIbHbIE aHOMAJIEHBIE 30HBI C COOTHOmEHHEM YOC p, <p,.

ConoctapieHre Pa3HOCOB JIMHUH MUTAIONINX 3ICKTPONOB AB, COOTBETCTBYIOIINX
TrPaHUIaM CJIOEB, C JaHHBIMU T€OJIOTHYECKUX Pa3pPe30B MO3BOJIUIIO YCTAHOBUTH IITyOH-
Hy 3ouaupoBanus & = 0,154B.
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0
+300 +300
+280 +280
+260 +260
+240 +240
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+300 +300
+280 +280
+260 +260
+240 +240
2
+320 +320
+300 +300
+280 +280
+260 +260

Puc. 5. O6bemHast reonoro-reopusndeckast Mojesb IPUOOPTOBOrO MaccuBa — a U reopH3u-
geckue npopumm Oy, — 6, O,p, —6, Oy, —2:

1 — monepedHsli reodu3nueckuii npoduik; 2 — Touka BO3; 3 — npomonbHbIi reodu3nueckuii npoguib;
4 — QUIBTPAMOHHBII KOJJIEKTOP; 5 — KPOBJIS KOPEHHBIX MOPOA; 6 — Haubojee HalpsuKeHHas MOBEpX-
HOCTB CKOJIB)KCHHS
Fig. 5. 3D geological-geophysical model of marginal rock — a and geophysical sections
Oy, -6,0,-6,0,—2:

1 — geophysical cross-section; 2 — vertical electric sounding point; 3 — longitudinal section; 4 — filtration
reservoir; 5 — original rock superface; 6 — failure surface
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AHOMaJbHBIE 30HBI, COOTBETCTBYIOIINE BOJOHOCHBIM KOJJIEKTOpaM, UMEIOT MOIL-
HOCTB 3—6 M M pacoJoXeHbl Ha TITyOnHax B uHTepBaie oT 4 = 10 M 1o 4 = 20 M, npu-
YeM BEPOSITHO pa3lelieHHe KOJJIEKTOpa Ha OTAENbHBIC pycia Mo IyOuHe. DTH 30HbBI
Obun c(hOpMHUPOBAHBI BCIIEACTBUE BOAOHACHILICHUS! TPYHTOBOTO OCHOBAHUS U WH-
¢uneTpanry BOAB U3 BOAOOTBOASIIETO KaHala, MPOTEKAIOWEero mo koHtypy Carap-
JIBIKCKOTO THAPOOTBAJIA.

Ananus rpaduxos p, (4B, &), npeAcTaBIeHHBIX HAa PUC. 2, MOKa3aj Cleaylolee:
NPaKTHYECKHU BCe rpadMKi UIMEIOT BU, XapaKTEePHBIH AT TpeXCIoWHOU cpepl Thma H
C OTHOCHTENBHO MTPOBOASAIIUM IIOANOBEPXHOCTHBIM CIIOEM (p; > P, < p,); TE0IIEKTPHU-
YECKHUH pa3zpe3 BKIOYaeT MOANOBEPXHOCTHBIN CIIOW MOIIHOCTEIO 2—5 M, 3¢ dexTuBHOE
Y3C KOTOpOro B CHIIBHOW Mepe 3aBHCUT OT BOAOHACHIIIEHUSI aTMOC(epHOH Biaroii;
CPEAHUI OTHOCHUTEJIEHO MPOBOISIINI CJION PBIXJIBIX ME€CUYAHO-TIIMHUCTHIX OTIIOKECHUH,
HACBHII[aeMbIX BJarod o0pasyromuxcsi (UIBTPAIMOHHBIX KOJUIEKTOPOB; HIDKHEE
OTHOCHUTENFHO MaJIONPOBO/ASALIEE TOIYIPOCTPAHCTBO U3 IUIOTHBIX TBEPABIX KOPEHHBIX
HOPOL.

Ta6auua 1. Pu3nko-MexaHuYeCKHe XapaKTEPUCTUKHU OPO/] YeTBEPTHYHBIX OTJI0KEHU
U NOKA3aTeJIH COMPOTHBJIEHUS CIBUTY MO KOHTAKTY MOPOJ
Table 1. Physical-mechanical characteristics of the rocks of the Quaternary deposits
and indicators of contact shear force

ITopona ¢, rpajg C, kIla p, kH/™M?
I'pyHTBI 4ETBEPTUYHBIX OTIOKECHUI NIPU €CTECTBCHHON BIaKHOCTH 18 39,2 18,6
I'pyHTBI 4EeTBEPTUYHBIX OTIIOKECHUI BOTOHACHIILICHHOTO CIIOS 6 245 19,4
Kontakt yemsepmuunvle omaosceHus—Kopennvie nopoovl 10 29,4

(¢ — yron BHyTpeHHero TpeHusi; C — CLeIIeHUe; p — INIOTHOCTb.

[TockonbKy pacmonoXeHue CpeaHeil YacTH BOZOHACHIIIIEHHON 30HBI Ha BceX Tpadu-
Kax cooTBeTcTBYeT MHTEpBaTy AB = 100-140 M, 6a3a snekrponpodunuposanus (1)
Obuta mpunATa AB = 120 M.

Ananus rpaduxos snekTponpodunuposanus p, (x;) 1 p, (x,), MpeaCTaBIEHHBIX HA
puc. 3, IoKasai cieayrolee: Ha unTepsanax x; = 600-1200 m u x, = 600-1050 m ume-
€T MECTO MOHOTOHHO€ YBEJIHMYEHUE BEJIUYUHEI P,, OTPAXKAIOIEE MOHOTOHHOE YMEHb-
[IEHUE MOIIHOCTH /i CJIOS PBIXJIBIX UYETBEPTHYHBIX OTJIOXKEHHUH; HAa HHTEpBaIax
x, = 220-660 M 1 x, = 260-600 M HaOMIONAIOTCS 3HAKONIEPEMEHHBIE AHOMAJIUM, UHTEP-
NpeTHpyeMble KaK 30HbI HACBIMHBIX BOAOHACHIIICHHBIX TPYHTOB, (OPMHUPYIOIIUE
(UIBTPaMOHHBIA KOJIEKTOP; HAa UHTEpBaiax x; > 1250 M u x, >1180 M ormeueHO no-
HIDKEHUE YPOBHS P, KOTOPOE MHTEPIPETUPYETCS KaK JIEBask IPaHKIA BOJOHACHIILECH-
HOH 30HBI, POPMUPYIOLIECH BTOPOI (PUIBTPAIMOHHBIN KOJIIEKTOP.

Jns moctpoeHnss 0ObEMHOM T'eONIOTHUECKOH MOJENM MaccHBa IO pe3yjbTaram
ANEKTPONPOPUINPOBAHUS pa3paboTaHa METOIMKA ONpPEACICHUS U3MEHEHHUS MOIIHO-
CTH PBIXJIOTO CIIOSl OT KOOPAMHATHI MPOGHIIS /(X) C UCTIOIB30BAHUEM METOJIA 30JI0TOTO
ceueHHs (BapuaHT METONA CTaTUCTUYECKHX HCIBITaHHUi), OCHOBAHHOTO Ha TOM, YTO
M3MEPEHHbIE 3HAYEHUS P, 3aMEHAIOT BEIYUCICHHBIMU 10 (popmyie (5) ¢ no0aBaeHneM
CITy4aiHO} MOTPEIIHOCTH:

i (r) = p, (NA;

me A =1+o2rand —1), rand € [O 1] — Clly4ailHO€ paBHOMEPHO paclpeeIeHHOE
yncno, o = 0,125 — ko3 PumeHT norpenrHoCcTH.
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s penteHus 3amauu chopMUpyeM HeIeByo (QYHKIMIO KaK KBaapar pa3HOCTU OT-
KJIOHEHHH TeopeTHueckux p, (/), BRIYMCIEHHBIX 10 hopMyIie (5), K SIKCIEPUMEHTATb-
HBIX pkH (h):

2
O(h) =[ pi () —pi' ()] . (6)

IleneBas dynakmus d(4) Taxxe sBIsSeTCS YHUMOAaIbHON. Tak kak mpaBas TpaHHUIla
UCTUHHOTO MHTEPBAaJa N3MEHEHHSI [Ty ONHBI HEM3BECTHA, TO MOYKHO HICTIOIb30BATh METOJ
30JI0TOT0 CEUEHUS], MOCTENEHHO YBENMUMBAas MPaByld TPaHHIly WHTEpBaia IOUCKA.
JIy1st oTIpeieNieHust BCeX 3HAYEHMI (DYHKIMH MOIITHOCTH /i = /() HEOOXOMMMO HallTH MUHH-
MyM (QyHKITHH (6) 115 KaKI0W TOYKH H3MepeHs. biok-cxeMa aqropruTMa onpeaesieHus
MOIIIHOCTH CJIOSl BOJIOHACHIIIEHHOTO TPYHTA /4 MPE/ICTaBIeHa Ha puc. 4, a, pacyeTHbIC
rpaduKy H3MEHEHHUS MOIITHOCTH PBIXJIBIX YeTBEPTUUHBIX OTIOKEHUH — Ha pHC. 4, 0.

Tabauua 2. Pe3yabTaTsl MPOrHo3a yCTOHYHNBOCTH NPUOOPTOBOr0 MacCHBa
Table 2. The results of pit marginal rock mass stability analysis

Ipoduns Zs, M Zy, M h,m o, rpajn n
Oy 284,3 259,9 244 20 1,06
O,y 293,1 269,1 24,0 13 1,38
O3y 287,4 260,0 27,4 14 1,91
Oy 307,9 274,6 33,3 11 1,54
Osys 302,0 273,5 28,5 12 1,97

2, / Zy — OTMETKH BEpPXHEH U HIDKHEW OPOBOK MPH3MBI BO3MOXXHOTO OOpYIIEHH s ; /i — BHICOTA
MPU3MBI  BO3MOXKHOTO OOpYIIEHMS; O — pe3YJIbTUPYIOLIMH yroi; n — kod(duiueHt
YCTOMYUBOCTH.

O6cy:xneHue U anaau3s. [lo pe3ynbraram BEITIOJHEHHBIX pa0OT MOCTPOCHA 00B-
eMHas reosIoro-reou3maeckas MoAess IPUOOPTOBOTO MAacCHBa C IPaHUIIAMH BOIOHA-
CBIIIIEHHOTO CJIOS /1711 IPOTHO3a YCTOMYMBOCTH (PAKTHIECKOTO MOJIOKEHHS MPUOOPTO-
BOro MaccuBa. PacdeTHple (PH3HKO-MEXaHWYECKHE XaApPAKTEPUCTHKH  IMOPOT
YETBEPTHUYHBIX OTIOKEHWH M €CTECTBEHHBIX MOBEPXHOCTEHW OClabieHHs 3aJaHbl Ha
OCHOBaHHUH 000OIIECHUS PE3yJIBTATOB CHEITHANIBHBIX HCCIICIOBAaHUN W METoma o0par-
HBIX pacdeToB (Tadm. 1). [IporHo3 ycTOWIUBOCTH BBIITOJIHEH METOIOM BEKTOPHOTO CJIO-
JKEHHS CHIL.

OO0beMHasI Teooro-reoPu3nIecKas MOJIENb, PACUCTHBIC CEUCHHUS W PE3YIIBTaThl
MPOTHO3a YCTOMYMBOCTH TIPEACTABICHEI B Ta0I. 2 M HA puC. 5.

ITo pe3ymnbraram mporHo3a YCTOMYMBOCTH YCTaHOBIEHO CIEAYIOIIee: Ha PacueTHBIX
ceuennax Ogy;~Ogy nocne neGOopMUPOBaHUS YAEPKUBAIOIINE CHIIbI 3HAYUTENBHO Ipe-
BBHINIAOT cABHUTAroNTHe (K03 PHUIIMEeHT YCTOWIMBOCTH), YTO O0YCIIOBICHO YBETHUYCHUEM
Beca MPHU3MBI yIIopa 3a CUET OITOJ3HEBBIX MAcC; MOTEHIMAIBHO OTIOI3HEOMACHBIH yda-
CTOK IIPUYPOYEH K PaCYETHOMY ce4eHUIO (), 4TO OOBACHAETCS IIABHBIM CHIKEHHEM
ko2(dunmenra ycroiunsoctu ¢ 1,38 (ceuenne O,y,) 10 1,06, OIM3KOTO K IIPEAETEHOMY.

BeiBoabl. JIjis1 meTann3anuyd H3MEHEHHH (GHU3HKO-MEXaHHIECKUX CBOMCTB MPHOOp-
TOBBIX MAacCCHBOB Pa3pe3oB IeIeco00pa3HO HCIIONB30BaTh METOH JJIEKTPOPa3BEIKU
(3MeKTPO30HINPOBaHMS W MPO(GUINPOBAHNS) C BBIIEICHUEM BOMOHACHIIIEHHBIX 30H
0 JIOKAJTHHBIM OTPHIIATSIBHBIM aHOManusaM dddextuBHOr0o YOC U ompeneacHueM
(hyHKIIMH H3MEHEHHNS MOIITHOCTH PHIXJIBIX Y€TBEPTUIHBIX OTIIOKEHHUN ITyTEM HHBEPCHHU
rpauKOB IEKTPONPOPIINPOBAHIN C HCITONB30BAHHEM METOAOB HANMEHBIIINX KBAJI-
PaToB M 30JIOTOTO CEYEHUSI.
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HpI/I 3HAYUTEIIBHON MPOTAKCHHOCTU OIIOJIBHCOITACHBIX YYaCTKOB M3MCHCHHC pac-
YETHBIX 3HAYCHMI K03(1)(1)I/II_[I/ICHTOB YCTOIZHHBOCTH, OIIPCACJICHHBIX HA OCHOBC 00BEM-
HBIX I'COJIOT O—FCO(i)I/IL”I/I‘lCCKI/IX MOHGHeﬁ, MOJKET UMETh HEMOHOTOHHBII XapakTep C HE-
CKOJIbBKUMH IKCTPECMAJIbHBIMU 3HAYCHUSAMU U 3HAYUTCIIbHBIMUA I'PaJUCHTAMHU, ITIOOTOMY
uenecoo6pa3H0 BBITIOJIHATH aBTOMaTI/ISI/IpOBaHHHﬁ pacueT ¢ I_[I/IKJ'H/I‘-ICCKOIZ JcTain3a-
I_[I/Ief/i HanOosee OMacHbBIX Y4YaCTKOB 1O KOOPAUHATE HpO(i)I/IH}I W HaAIPaBJICHUIO pacucCT-
HOT'O CCUCHUS B ITJIAHC.
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Prediction of marginal rock mass stability in clays of Quaternary deposits
including the effect of filtration reservoir by the example of the Bachat coal mine
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Abstract
Introduction. During opencast mining, the development of mine workings in clays of Quaternary deposits
is often accompanied by stability loss. As a rule, the reason for the development of geomechanical processes
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is the mismatch between the accepted geometry and physical-mechanical characteristics of soils. In case
strength characteristics and moisture content are strongly related in the conditions of lacking water
saturation sources, slopes remain stable for a long time. However, in the case of water saturation, soils
change to plastic or liquid consistency, and the strength properties are reduced. In engineering practice,
to prevent hazardous geomechanical processes, electrophysical methods are applied that make it possible
to build the boundaries of soil moisture anomalies through electrical contrast. In the instances when
the water-saturated strata occurrence depth and thickness is known from drilling and vertical electrical
sounding data, electrical profiling makes it possible to promptly determine the variability of these
characteristics of the anomaly. The authors proposed an algorithm of water-saturated strata thickness
variability determination from the point of electrical profiling.

Research aim is to predict the stability of the marginal rock mass in clays of Quaternary deposits,
taking into account the effect of filtration reservoirs by combining engineering-geological databases and
geophysical measurement results based on the 3D geological-geophysical model.

Methodology includes the analysis of the engineering-geological databases and geophysical measurement
results.

Results. A 3D geological-geophysical model of the marginal rock mass with the boundaries of the water-
saturated stratum was built from the results of the research to predict the stability of the marginal rock
mass § actual position. Slope stability analysis established the following: at design sections O;y~O s
after deformation, retaining forces exceed shearing forces significantly (safety factor) because the weight
of the base wedge grows due to landslide masses; potential landslide hazard area is associated with the
design section Oy, which is due to smooth fall of the stability factor from 1.38 (section O,y,) to 1.06,
close to ultimate.

Conclusions. For the extension of the marginal rock physical-mechanical properties variation it is
appropriate to apply the method of electrical prospecting (sounding and profiling) determining water-
saturated areas by local negative anomalies of effective electrical resistivity and establishing the function
of loose Quaternary deposits thickness variation by the inversion of electrical profiling graphs with the
use of the least square procedure and the golden section method. If landslide hazard areas are vast, the
variation of the stability factor design values, which were determined based on 3D geological-geophysical
models, may possess the non-monotonic character with several extreme values and significant gradients.
For that reason, it is appropriate to carry out computerized analysis with a cyclic extension of the most
hazardous areas by the coordinate of the profile and the direction of the design section in a plan.

Keywords: vertical electrical sounding; electrical profiling; marginal rock; filtration reservoir;
3D geological-geophysical model, safety factor.
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OueHkKa hn3nko-mexaHU4eCKUX CBOMCTB BMELLAOLMX FOPHbIX NOpoa
MPU OCBOEHUM 30110TO-MeAHO-NOP(PUPOBOro MeCTOPOXKAEHUA
Manmbixckoe
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Peghepam
Beeoenue. Ilpusedenvl pe3ynomamvl KOMNIEKCHbIX MEXHON020-MUHEPATIOSUHECKUX UCCLe008aHUIL.
Buiseneno, umo mexomopvie npupoonvie pazsHOGUOHOCMU 20PHBIX NOPOO  XAPAKMEPU3YIOMCA
HENnOCMOSIHCMBOM  (PUBUKO-MEXAHUYECKUX CE0UCME Oadce 6 Npedeidx NOKAIbHO20 pPAiloHd, Ymo
HeobxX00UMO YHUMbI8aAmsb NPU OYEHKe BO3MONICHBIX HANPAGIEHUN UCNONb30BAHUSL BMEUAIOUSUX 2OPHBIX
nopod. Paccmompenvi pesynrbmamel uzyyeHus Qu3UKO-MeXaHUYecKux CGOUCME 2OPHLIX NOpPOoO HA
CMaouu 2eon02uteckoll pazeeoxu.
Lenv pabomel. Ilposedenue KOMNIEKCHBIX MEXHOLO20-MUHEPALOSUYECKUX UCCLEO08AHUN, a MAKdice
J1A6OPAMOPHLIX  UCHBIMAHULL  (PUZUKO-MEXAHUYECKUX CBOUCME 2OPHLIX NOpo0 Ol OnpedeneHus
603MOJICHOCIU UCHONb30BAHUSL EMEULAIOUUX CKATLHBIX 20PHBIX NOPOO NPU CIPOUMENbCIEE.
Memooonozusa. Memoodonocuueckue pabomsl no OnpedeleHuio CMPYKMYPHLIX 0cobenHocmel
MecmopodicOenus  Manmvioicckoe npoBOOUNUCL NYyMeM CPABHUMENbHO20 AHANU3A  2e0N02UHEeCKUX
paspe3oe u  Kapm, CmMpyKmypHou Ookymenmayuu KepHa. QDusuko-mexaHuyeckue Ceoucmed
BMEWAIOUUX 2OPHBIX NOPOO, CLALAIOUWUX 3010MO-MEOHO-NOPPUPOBOE MECHOPOACOeHUE, ONPEdeNNUCD
6 1a60PaAMOPHLIX YCLOBUSIX.
Pezynomamul. Boinonnennvie KOMnieKCHble UCABIMAHUSA, BKIIOYAIOWUE UCCLE008AHUE MUHEPATbHO2O
(xumuyeckoeo) cocmasa u @QuU3UKO-MEXAHUYECKUX CBOUCME 2OPHBIX NOPOO, NO3GONUNU HONLYYUMb
3A6UCUMOCIU NOKA3AMENsl NPOYHOCMU OM CIMPYKMYPbl, A MAKHCe OM COOEPIUCAHUSL MEMHOYGENHbIX
MUHepanos u niazuokiazos. Kpome mozo, ananusz nokaszaiu, 4mo nopoowvl ¢ 00UHAKOGLIM MUHEPALbHbIM
COCMAgoOM U PAGHBLIMU 3HAYEHUAMU UCMUHHOU NIOMHOCMU, HO 001adaiowue pastuyHol mMeKCcmypoul
U CcmpyKmypotl, nposigasioN PA3IuUYUs 8 RPOYHOCHHBIX CEOUCMBAX.
Bb1600v1. Pe3ynomamol 8bINOTHEHHbIX UCCIE008AHUL HA MeCMOPOICOCHUU NO360IUNU GbIAGUMb PSIO
3aKOHOMepHOCmel U 3a6UCUMOCTel, KOmopble MO2ym Obimb UCHOAb3068AHbL NPU NPEeO8APUMEenbHOl
OYeHKe GMewaiomux 20PHLIX NOPOO O/l UCNONb308AHUSL UX 6 KAUeCmee HepyOHbIX CMpPOUMENbHbIX
Mamepuanos.

Kniueesvie cnosa: Mecmopooicoenue  Manmvloicckoe;,  Opobumocms,;  usuUKo-MexaHuyecKue
c601lCcMea; 20pHvle NOPOObl; NeMpocpaApUUecKUll aHamu3, NIOMHOCIb, HPOYHOCHb.

BBenenmne. Kak moka3piBaeT NpakThka, 0O0OCHOBaHHE HanOojiee parrnoHAIBHON
CHUCTEMBI Pa3paboTKH MECTOPOXKICHHUS BO3MOXKHO TOJBKO TOCIE KOMIUIEKCHOTO H
JIETATBHOTO HM3YYEHHS T'e0JOTO-CTPYKTYPHBIX, WHKEHEPHO-TEONIOTHYECKUX YCIOBHU
paiioHa MECTOPOXKIIEHHS, a TAKKE ONpeeTIeHUST (PU3UKO-MEXaHMIECKUX CBOWCTB TOP-
HBIX Topoa. Ha cragmm ocBOeHHS MECTOPOXKIECHUS HEOOXOMUMO WMETHh HAJeKHYIO
WH(POPMAIIHIO O CTPYKTYPHBIX OCOOEHHOCTSIX, CBOHCTBAX M COCTOSTHUH MacCHBa TOPHBIX
MTOPOJ ¥ X U3MEHEHHH IO/ BIUSHAEM TOPHBIX padot [1-4].

Nzydenne Hhr3nKo-MeXaHUIECKUX CBOWCTB TOPHBIX IOPO UMEET BaXKHOE 3HAUCHUE
JUTSL pPAcCUeTOB TEXHOJIOTHYECKUX IPOIECCOB U MPOEKTUPOBAHMS KOHCTPYKTHBHBIX
MapaMeTpoB TPAHCIIOPTHO-BRIEMOYHOTO KOMIUIEKCAa BO BCEX OTPACISAX IIPOM3BOICTBA
TOPHON TPOMBIIUIEHHOCTH — OT Pa3BeIKH MECTOPOKIEHHUH MOJE3HBIX HCKOIIA€MbIX
IIo ux oborameHus [5—8].
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O¢dexTuBHOE OCBOCHHE MECTOPOXKICHUI MOJIE3HBIX HMCKOMAEMBIX BO3MOXKHO Ha
OCHOBE JIOCTOBEpHOH MH(OpPMAIUU HE TOJBKO O 3aracax MUHEPaJIbHOTO CHIPbS, HO H
0 TOPHO-TEOJIOTHUECKUX U TOPHOTEXHHUUECKUX YCIOBUAX pa3zpabotku [9—-11]. IIpu obo-
CHOBaHHH TIOPSAAKA ¥ TEXHOJIOTHH BCKPHITHS U OTPa0OTKH MECTOPOXKACHUS, OIpeese-
HUH TIapaMeTPOB CHUCTEMBI pa3pabOTKH BaKHOE 3HAYEHHE MMEIOT JaHHbIe O (pU3HKO-
MEXaHUYECKUX CBOMCTBAX MOPOA U Py 3aJIEKH, K UUCITY KOTOPBIX OTHOCSITCS: IJIOTHOCT,
MIPOYHOCTHBIE U YIPYTHE CBOMCTBA TOPHBIX HOPOJ U PS IPYyTUX IapamMeTpoB.

B 1970-1976 rr. B paitoHe MaJIMBIKCKHUX BBICOT TPOBOAMIMCH TOUCKOBBIE paOOTHI
Ha pyaHoe 307010 (Tyxac O. U., 1970; Yepnssckuii B. C., 1977). Ha muomaau 3akap-
THPOBAHBI OOIIMPHBIE OIS BTOPHYHBIX KBAPIUTOB M KBAPI-CEPUIIUTOBBIX METaCOMa-
TUTOB, PA3BUTHIX [0 TEPPUTCHHBIM U MHTPY3UBHBIM MOPOJaM MO3JHEMEIOBOIO BO3-
pacTta. BBIsSBICHO ceMb MPOTSKEHHBIX JMHEHHBIX KBApIEBBIX IITOKBEPKOB. PymaHas
MUHEpaIU3alys B IPOXKUIKAX MpeCTaBlIeHa MUPUTOM, XaJIbKOTIHPUTOM, ApCEHOIINPH-
TOM, MarHeTHUTOM.

B 20052008 TT. 110 TaHHBEIM TEOXUMUYIECKOTO OTIPOOOBAaHMSI OBLIO BBIICIICHO U Ha-
4aTro U3ydeHHe JeCITH aHOMaJHi (YIacTKOB) BTOPUYHOTO PACCESHUS MEIH U 30JI0Ta,
CBHHIIA, IUHKA U psJia APYTUX DJIEMEHTOB, IEPCIEKTUBHBIX HA IOUCKH 30JI0TO-MEIHO-
nopdupoBoro opyneHenusi: «LleHrpanbHasy», «3anagnHas», «Ilnockas», «CeBepHasy,
«IToxBepk», «apra», «Boctounasy, «Jomunay, «ABBy», «3e1».

Mecropoxnenne ManMbnkckoe, oTkpeitoe OO0 «Amyp Munepaicy» B 20082015 rr.,
sBisierca Ha JlanbHeM BocTtoke Poccuu yHUKaNIbHBIM IO 3aliacam M pecypcam Meau
u 3o70t1a [12-15].

30110TO-MeTHO-TIOP(HUPOBOE MECTOPOXKICHIE MaIMBDKCKOE pacIiojiaraeTcs Ha rpa-
Hune Komcomonbckoro n Hanalickoro aiMUHHCTPaTHBHBIX PaiioHOB XaOapOBCKOTO
Kpast. [eorpaduuecku 3To OMTHOUMEHHBIH XpebeT B H3MyYHHE p. AMYp, C OTMETKAMH
otaenbHbIx BepuuH 230-270 M. BocTouHee MECTOPOXKACHUS MPOXOIUT (enepaibHas
Tpacca XabapoBck—KoMcoMonbCK-Ha-AMype, 3amagHee — CymoxomHas p. AMyp.
Paccrosinue ot TpaHcnopTHbIX apTepuid cocTapiuseT 10-20 kM.

Habnronenusi, cienaHHble B IpOLIECCE IMONEBBIX PadOT, MO3BOJMIN OKOHTYPHUTh
MaJIMBDKCKYIO  30JI0TO-MEAHO-MIOPPHUPOBYIO CHUCTEMY KaK MpPOTsDKeHHYHO (Oomee
15 kM) TUHEHHYIO CTPYKTYPY, COCTOSIIIYIO H3 OTAEIBHBIX MOPHUPOBBIX EHTPOB — I10-
TEHIIHAIBHBIX MECTOPOXKICHUH, IPOCTPAHCTBEHHO CBA3aHHBIX CO MITOKAMHU U JalKaMU
TPaHOAMOPUTOB M KBAapLEBBIX JUOPUTOB. BMemaromue mopoasl MPEACTABIEHBI O
OoJpielt yacT Ty(haMu JaluTOB, TPAHUT-IOPGUPAMA U THOPUTAMH.

BaxHbIM 3TanoM reojoropa3BeloyHbIX paboT Ha MECTOPOKACHUH SIBJISIETCS MPO-
Be/ieHHE J1a0opaTOPHBIX UCTBITAHUN (PU3HKO-MEXaHUYECKHX CBOMCTB TOPHBIX MOPOA
[16, 17]. Cornacuo tpedoBanusm ['OCT 8267-93 (I'OCT 8267-93. ll]ebenv u epasuil
U3 NJIOMHBIX 20PHBIX NOPOO 015 cmpoumenvhvix pabom. Texnuueckue ycnogus. M.:
Hnuemumym BHUIIUHcmpomcoipve, 1995. 17 ¢.), nns BOZBMOXHOCTH HCITOTB30BAHHS
BMEIIAIONIUX CKAIBHBIX TOPHBIX MOPOJ IPH CTPOUTENBCTBE UCCIELYIOTCS CIEYIOINE
MOKa3aTeJH: JIMAAHOCTh, TPOOUMOCTh, ICTUHHAS M CPEITHSIS TUIOTHOCTh, HOPUCTOCTD,
BOJIOTIOIIIOIIEHHE, MOPO30CTOHKOCTh, MPOYHOCTD, a TAKXKE aHATTU3UPYETCSI MUHEPAJIO-
ro-nierporpaduyueckuii cocTaB MOPOIHL.

HccaenoBanue B3aUMOCBSI3M MHUHEPAJIBHOIO COCTaBa U (pU3HMKO-MexXaHU4e-
CKHMX CBOICTB rOPHBIX MOPO. B pe3ynsrare KOMIIIEKCHBIX TEXHOJIOTO-MUHEPAJIOTH-
YEeCKUX MCCIEIOBAHNUM, KOTOPBIE B T€UEHNE 12 JIET MPOBOAATCA B UCIBITATEIBHOM J1a-
Ooopatopun LleHTpa KONJIEKTHBHOTO TMONB30BaHUs MHCTUTYTa TOpHOTO Jena
HanpaeBocTOouHOTO OKpyra Poccuiickoit Akagemun HayK, MOKa3aHO, YTO HEKOTOPHIE
MIPUPOIHBIE PA3HOBUJIHOCTU TOPHBIX IOPOJ XapaKTEPU3YIOTCS HENOCTOSHCTBOM
CBOMCTB JlaXKe B TpeieNiaX OJHOTO MECTOPOXKACHHUS, YTO HEOOXOAUMO YUUTHIBATH IPU
OLICHKE BO3MOXHBIX HAaNpaBJE€HUN HCIOJIb30BaHUS BMEUIAIOUIUX TOPHBIX MOPOL
ManMBLKCKOTO MECTOPOKACHHUS.
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Tabuauna 1. Munepanoro-nerporpadpuyeckoe onucanue BMEIAIOIMIMX FOPHBIX OPOJ
MecTopoxkAeHHus: MaaMbLKCcKoe

Table 1. Malmyzhskoe deposit enclosing rock mineralogical-petrographic description

Texuuue-
cKast
npoba

1D

Munepainoro-nerporpaduueckuii COCTaB
mmda P Tporpag

Cl Cl-1 | Kpucramnokmactuueckuii Tyd puojalyta WHTCHCHBHO H3MEHEHHBIH: XJIOPUT-
CEepULIUT-KBApI-aJbOUTOBBIIl METacOMaTHT-0EPE3UT ¢ PYAHOH BKPAIIEHHOCTBIO
u mpoxunkamu g0 0,1 MM MomHOCTRIO = 5-7 % OT cocTaBa MHOpPOJBI.
Ctpykrypa — Mukpodenp3uroas. TekcTypa — MacCUBHas

C1-2 | Puomut xpucramnoknactuaeckuid. Cocras: kBapr — 3-5 %, opToknaz — 25 %,
maruokinas — 35 %, 6uotut — 5 %, pyausiii MuHepan — 15 %. KpucramnokiaacTsl
cocraBisitoT 90 %, MuKporpaHurtoBas cBsi3yromas macca — 10 %. Pynnas
MHHEpaIu3aust o0pa3yeT BKpaIICHHOCTb, T'HE3JOBUAHBIE 000COONICHHUS U
HPOXHIKHU JI0 2 MM MOIIHOCTBIO

C2 C2-1 | Kpucramioknactudeckuii Tyd manuTa MHTEHCHBHO Oepe3utn3npoBaHHbIH (80 %
HOBOOOPA30BaHUI — KBapL-3MUIOT-XJIOPUT-anbONT). PyaHas mMuHepamuzauus —
7-10 %: BKpaIUICHHOCTh KPHCTAJUIMYECKasl, HEPEIKO UMEET KBaApaTHYIO (Gopmy
CEUeHHUs, a TAaKXKe rHe30BuAHbIe cpacTanusi MouiHocThio 0,01-0,1 Mmm

C2-2 | Ksapu-opTokia3oBslit MEJIKO3EPHUCTBII rpaHuT-NIOphUp. Crpykrypa
KPHCTAUIOKJIACTHYECKas; ~ TEKCTypa  MacCHBHO-OpekumeBas.  XapakTepHa
MHKpOOJIOUHAs  TPEIIMHOBAaTOCTh, Hambonee APKO OHAa TMPOSBIEHA B
KpHCTaUIOKJIacTax kBapua. Pynnast BkpameHHocTs — 3—-5 %. [lopoxa, BumiMO,
o0pasyeT IaiKy WIH Majoe CyOBYJIKaHNIECKOE TEJIO

C3 C3-1 | Kpucramioknactuyeckuii nenuToMopdHeiii Ty mamura (BO3MOXKHO, HalKOBas
¢opma). B Oepe3uTH3MpoBaHHOH (XJIOPHUT-KBApI-aIbOMTOBOM OCHOBHON Macce
OTMEYAIOTCs PEIIKHE KBAPLEBbIC BKPATTICHHUKN

C3-2 | DunpoT-XJIOpUT-KBapI-CEPUIIUTOBBII Gepe3ut o (enp3opuonuTy.
Bxparmnennuku marnoknasza (20 %) 3amelneHbl TOHKOYENIyHdaTbIM MYCKOBHUT-
cepurutoM. Coxepxkanue pymaHod BkpamieHHoctH <~ 10 %. Ormedarorcs
OTZeNbHbIe KapOOHATHBIE IPOKMIIKK MOITHOCTEIO 0,1 MM

C4 C4-1 | I'parut-nopoup. Cocras: oproknas — 15 %, maruoxnas — 50 %, kBapu — 10 %,
pyaHsIit Munepan — 5 %

C4-2 | IInpuT-3IHI0T-XIOPUT-KBAPL-CEPULTUTOBBIIH Oepesurt. Crpykrypa -
MHKpO(enb3uTOBas,  TEKCTypa  MacCHBHas.  BKpamleHHOCTh — ITHpHTa
JIMMOHHUTH3UPOBAHHAS

C5 C5-1 | Jduoput OHOTHUT-POrOBOOOMAHKOBBIA MOJHOKPUCTAIUTMYECKHH, HEPAaBHOMEPHO-
cpenHesepHUCThIH (1-5 MM, ¢ mpeoOnamanueM 3epeH 2-4 MM); CTPYKTypa
MIPU3MaTHYECKH 3epHUCTas (JHOPUTOBAs), TEKCTypa MaccuBHas nectpas. [lopona
cmabo Meracomarndyeckn ui3MeHeHa (5-7 %), karaxnasupoBaHa. Cocras:
miardokiassl — 60-65 %; porosast oomanka — 25 %; 6uotur — 5 %; kBapu 2-3 %;
mojieBble mmaTel — 2—3 %; BTOpWUYHBIE MHHEpaNbl (IMHUIOT, XJIOPUT, OHOTHUT,
cepuurt, KITII xBapir)

C5-2 | MeTacoMaTHT CEpHIMT-KBAPII-TIOJICBONINATOBEIA 10  auoputaMm. CTerneHb
M3MEHEHHOCTH IEPBUYHBIX TOPOJ COCTAaBIsIET Ookomo 95 %. MukpocTpykTypa
KpuctaniodnacToBass  (OnmacToOMOpUTOBas),  MPOCBEYHMBACT  PEIUKTOBAs
ctpykrypa. Iloposapl karakiasupoBanbl. COCTaB MOPOJbI: KAJTHUEBBIC MOJICBBIC
mmathl + ansouT — 55 %; kBapi — 15 %; riarnoknas cpemuuii — 5 %; cepunuT ~
5 %; poroBast 0OMaHKa, OHOTHT, XJIOPUT, 3MUAOT — 20 %; MarHeTuT + MUPUT —
10 1 %. AxneccopHble MUHEPAIBI — allaTHT
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Texnuue- D
cKast MuHepaioro-nerporpadiecKkuii cocTa
uuda
mpoba
C6 C6-1 | lmoputr poroBoOOMAaHKOBBI  IPH3MATHYECKH 3EPHHCTON  (IHMOPHTOBOW)

CTPYKTYpHI, HEPAaBHOMEPHO CpeaHe3epHUCTHI. CocTaB: IIarnOKIIasbl CPEIHETO
coctaBa — 60 %; KanumeBble mojeBble mmatel 5—7 %; kBapu 1-3 %; poroBas
obmanka — 30 %. BropuuHble MHHEpAIBI: CEPHUIINT, XJIOPUT, SMUIOT, OUOTUT —
1-2 %. AKiieccopHbIC MHUHEPAIbI — allaTUT, CHEH

C6-2 | duopur  poroBooOMaHKOBbIL.  CTpyKTypa  NPH3MAaTHYECKH  3EPHHCTAs
(mmopuroBas), oOpa3oBaHHAs HIAUOMOPQPHBIMA KOPOTKONPHU3MATHUECKHIMH U
pexe y3KONPU3MaTHIECKHMMH BBIACICHUSIMU IUIaTHOKIa30B ¥ POTOBOM OOMaHKH.
Ilopoma cmabo (~ 10 %) meracomaTmdyecku H3MEHeHa. [lmarMokiasel —
30HAIBHOM, JBOWHHMKOBOW CTPYKTYpPBI IO KapicOaIcKOMy 3aKOHY CpacTaHus U
npopactanust (3—4 TOJIOCHI pa3HOM TONIIMHEI). BTOpHWYHBIE W3MEHEHHS II0
miarpoknaszaMm g0 10 % B BuAe cepHUIMTH3AIMH HPUYypPOUEHBl K TPaHHIAM
nsoitaukoBanust. KIIII u xBapn (mo 2—5 %) xceHoMopdHOH (GOpPMEI 3aHUMAIOT
INPOMEKYTKH MEXAY 3€pHaMHM IUIArHOKNIA30B M pOroBod oOMaHkH. Poroas
oOMaHKa 3€JCHOr0 [BeTa, YacTUYHO 3aMellaeTcsi OHOTUTOM, OJIHAOTOM,
XJIOpUTOM. XapakTepHa omauuTu3anusi (pasBHTHE 3€peH  MarHeTHTa).
Bcerpeuarorest spkue 0ypoBaTo-KpacHbIE BBIICICHHS ITHAPOOKHCIIOB XKele3a

AHaiu3 pe3yibTaToB BHIMOJHEHHBIX MCCIEIOBAHUM MO3BOJIWI BBIABUTH PSiJI 3aKO-
HOMEPHOCTEH M 3aBUCUMOCTEH, KOTOPBbIE MOTYT OBITh MCIOJNB30BaHbI MIPU MpeIBapu-
TEJIbHOW OLIEHKE T'OPHBIX MTOPOJ.

C umenblo mpoBeneHHs JTabOpPaTOPHBIX HCCIENOBaHUH (PHU3NKO-MEXaHUYECKUX
CBOICTB CKaJIbHBIX TPYHTOB, Pa3BUTBIX B OKPECTHOCTSAX MalMBIKCKOTO 30JI0TO-MEI-
HO-TTOP(UPOBOTO MECTOPOXKCHHMSI, I€0JI0raMHu ObUIO OTOOPAHO IIECTh TEXHHUYECKHUX
po6: C1, C2, C3, C4, C5 u C6. [IpoOsl chopMupoBaHbI U3 KEPHOB nuameTpom 47,5 u
63,5 MM U3 MOMCKOBBIX (Pa3BEAOYHBIX) CKBaXKHMH, KOTOPBIE PACTIOIIOKEHBI Ha YaJleHHH
OKOJIO 2—3 KM K IOTY OT pyaHOM 3anexu «JlonHay.

[t mpoBeieHNsI MUHEPAJIOro-MeTporpaduueckoro aHalnu3a CKaIbHBIX TOPHBIX MO-
poa MajaMBIXKCKOTO MECTOPOXKICHUST OBUIO OTOOPAaHO M UCCIEA0BAaHO 1O JBa nuinda
C KaxK0# meTporpaduueckol pazHOCTH.

ITo cocTaBy Bce U3y4YEHHBIE TUIIBI TOPOJ MPEACTABICHBI TPAKTHYESCKH OHUM U TEM
Ke HabOpOM MUHEPAJIOB, HO B Pa3IMYHBIX KOJMYECTBEHHBIX COOTHOIIEHUX. [Tpenernnt
Koe0aHui cofep>KaHUi OCHOBHBIX MOPOAOOOPA3YIONIMX MHUHEPAIOB B COCTaBE OT-
JEeNBHBIX TUTIOB MarMaTHYECKHUX MOPOJ T0CTaTOUHO mupokue. CiaeayeT OTMETUTb, YTO
Ha3BaHUE [TOPOABI, YCTAHOBICHHOE B Pe3yJIbTaTe MHHEPAIOT0-NETPOrpaduuecKoro 13-
YUEHHS, MO3BOJISAET MONYYUTh JIUIIb NPUOIMKCHHOE TPECTAaBICHUE O e¢ KoJnde-
CTBEHHOM MHHEPaJILHOM cocTage (Tadm. 1).

Hcxons U3 aHami3a MUHEPaJIOro-IeTporpaduieckoro cocraBa 0ToOpaHHBIX TEXHHU-
YeCKHX MPOo0, MOPOABI Pa3IMYAOTCS [0 COOTHOIICHHIO COACPIKAHHN CIIAraloluX HX
MHUHEPAJIOB, YTO 00yCIaBIMBAET KOHTPACTHOCTh CBOMCTB.

[MockoNbKyY TI0 KOHCTPYKTHBHBIM COOOPaYKCHUSIM B COBPEMEHHOW TPaKTHKE JC3HH-
TErpanuy OCHOBHBIM Pa3pyIIAlONINM BO3ICHCTBHEM SIBIISIETCS pa3/laBIMBaHueE, IS Xa-
PaKTEPUCTUKH U OOIIETO CpaBHEHUS MPOYHOCTHBIX CBOMCTB TOPHBIX MOPOJ] B Ka4eCTBE
0a30BOT0 HCIOIH30BANICS TIOKA3aTENb Mpeieia MPOYHOCTH Ha OTHOOCHOE CXKATHE.

Onpenenenus npeena MPOYHOCTH HA OAHOOCHOE CKAaTUE BBITIOJIHEHBI HA 00pa3max
muIMHIpudecko Gopmer tuamerpom 47 u 63 mm comtacHo ['OCT 21153.2-84
(I'OCT 21153.2-84. ITopooul copuvie. Memoowl onpedenenust npedeid npouHoCmu npu
o0HoocHom cocamuu. M.: H30-60 cmanoapmos, 1984. 10 c.). O0pa3ibl UCIBITHIBAIN
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CKATUEM BIUIOTH JO pa3pylICHUs IUIABHO HApacTAIONIEH HArpy3Kol O CKOPOCTHIO
oT 3 110 5 Kkrc/cm? B cexyHIy. Bennunna mpeena npouyHOCTH BbIYUCIIEHA 10 GopMyIie:

CK

c =KhB-1O,
S

e P — paspy1uaromniast Harpyska, Krc; S — IUIoIa/ib IOHepevHOro ceueH s 00pasia, cM?;
K, — 06e3pa3MepHbIii K02 duuuent BICOTEI 00pasua, paBHbii 1,00 mpu oTHOMIEHUM
BBICOTHI K AuaMeTpy m =2 + 0,05.
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Puc. 1. [IpodyHOCTH BMEIIAIOIIMX TOPHBIX MOPOA (JUOPUTHI, TPAHUT-
opGUpPHL, Ty(bI JAMUTOB) B 3aBHCUMOCTH OT COJICPKAHUSI TCMHOIIBET-
HBIX MUHEPAJIOB U MJIaruoKJ1a30B:

1 —rpymma nopox C1, C2 u C3 (TemuonBeTHBIE — 5 %, mIaruoknas — 15-35 %);
2 — texuudeckas npoda C4 (temHouseTHbie — 20-25 %, miaruoknas — 50 %);
3 —mpo6s1 C5 u C6 (TemHOUBeTHEIE — 25-30 %, mmarnoknas — 60-65 %)
Fig. 1. Strength of the enclosing rock (diorite, granite-porphiry,
dacite tufa) depending on the composition of dark-colored minerals and
plagioclases:

1 — Cl, C2 and C3 rock group (dark-colored — 5 %, plagioclase — 15-35 %);
2 — process sample C4 (dark-colored — 20-25 %, plagioclase — 50 %);
3 —samples C5 and C6 (dark-colored — 25-30 %, plagioclase — 60—65 %)

UccnenoBanne B3aMMOCBSI3M MHHEPAJBHOTO (XMMHUYECKOTO) cocTaBa M (PU3MKO-
MEXaHUYECKHX CBOWCTB MOPOJ MOKA3bIBACT, UTO C YBEJIMUEHHEM COJCPKAaHHsI TEMHOIIBET-
HBIX MUHEpaJIOB (POoroBasi 0OMaHKa, OMOTHT, KBapll) U IUIarHOK/Ia3a MPOYHOCTH TOPOA
yBenuuuBaercs (puc. 1).

Uzyuenne (pU3NKO-MEXaHUUECKUX CBOMCTB BMEIIAIOIIMX TOPHBIX MOPOX CBUJE-
TENBCTBYET O TOM, YTO NMPU OTHOCUTEIBHO CTAOWIBHBIX 3HAYCHUSX MCTUHHOMW IUIOT-
Hoctu (2,639-2,730 r/cm®), cpenneii morHocTu (2,453-2,672 1/cM®) U TIOPUCTOCTH
(0,9-6,4 %) mopobI MPOSBISIOT pa3uyus B mpodHocTH (95—194 MIla). [Ipocnexupa-
€TCsl B3aUMOCBSI3b TIPOYHOCTU M CTPYKTYPBI: MEHEE MPOYHBIMU SBIISIOTCS Pa3HOBUJI-
HOCTH, 00J1aaloIne KpyIMHO3epHUCTON CTPYKTYpoii (puc. 2).

CpaBHeHHMe (PU3MKO-MEXaHUYECKUX XapaKTEPUCTHK MOPOJ MOKA3bIBaeT, YTO IS
nopoz, ¢popmupylomux texuuueckue npodsr C5 u C6, xapakrepHbl 0ojee BBICOKHE
3HAYCHHs TUIOTHOCTH: WCTHHHAs IUIOTHOCTH — 2,717 r/cM3, cpenHsst MIOTHOCTh —
2,658 r/cM3, UTO, TIPEATIOIOKUTEIBHO, SABISETCS CIIEACTBUEM BBICOKOTO COJIEpIKAHMS
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pyaubix MunepanoB. st nopox npo6 C1, C2, C3 u C4 3HaueHust ICTUHHOH U cpeaHei
IUIOTHOCTH COCTABIISIOT 2,648 u 2,560 r/cm3.

Bornee Boicokas npounocts nopoa C5 u C6 (180 Mlla no cpaBaenuto ¢ 110 MIla y
nopoy C1, C2 u C3), mo pe3ynbraraM HCCIeIOBAHHMN, ABISAETCS CIICACTBHEM BHICOKOTO
coepKaHUs TEMHOLBETHBIX MUHEPAJIOB (poroBasi 0OMaHKa, OMOTUT, KBapll) U IJIarHo-
KJla3a, TaKkKe TEKCTYpPbl (MACCHBHASI OOHOPOAHAS) U CTPYKTYPHI (PABHOMEPHO MEJIKO-
3epuucrtas). [Ipyannamu carxenus npoynoctu y mopoxa C1, C2 u C3, BeposiTHO, SBIIS-
IOTCSl BTOPHYHBIE HM3MEHEHHs (3aMellleHHe MUPOKCEeHa KapOOHATOM) M TEeKCTypa
(HamMuYMe MPOCIIOeB IUIarMoKIa3a i TEMHOLIBETHBIX MaTepHaOB C OCIAa0JCeHHBIMH CBSI-
35IMH MEKAY CIOSIMH).

200
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Puc. 2. TIpodHOCTh BMEUIAIOUIMX TTOPOJ TEXHUYECKUX MPoO MalMBIKCKOTO
MECTOPOXICHUS B 3aBUCUMOCTH OT CTPYKTYPBI:

I — CKpBITOKpHCTAIUTNYECKAs (CpeiHue 3HauUeHUs Juist 14 00pa3ioB); 2 — MEIKO3EpHHC-
Tas (CpeqHue 3HaYeHHs i 7 00pasioB); 3 — cpenHe3epHUcTas (CpeaHUE 3HAUCHUS IS
14 06pa3noB); 4 — KpynHO3epHUCTAsI (cpeqHue 3HadeHus Uit 21 oOpasia)

Fig. 2. Strength of the enclosing rock of Malmyzhskoe deposit process
samples depending on the structure:

1 — cryptocrystalline (mean values for 14 samples); 2 — fine-grained (mean values for
7 samples); 3 — medium-grained (mean values for 14 samples); 4 — coarse-grained
(mean values for 21 samples)
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[IpoyHOCTHBIE XapaKTEPUCTUKK TOPHOU IIOPOABI CBSI3aHBI C €€ INIOTHOCTHIO (pHC. 3).
[Ipu 5TOM UCTUHHAS MIOTHOCTH TOPHOM MOPOAB! (PAKTHUECKH YYUTHIBAET TONBKO MH-
HEPaJIbHBI COCTAB FOPHON MOPOJBI, @ CPEAHSSI MIIOTHOCTh — MUHEPAJIBHBIN COCTaB,
MOPHUCTOCTh U MUKPOTPELIMHOBATOCTh. DTa 3aKOHOMEPHOCTh UMEET OOLIHNIA XapakTep
U TIPOCJIEKUBAETCA I BCEX N3YUYEHHBIX THUIIOB MOPOJI.

B 10 ke BpeMs 3HaunMBble KOPPETALMOHHBIE CBSI3U MPOYHOCTH U INIOTHOCTH B Ipe-
Jies1ax OIHOTO TUIIA TIOPOABI OTCYTCTBYIOT. AHAJIN3 MOKAa3bIBAET, YTO MOPOJBI C OJUHA-
KOBBIM MUHEPAJIbHBIM COCTaBOM M PAaBHBIMH 3HAYEHHUSMU HCTHHHOM IUIOTHOCTH, HO
o0naaroye pa3InuHON TEKCTYPOH B CTPYKTYPOM, MPOSIBIISIOT Pa3IHYHsl B TPOYHOCT-
HBIX CBOMCTBAX.

Onenka mapamMeTpoB (PH3MKO-MEeXaHMYECKHUX CBOMCTB Ie0HsA Mo (paknusm
AJISl MCTIOJIB30BAHNS ero B KauecTBe CTPOMTEJLHOI0 MaTepuasa. YUnuThIBas Mac-
mTadbl OTPaOOTKH, BaKHBIM YCIOBHEM JUIS PEHTA0ETIbHOM SKCIUTyaTallui MECTOPOXK-
JICHUs SIBJISETCS HCIOIb30BAHHE BMEIIAIOIIUX TOPHBIX MOPOA B KAaueCTBE HEPYAHBIX
CTPOUTEIBHBIX MaTEPUAIOB.

OO0pasipl Ui UCIIBITAHUKA OTOMPAIOTCSI HETIOCPEACTBEHHO HAa W3yYaeMOM YYacTKe
Henp B BHAE WITY(HBIX P00 MM KEPHOB I'e0JIOrOpa3BeIOYHbIX CKBaKUH. M3 mpoOb
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MyTEM OIHOCTaAMAIBHOTO APOOJICHHS B IIEKOBON APOOHMIIKE U COPTHPOBKH B J1abopa-
TOPHBIX YCIIOBHSIX TOTOBATCS (ppakiuu mebHs 5—10 mm, 10-20 mMm, 20—40 MM aus
UCIIBITAaHUM.

OnHUM U3 OCHOBHBIX ITOKa3arelieil, KOTOPBIH XapaKkTepu3yeT NPOYHOCTh IEeOHs, SB-
nsieTcss APOOUMOCTb. J{poOMMOCTD ONPENeNsioT M0 CTEIEHH pa3pyLICHHs 3€peH IpU
cxaruu (pazgaBnuBanum) B muuHApe cortacHo 'OCT 8269.0-97 (I'OCT 8269.0-97.
Ll]ebens u epasuil u3z NAOMHBIX 20PHBIX HOPOO U OMX0008 HPOMBIULTEHHO20 NPOU3EO0-
cmea ons cmpoumenvhvlx pabom. Memoovl DUIUKO-MEXAHUYECKUX UCHBIMAHUI.
M.: @I'VII «Cmanoapmunghopmy, 1998. 109 c.). Cpenuuii mokaszarenb ApOOUMOCTH
0TOOpaHHBIX P00, MOIyYEHHBIH B pe3yasrare ucnbitanuii — M1200-M1400. [IpoOu-
MOCTB IIeOHS (KaK 1 MOPO30CTOMKOCTB) 3aBUCHUT OT COAEP KaHUs 3ePEeH IIIaCTHHYATOH
Y UTOoJbYaTo (OpMBI: MINIOBATHIE M IUIACTUHYATHIE 3€pHA BBIACP)KUBAIOT MEHBILIYIO
CKMMAIOIYIO Harpy3Ky 0e3 paspyLieHusl.

200 |
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Ipenen npounoctu npu cxaruu, MITa
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Cpenusist INIOTHOCTE, T/cM3

Puc. 3. 3aBUCHMOCTD MEXIy CPEAHEH IUIOTHOCTHIO U MPOYHOCTHIO BMEIIAI0-
[IAX TOPHBIX TOPO MaIMBIKCKOTO MECTOPOIKICHHS
Fig. 3. Dependence between the mean gravity and strength of Malmyzhskoe
deposit enclosing rock

IIpu apobnennu mopossl B 1a00paTOPHON MIEKOBOW IPOOHUIIKE B OTKPHITOM ITHKIIC
coJiepaHue 3epeH JienanHoi ¢popmbl coctaBuio 4,9—19,0 % s mopoa MacCHBHOM
cTpykTyphl. [Ipu npobneHnn B MPOM3BOJACTBEHHBIX YCIOBHAX IO TPEXCTaIUATBHON
cXeMe B 3aMKHYTOM IIUKJIE C UCTIOJIh30BAHUEM KOHYCHBIX, POTOPHBIX HIIH IIEHTPOOEK-
HO-yIapHBIX IPOOHIIOK MMOKA3aTelb JISIIaJHOCTH CHIDKAeTCs mpuMepHo B 1,2—1,7 pa3za
(Tabm. 2). IlosTOMy TIOKa3aTeNp JISaIHOCTH, ITOTyYCHHBIA MPH UCTIBITAHUSAX HA CTa-
JIUU TEOJIOTOPA3BENOYHBIX pa0OT, HE MOXKET OBITh HH(POPMATHBHBIM IIOKa3aTeIeM, To-
3BOJISIOIIMM CYIUTh O KaueCTBE IeOHs.

CpenHsis IIIOTHOCTH ¥ BOAOIOMIIONIEHHE IEOHS 3aBUCAT OT MIOPUCTOCTH (TPEUIHHO-
BaTOCTH) NOpoAbl. [IopucTOCTh ABNSETCS XapaKTepHO 0COOCHHOCTHIO TOPHOM MOPO-
JIbI, BTOPUYHON — TPEIIMHOBATOCTh — CIIEACTBHE OypOB3PHIBHBIX Pa0dOT M Impoliecca
JIpoOneHus. 3HAYSHHSI 3TUX TapaMeTPOB, TOIYUYCHHBIE TIPU TeOJIOTUYECKON pa3BeiKe,
Oonee HM3KHE, YeM Uil IMIEOHS, IMOJYYEHHOTO B IPOU3BOACTBEHHBIX YCIOBHSIX
(Tabm. 3).

AHanu3 NaHHBIX Ta0J. 3 MOKa3kIBAET, YTO BoJOIONIOmeHue meoHs B 4,3—11,4 pa3za
MPEBBIIIAECT 3HAYEHUE STOr0 TIOKa3aTels A TOPHOM NOpOIbl; MOPUCTOCTH —
B 1,9-5,3 paza.
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MOpOSOCTOﬁKOCTB I]_IC6H$I (CHOCO6HOCTL BBIACPIKATE MHOTI'OKPATHOC ITOIICPEMCH-
HOC 3aMOpPAXXUBAHUC U OTTaI/IBaHI/Ie) HapsAMYIO CBA3aHa C MOPUCTOCTBIO: BOAA IMMOCTY-
naceT B MOpPbI U TPCUIUHBI, IPU 3aMCP3aHUHN YBCIIMYUBACTCA B o0beMe U pa3pymact
mnopoay. HOCKOJ’ILKy MOPUCTOCTH U BOAOIIOITIOLICHHUC B 3HAYUTEIIbHOMN MEpC onpeaciia-
FOTCS TEXHOJIOTHUCH Ipou3BOACTBA H.[e6H$I, 3HaA4YCHUA MOpOBOCTOﬁKOCTH, MOJTYYCHHBIC
Ha CTaguu 1r¢ojior MYECKOI Pa3BCAKHU, ABJIAIOTCA 3aBbINICHHBIMU.

Tabuauna 2. CpeqHue 3Ha4eHHA COAeP:KAHNUSA 3ePeH JielafHoi (popMbl
BO ¢ppakuum medHs 5—40 mm

Table 2. Mean values of flaky grains content in crushed stone fraction

5-40 mm
TwuI TOPHO TOPOIBI Coneprxanue JIenaaHbIX 3epeH, Yo
HaumenoBanue Texcrypa JlabopaTopHbIit IIpomsinenHoe

TIpoOBI 9KCIIEPUMEHT JpoOeHne

Cl1 MaccuBHast 4,9-10,4 3,3-6,9

C2 MaccuBHast 5,6-10,2 3,5-6,4
C3 Maccusnas 6,7-14,2 5,6-11,8
C4 MaccuBHas 6,5-19,0 5,0-14,6
C5 MaccuBHas 7,0-15,4 5,0-11,0

C6 MaccuBHas 8,9-14,6 5,2-8,6

Mopo3ocToiikocTs onpenensiin yckopeHHeIM merogoM no I'OCT 8269.0-97 mo
noTepe Macchl NPoObI MPH MOTPYKEHUU B HACBILICHHBIA PacTBOP Cyiab(ara HaTpHs
C TOCIENYIOIUM BBICYIIMBaHUEM. Pe3ynbsraTsl oOmpeneneHuss MOpPO30CTOHMKOCTH
NpeACTaBICHBI B Ta0M. 4.

[lo pe3ynabraram UCHIBITAHUN YCTaHOBJICHO HU3KOE KauecTBO Mpo0 mieOHs 1o MOpo-
3octoiikoct — F15-F55, onnako cpenu Bcex npoO Beinensercst npoda C4, xotopas
uMeeT MapKy 1o Mopo3socroiikocta F100-F150.

Tabauna 3. Cpennue 3Ha4EHHs! ILIOTHOCTH (P,,), Boponoraomenust (W),
nopucroctu (IT) ropHbIX Nopoa ¥ medHsA MecTOpoxkIeHUs MalIMbIKCKOe
Table 3. Mean values of density (pmean), Water absorption (W), porosity (P)
of Malmyzhskoe deposit rock and crushed stone

HanMeHoBaHHE I'opHas nopona [lebens 5—40 MM
npoGk! Pep W. % 10, % Pep W, % 1, %
Cl 2,695 0,236 1,536 2,542 1,720 3,687
C2 2,753 0,397 1,208 2,597 1,705 2,295
C3 2,600 0,492 2,141 2,453 2,708 6,424
C4 2,807 0,086 0,338 2,648 0,984 0,913
Cs 2,802 0,130 0,440 2,643 1,250 2,331
C6 2,832 0,124 0,617 2,672 1,069 2,160

3axkurouenne. [IpoyHOCTHBIE CBOWCTBA TOPHBIX IIOPOA ONPENEISAIOTCS COBOKYITHO-
CTbIO (DAaKTOPOB MMHEPATBHOIO COCTaBa M TEKCTYPHO-CTPYKTYPHBIX OCOOCHHOCTEH.
Haunbonee 3HaunMbpiMu (hakTOpaMu, ONpeAessIoIUME IPOYHOCTD TOPOBI, SBISIOTCS
CTPYKTypa U COOTHOLICHUE COIEPXAaHUH OCHOBHBIX MOPOA00OPA3yIONINX U MUHEpa-
JIOB — IUIarMOKJIa3a, TEMHOLIBETHBIX MUHEPAJIOB. YCTaHOBIIEHBI 3aKOHOMEPHOCTH B3aH-
MOCBSI3M MHHEPAJIBHOIO COCTaBa U (PU3MKO-MEXaHUYECKHX CBOWCTB TOPHBIX MOPOI.
Bonee Bricokas npounocts nopon C5 u C6 (180 Mlla no cpasuenuto ¢ 110 Mlla
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y mopoxn C1, C2 u C3), mo pe3yibraraM HCCISIOBAHUN, SIBISETCS CICICTBUEM BBICOKO-
TO CollepKaHusl TEMHOLBETHBIX MUHEPAJIOB (poroBas oOMaHKa, OMOTHUT, KBapll) U I1a-
THOKJIa3a, TAKKe TEKCTYphl (MacCHBHAsI OMHOPOIHAS) K CTPYKTYPHI (DaBHOMEPHO MeJl-
ko3epHucTast). [lpuumnamu cHmxenus npounoctu nopox Cl, C2 u C3, BeposTHO,
ABJISIFOTCS. BTOPUYHBIE M3MEHEHHUs (3aMeleHne MUPOKCeHa KapOOHATOM) U TEKCTypa
(HamMuMe MpOCIIOeB IUIarHoKIa3a i TEMHOLIBETHBIX MaTepHAaIOB C OCIAa0JIeHHBIMH CBSI-
35IMH MEKAY CIOSIMH).

Ta0auna 4. Pe3yjabTaTsl onpeneieHus npod medns MajaMbIKCKOro
MECTOPOKICHUS HA MOPO30CTOIKOCTD B 3aBHCHMOCTH OT pakuuu
Table 4. The results of frost-resistance tests by fraction on Malmyzhskoe
deposit crushed stone

Wnentuduxarop Opaknus Toreps maccrt Mapxka o
obpasioB 11eOHs HCH};I;);J:;;I’ % MOPO30CTOHKOCTH
Cl -10+5 31,6 F15
-20+10 31,1 F15
—40+20 274 F15
C2 -10+5 17,3 F15
-20+10 26,0 F15
—40+20 19,1 F15
C3 -10+5 5,7 F50
-20+10 14,4 F15
—40+20 7,3 F25
C4 -10+5 7,2 F100
-20+10 4,7 F150
—40+20 13,5 F100
C5 -10+5 28,1 F25
-20+10 26,7 F25
—40+20 17,4 F25
C6 -10+5 6,5 F50
-20+10 7,9 F50
—40+20 25 F200

Ilo pe3ymbraTaM HCCIICOBAHHUIA OMNPEICICHBl OCHOBHBIC (DHU3MKO-MEXaHUUIECKHE
CBOMCTBA BMEUIAIOIMINX TOPHBIX MTOPOJ MECTOPOXKACHNST MaIMBIKCKOE, IPEICTaBIICH-
HbIe Texanaeckumu podamu Cl, C2, C3, C4, C5 u C6: moka3zatens mpeaesna IpodaHo-
CTH Ha OJHOOCHOE C)KaTHe, APOONMOCTh, MOPO30CTOMKOCTh, JEIAAHOCTh, MJIOTHOCTb,
BOJIOTIOIVIONIEHHE, MTOPUCTOCTh, MPOBEACH MHHEPAJOro-reTporpaduieckuii aHaiu3.
ITokazarenu kadecTBa meOHS (MapKy IO MPOYHOCTH U MOPO30CTOWKOCTH, TPYTIIa IO
JIEIaJHOCTH, BOIOTIOTIIOIEHUE, TOPUCTOCTH, 36PHOBOM COCTAB) MOTYT OBITh YCTaHOB-
JIEHBI TOJBKO TPU pa3paboTKe MECTOPOXKIEHHUS. B CBA3M ¢ 3TUM JaHHBIE O (U3HKO-
MeXaHHYECKHX CBONCTBAaX FOPHBIX MOPOJ, MOyYEeHHBIE TPH T€0JIOTOPa3BEaKe, MOTYT
OBITh OCHOBOM JIJISI IPHHSTHSI PEIICHHS] TOJILKO O MPUHIMITHAILHON BO3MOXXHOCTH HC-
TOJIB30BaHMS UX B KAYE€CTBE CHIPBS IS TIOTYYCHUsSI ICOHS.
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Assessing physical and mechanical properties of enclosing rock in the course
of Malmyzhskoe gold-copper-porphyry deposit development

Denis I. Tsoi!, Natalia A. Lavrik!, Maksim I. Rasskazov', Andrei A. Tereshkin!, Tuliia V. Fedotova!
! Institute of Mining FEB RAS, Khabarovsk, Russia.

Abstract
Introduction. This work presents the results of complex technological and mineralogical studies. It has been
discovered that some natural rocks are characterized by physical and mechanical properties variability
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even within a local area. It must be taken into account when assessing enclosing rocks utilization options.
The results of Malmyzhskoye rock physical and mechanical properties study at the stage of geological
exploration are considered.

Research aim is to carry out integrated technological and mineralogical research and laboratory tests
on rock physical and mechanical properties to assess the feasibility of using hard enclosing rock for
construction.

Research methodology. The geological and structural features of the field were established by comparative
analysis of geological sections and maps, structural documentation of the core. In laboratory conditions,
the physical and mechanical properties of the host rocks that make up the gold-copper-porphyry deposit
were established.

Results. After studying the mineral (chemical) composition and physical and mechanical properties of
rocks, it was possible to obtain the dependence of the strength index on the structure, as well as on the
content of dark-colored minerals and plagioclases. At the same time, there are no significant correlations
between strength and density within the same rock type.

Conclusions. The analysis shows that rocks with the same mineral composition and equal values of the
true density, but with different texture and structure, show differences in strength properties.

Keywords: Malmyzhskoe deposit; breakability; physical and mechanical properties; rocks, petrographic
analysis; density; strength.
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TeopeTnyeckoe M IKCNepUMMeHTanbLHOe uccnegoBaHue npouecca
rny6oKoro ynnoTHeHUs rpyHTa KOHYCHbIM packaTYMKoM

Tunnoes K. 3.%*, Kongakos C. B.%, AcchaHausapos M. A.!
L KOHO-YparnbCkuii rocyJapCTBEHHBIN YHUBEPCUTET, T. YensabuHck, Poccus

*e-mail: kudratullo.tilloev@bk.ru

Peghepam
Beeoenue. Cosepuiencmeosanue 00pOoNCHO-CIMPOUMETbHbIX MAWUH U MEXAHUZMO8 Ha ux 6aze écezod
06yC10671€HO 3a0a4amu, KOMopbie POPMUPYIOMCIL 8 KOHKPEMHbIX YCA0BUSX IKCHLYAMAYUU IMUX MAUUH.
Oo0Ha u3 npobiem cmMpoumenrbcmed A6MOMOOULLHBIX 00PO2 8 CHONCHBIX KAUMAMUYECKUX YCILOGUSIX
cocmoum 6 HedOCMAMOYHOU NPOYHOCIU ZPYHIMOBO20 OCHOBANUS, YMO NPUBOOUN NPU IKCRLYAMayuu
K deghopmayuu 00POHCHO20 NOKPLIMUSL U K NePUOOULECKUM 02PAHUYEHUSM OBUNCEHUs agmomoouell,
nOGbIUEHUIO 3ampam Ha meKywuil pemonm. Edice2o0nulil pemonm 0opoicho2o nokpulmusi He peuiaem
KapOuHanvHo 3adauy odecneuenus 00N208PEMEHHOU U HAOEHCHOU pabomocnocoOHOCIU IMUX 00poe.
Oma npobnema mosicem 6vimob peutena mModepHuzayueli, Hanpumep, pabouezo opeana Ous YNAOMHEHUs
2pynma Ha 6ase 2yceHuuHo20 IKCKABAmopd.
Lens pabomsr — paspabomxa mamemamuyeckol Mooenu onpedereHuss OUHAMUYECKUX XaPAKMePUCMuK
9¢hpexmugHo KOHCMPYKYUU KOHYCHO20 PACKAMYUKA 01 271YOO0K020 YNJIOMHEHUs 2DYHMOBbIX OCHOBAHUL
ABMOMOOUNILHBIX 00PO2, NPOMBIULIEHHBIX U SPANCOAHCKUX 00BEKIMO8.
Memooonozusn uccnedosanuii OCHOBbIBACCS HA CUCMEMHOM AHANU3e OA3080U 2YCeHUUHOU MAUIUNDL,
pabouezo opeana u YNIOMHIEMO20 2PYHMA, HA UCHONb308AHUU MAMEMAMUYECKO20 MOOCIUPOBAHUSL
npoyecca 83aumMoo0eticmausi KOHyCHo20 pabode2o opeana ¢ epyHmMoM.
Jocmogsepnocms pe3ynbmanog noomeepiicoena cpasHeHueM pe3yibmanmos YUcaeHHo20 MOOeTUPOBaAHUsL
U IKCNePUMEHMANbHLIX UCCIed08anull. Pacxodcoenue nonyyennvix pesyibmamos mMamemamuiecko2o
MOOenuposanust u 1a60pamopHuIX UCNLIMAHULL NO KPYMsujemy MOMEHMY U MOWHOCMU He Npesbluidem
7-10 %.
Bu1600wt. Pazpabomana memoouka onpedenenusi OUHAMUYECKUX XAPAKMEPUCIUK KOHYCHbIX YCMPOUCME
U ebiBeOeHbl pacuemmuvle opmyivl Oilsi ONPeOeleHUss ONPOKUObIBAIOWe20 U KPYMAUe20 MOMEHMO8s,
Komopvle NpuKIaobi8aromesi K 6any Npu YNIOMHEHUU SpYHMO8 C PATUYHBIMU XAPAKMEPUCTHUKAMU.
IIpogedensl sxcnepumenmanbHbie UCCIEO08AHUSA, NOKA3ABUIUE PADOMOCHOCOOHOCMb 0AHH020 paboue2o
opeana. DKCNEPUMEHMANbHO NOOMEepxHcoeHa pa3pabomanHas Memoouka Oas oOnpeoenenus
OUHAMUYECKUX XAPAKMEPUCMUK KOHYCHBIX YCMPOUCMS.

Knrouegvie cnosa: 2YCeHUYHbIl IKCKABAMOP, KOHYCHbI PACKAMYUK, YNIOMHEHUe 2PYHmOos;
koagppuyuenm Ilyaccona,; kospguyuenm obweil depopmayuu epynma.

Beenenue. [IpiMensieMble B JOPOKHOM CTPOUTENBCTBE KaTKH, TPaMOOBKH, BUOPO-
IUTUTHL U T. . IpU paboTe ¢ Pa3iUUHBIMU MaTepHalaMH OCYLICCTBIISIOT IOCIOHHOE
yIuIoTHeHue rpyHTa (TommuHa cios 0,3—-0,8 m) [1-3]. IIpu nucnons3oBaHUM MTOCTOWHO-
IO YIJIOTHEHUSI TPYHTA YacTh KUAKOCTU U BO3/1yXa 3alIPECCOBBIBACTCS B YIIJIOTHEHHBIN
TPYHT U oOpa3yeTcss HepaBHOMEPHAs CTPYKTypa. YBEIHMYCHHE MacChl U MOIIHOCTH
0a30BBIX MAIIWH TOJBKO YCYTYOISET 3TO SBJICHUE.

YrtoObl YINIOTHUTH TPYHT Ha TIIyOMHY B HECKOJIBKO METPOB TPEOYIOTCS COBEPIICHHO
JpYrHe MEXaHW3Mbl M TEXHOJIOTHUs YIIOTHEHHUS, KOTOPBIE YCIICIIHO NPUMEHSIOT IS
YIUTOTHEHHUS! OCHOBaHUS ()YHIaMEHTOB IIPH CTPOUTENHCTBE 3aHUI 1 cCOOpyKeHwHi [4—06].

Pesynbrarel uccnenoBanuii HayuHbsix kol Omcka U HoBocmOupcka cBuaeresns-
CTBYIOT O TOM, YTO IUIOTHOCTH TPYHTA IPH ITyOWHHOM YIJIOTHEHHH YBEITHYMBACTCS HA
20-25 %, a mecymas cmocobHocTh — B 1,5-2 pasa. HemocraTkoM mpHMEHSEMBIX
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W3BECTHBIX KOHCTPYKIIUI SBISIETCS OOJbINas IUIOMIAAh KOHTAKTHOM MOBEPXHOCTH Pabo-
Yero opraHa ¢ rpyHTOM, JOCTUTaromas 6 M2, 9To TpeOyeT YCTAHOBKH THAPOMOIIOTOB
OompImioi MomHOCTH [7, 8].

HO>xHO- Ypasibckuil roCyaapCTBEHHBIN YHUBEPCUTET MIPEAJIAraeT KOHCTPYKLIMIO HO-
BOTO HABECHOTO OOOPYIOBaHUS K T'YCEHHUYHOMY JKCKaBaToOpy C HUCIOIb30BAHHEM KO-
HYCHOTO pacKarTyuKa, MpH 3TOM IUION[A/b KOHTAaKTa pabo4yero opraHa ¢ TPyHTOM
YMEHBITIAeTCs B HECKONBKO pa3 (puc. 1) [9-11].

JIBmkenue pabodyero oprana (KOHyCHBIM pacKaTdrk) / OCyIIEeCTBIACTCS IIPH TIOMO-
¥ THApOBpaarems 2 MPUBOAOM, KOTOPBIH SIBISETCS THAPABINYECKON CUCTEMOMN IKC-
KaBaTopa, 3aKPEIICHHBIM Ha TpaBepce J.

Puc. 1. KonycHsIit packatdvk Ha 0a3e ruIpaBIMIecKoro IKCKaBaropa:
1 — KOHYCHBIH pacKaTuuK; 2 — r'HApOBpallarelb; 3 — TpaBepca
Fig. 1. Cone reamer based on hydraulic crawler excavator:
1 — cone reamer; 2 — hydraulic motor; 3 — traverse

Ha puc. 2 u3o0pakeHO ceueHne KOHTaKTa KOHYCHOTO yCTPOMCTBa ¢ 0Opazyemoii
CKB)XMHOM, IPEENbHBINA 3a30p MEXAY KOPIYCOM PAacKaTyuKa U CTCHKOM CKBA>KUHBI
D =d+ 2e, tne d — nuameTp packaruuka; D — TuaMeTp CKBOXKUHBI; € — IKCIIEHTPUCUTET
KOJIEHYaToTO BaJja.

HpI/I HCIIOJIb30BAaHUM Npe€ajlara€Moro KOHyCHOI'0 paCkKaTduvKa IUIOIIaJlb KOHTAaKTa
pabouero oprana ¢ TpyHTOM yMEHBIIIA€TCS B HECKONBKO pa3 (mmuHa xyru AB Ha puc. 2
MEHbIIIE JJTUHBI OKPY>KHOCTH CKBaYKUHBI).

MeToauka onpeaeneHUus THAHAMAYECKUX XapaKTePHCTHK KOHYCHBIX YCTPOICTB.
Jna onpeneneHust TMHAMHUYECKUX XapaKTePUCTHK (CHUJI, MOMEHTOB H MOTpediasieMon
MOIITHOCTH) KOHYCHBIX PACKaTHIBAIOIINX YCTPOMCTB BBIBeNEeM (OPMYIIBI IS OTIpeie-
JICHWsI OTIPOKHJIBIBAFOIIETO W KPYTAMIEr0o MOMEHTOB. OIMpPOKUIBIBAIONNN MOMEHT M
(puc. 3, 6) cTpeMUTCs OIPOKUHYTH KOHYCHOE YCTPOMCTBO B TOH IIIOCKOCTH, B KOTOPOi
pacrono;keHo Boaua0. Kpyrsamuii MomeHT npeacTasiseT co00i MOMEHT M, KOTOPbIi
HY>KHO TIPHJIOKUTH K BOIWITY JJISl €T0 BpAIleHUs.

Ha puc. 4 noka3zana pacueTHas cxemMa KOHyCHOTO YCTPOMCTBA C yIJIOM P BEPIIMHE
o < /2. KoneHuarslii Ban 2 (BOAMUIIO), MPUBOAIINI B JBIKEHHE KOHYC /, HAKIIOHEH K
BEPTUKAILHON OCH Ha yroi 0/2. B cBOI0 ouepenb, pu BO3JACHCTBIH 0CEBOTO YCHIHS O
KOHyC / BHeApEeHHS B TPYHT 3 HAauWHAET BPAIATbCA C MOMOIIBI0 TOAIIUITHHKOBBIX
onop 3, 4.
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3agava ClIOKHA C MareMaTHYeCKOH TOUKH 3peHus. s ee pemeHus NpuOerneM K
PSRy IOMYIIEHNH, KOTOPBIE TO3BOJIAT MOIYYUTh IPUOIMKEeHHBIE (OPMYIIBI, IPUHATHIC
JJ1 UHXKCHCPHBIX pacucTOB.

PaccMoTpyM KOHYC € YIVIOM IPH BEPIIMHE (L, BEPIIMHA KOTOPOTO JIGKHUT B Touke O
Y KOTOPBIN CBOEH oOpa3ytoreit pacnonaraercs Ha ocu Oy (puc. 3, a, Ha pUCYHKE KOHYC
YCIIOBHO He TOKa3aH). Ecim depe3 koHyc mpo-
BECTH CEYCHHUE TUIOCKOCTBIO, MapalIeIbHON KO-
OpIMHATHOH IIOCKOCTH zOX U PacroioKeHHON
OT Hayaja KOOPJIWHAT Ha PACCTOSHUH y, TO B
CCUCHHH NOTY4nM Tunepooiy abc. Konyc Bias-
JINBAeTCA B NIPECCYEMBIN MaTeprall o STOU I'u-
nepOosie. 3aMEeHUM ydacTok TurepOoinl a'bc’,
110 KOTOPOMY KOHYC BIIaBJIMBAE€TCA B YIIIIOTHSIE-
MBI TPYHT, HA 4aCTh OKPYKHOCTH C paJiyCcoM

R=)tg (gj L)

IJIe 0. — YToJl, IPHHUMAEeMbIli B COOTBETCTBHU C
puc. 4.

Puc. 2. Cxema pch‘éaf(”)‘ CKBXHHEL (BUA Tenepsr pasmenrM KOHYC OINMCAaHHBIMH pa-

F|g 2. Scheme of [%eyborehom reaming HEC CCUCHHUAMH Ha OTACJIBHBIC YYaCTKHU IJIH-

(top view) HOH dy. HazoBeM 3TH y9acTKH «3JIeMEHTapHBI-

MH KojecaMm» (puc. 4) M K KaXIOMY TaKOMY

JJIEMEHTAPHOMY KoOJIeCy NMPUMEHUM (DOPMYIIBI, TTOJTydaeMble Il KOHTAKTHOW 3a/1auu

BIABJIMBAHMS aOCOIFOTHO KECTKOTO ITMIMHAPA B TUIOCKOCTH [12, 13].

VYrensHoe ycrmnme (puc. 3) Ha IUIOMaAKe KOHTAKTa 3JIEMEHTAPHOTO KoJjieca C Ipec-

CYEMBIM MaTepHaJIOM SIBJISIETCS IIEPEMEHHBIM:

Pmax 2 2

at—x*, 2)

p(x)=

e P, — MaKCUMaJIbHOE JABJICHUE; ¢ — OJIOBUHA INMPHUHBI BAABIMBAEMOTO KOHYCOM
y4JacTKa.
MakcuManipHOE JJaBIeHHe 3aBHCUT OT YACIBHON Harpys3ku ¢()):

P - 29(y) 3)
na

B cBsi3u ¢ TeM uTO BAaBiIMBaHNE KOHYca MO Beeil ynHe oOpasylolieil KoHyca mpo-
MICXOJUT Ha OJMHAKOBYIO IITyOMHY, IPUMEM TUIoTe3y, uto P = const, T. €. 01MHAKOBO
JUTSL TF000TO V.

W HakoHe, MONMYITUPUHA BIABIMBAEMOTO YIacTKa dJIeMEHTapHOTO Kojieca (puc. 3)
¢ yuetom (1):

az R - 2 tg(gjl“‘z ») 4
T C q\y ny > C q\y), 4)
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e 6 — ko3ddunuent Ilyaccona; C — koadduument obmel nedopManuu rpyHTra,
B KOTODBII BIABIMBACTCS KOHYC.

.
\
N

a’ b c'
y
6 2
a a o o
Hanpasnenue
“' | KaueHHst
f——————————
X
P(x)
Pmax
3anuss cropona | [lepenuss cropona
«Koeca» «Koecay»

Puc. 3. PacueTHble cxeMbl:

a — KpuBas abc oT nepeceyeHus KoHyca napauienbHoi zOx; 6 — 31ropa JaBlIeHUH KOHTaKTHOM MOBEPXHOCTH
KOHYCa; 6 — PaCIpsIMJICHHE yIEIbHOE YCHIINE Ha IUIOMIAJKH KOHTAKTa; 2 — XapaKTep JACHCTBYIOLIETO yCHITHS
NIPH NePEKAThIBAHUM KOHYCa
Fig. 3. Calculation schemes:

a — the abc curve from the intersection of a cone with a parallel plane zOx; 6 — the pressure plot of the cone
contact surface; ¢ — distribution of the specific force at the contact area; 2 — nature of the current force when
rolling the cone

U3 (3) u (4) ¢ yuerom (1) Haxonum

1-c°
— P2 me| ) 5
q(y) maxﬂg(zj it (5)

IMpocymmupyeM yaenbHble Harpy3ku ¢(y) mo anuHe obpasyroieil KoHyca /. DTta
CyMMa JIOJDKHA paBHATHCS BHEIIHEW cuiie (J, MPUIIOKEHHON K BEPTUKAJIBHON OCH BO-
qa (puc. 4). C yuetom (5) Haxoqum

e 1_02 12
= dy = P2 mtg| & L
0 !q(y) [y = B g(zj c 3
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Orcrona
Y
I:)max = , a 1_02 12 ) (6)
mg| — —
Jme(3)
U3 (5) u (6) momyqaem
2
q(y) = Z—ZQy-

W, cooTBeTCTBEHHO, U3 (4) HAXOIUM

_, [8Q1-c (o
a_anzz C tg(z}' )

VnenpHoe ycunue P(x), mpocyMMHpOBaHHOE Ha ydacTke (—a, @), JaeT BEIUYHuHY
yACNBHON Harpys3ku ¢(v) Uil KaXIOro SJieMEHTapHoro kojeca. Haiimem Benmuuuny

Puc. 4. PacueTHas cxema KOHYCHOTO YCTPOUCTBA:
1 — xonyc (o < m/2); 2 — KoneH4aTsli Bal; 3, 4 — MOANIUITHUKOBEIE
orophl; 5 — 00pa3syroasics CKBaXuHa
Fig. 4. Calculation scheme of the cone device:
1 — cone (o < m2); 2 — crankshaft; 3, 4 — bearing supports;
5 — forming well

MOMEHTa M, CTpeMSIIerocs OMPOKUHYTh KOHYCHOE YCTPOHCTBO (puc. 3, 6). C yuetom
(5) u (6) HaxoaUM

’ 2
M = [q(y)ydy = 3%

TakuM 00pa3zoM, cyMMapHasi Cuia, CTpeMsIIascs ONPOKUHYTh KOHYCHOE YCTpPOU-
CTBO, PaBHAETCS BHEIIHEH crute O, IPWIOKEHHON Ha 1iede (2/3)/ oT BepIIHBI KOHyCa.
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[Ipu nepexarpIBaHUM 3JIEMEHTApHOE KOJIECO CTPEMHTCS «3aHEH» CBOEH IMOJIOBHU-
HOH OTOpBaThCs OT MpeccyeMoro marepuana (puc. 3, 2). Ilpu 3ToM Ha «epenHIo
4acTh KoJieca JeHCTBYET CHila, KOTOPYIO MOKHO HalTH € IIOMOILBIO (2):

P=J.P(x)dx _ Pw@
5 4

Ora cuna MPCIATCTBYCT MICPCKATBIBAHUIO 3JIEMCHTAPHOI'O KOJICCA. Ee momeHT

¢ P._a’
M,(y)= IP(x)xdx = %
0

I[J'ISI MpeoA0JICHUA 3TOr0 MOMCHTA H606XO,Z[I/IM8, TAHYIIas CuJla, MPUJIOXKCHHAA B

LCHTPEC SJICMCHTAPHOI'O KOJIECA:

MP(y) _ })maxa2
R 3ytg(a/2) (8)

S(y) =

Ota TAHYIIas Cujia CO34acT SHCMGHTapHBIﬁ prTHH_II/If/i MOMCHT, KOTOpBIﬁ HYXHO
IIPUJIIOKUTH K BOAUITY, YTOOBI 3aCTABUTh KATUTLCS AJIECMCHTApPHOC KOJICCO!:

dM, = S(y)ydy.

W HakoHel, MOXXHO MOACYUTATh CyMMAapHBIN KPYTALINA MOMEHT, KOTOPBIH HYXHO
MPHUIIOKHUTH K BOJIMITY, YTOOBI 3aCTABUTh KATUTHCSI KOHYCHOE YCTPOWUCTBO.
C yuaerom (6)—(8) Haxonum

c 80 [201-6* 1
M =|S dy = —= |—= —— =0,2260"°
! -([ () ydy 9x\\n C tg(a/2) Q

Teneps MOXKHO HalTH MOIIHOCTH MPHBOAA, HEOOXOAUMYIO [UIsl BpAIICHHs BOIMIIA

KOHYCHOTI'O YCTpOMCTBA:
N=Mw=M, %,
rae N — 4yuciao 000pOTOB BOIWIIA B MUHYTY, 00/MUH.

BrInonHeHBI 3KCTIEPUMEHTAIbHBIE CCISIOBAHMS B TaOOPATOPHBIX YCIOBUIX IS
MOATBEPKACHUS TOCTOBEPHOCTH MOMYYCHHBIX TEOPETHYECKHX 3aBUCHMOCTEH, ompe-
JensomuX 3(PQPEeKTUBHOCTh NPUMEHEHHUs] KOHYCHOTO pacKaTyvka IJisi TIIyOOKOTro
VIUIOTHEHUS TPYHTOB.

Jist mpoBeieHNsI SKCIIEPUMEHTAIbHBIX HCCIIEOBAHUE pa3paboTaHo U U3TOTOBICHO
CIEIMANILHOE CTEHI0BOE 000opyaoBanue (puc. 5). OCHOBHON 00beM SKCIICPUMEHTAITb-
HBIX HCCJICIOBaHUI BBIMTOJIHEH Ha MOaeNnu pabouero oprana amamerpom 0,105 M u
yIJIOM TIpU BepumimHe KoHyca 24°. MccriemoBaHue MPOBOAMIOCH B MCKYCCTBCHHBIX
TPYHTOBBIX YCIIOBUSX HECKOIBKHAX BHJIOB.



66 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal". No. 3. 2021 ISSN 0536-1028

[Iporpamma nccnenoBanuil npeaycMaTpuBaia MpoBeJeHUE SKCIIEPIMEHTOB Ha Cle-
aytoux rpyarax: C=1,5 - 105H/m3; 2,7- 108 H/M® (CyrIIMHKY U TIIMHBI, TYTOILIACTHY-
ueie); C =4,7 - 108 H/m® (cynecu, TBepbie).

s monyyeHus 3HaUeHUH KPYTALIETO MOMEHTA 3KCLEHTPUKOBOTO Bajla KOHYCHOTO
packaT4yuka Npou3BeeH pacueT MPUBOJA CBEPIMWIBHOIO cTaHka [14, 15].

B niepBoii cepun SKCIIEpIMEHTOB OTIpeesicHa
MOILIHOCTb JIEKTPOIBUTATENS B 3aBUCUMOCTH OT
BEJIMYMHBI TOKA, KOTOPBII 3aMEpeH aMIiepMeTpOM
npu HanpspkeHnd cetd 380 B u xoaduimente
TIOJIE3HOTO AeHCTBUS AekTpoasurarens 0,8:

N=I,U

o6 CeTbna,E[ 2
e U, — Hanpsbkenue ot cetd, By n, — KIT/{
snexrpoxsurarens; I g, — obumii Tox padora-
IOLLETO 3JIEKTPOABUIATENS, OIPEIEICH IO

dbopmye:
106111 = I\/§’

e [ — TOK Ha ofTHOM (pa3e paboTaroIIero IeK-
TPOJABUTATENS], 3aMEPEHHBIN MPH MPOBEACHUH
JKCIIEPUMEHTA, A.

s monmydeHus: 3HaueHUH KPYTSILEro Mo-
MEHTa Ha KOHYCHOM YCTPOWCTBE MOKa3aHMs
aMIepMeTpa MNEepecYUTHIBAIIMCH TOCIEI0Ba-
TEJIbHO Yepe3 YIIIOBYIO CKOPOCTh IEKTPOJIBU-
rarens (10) — B MOMEHT 3JIEKTPOIBUTa-
et (9), 3aTeM uepes nepeiaToaHOe YUCIIO PEMEH-
Holl nepefaunt (11) — B MOMEHT Ha 3KCLIEHTPH-
KoBOM Banty (12), a 3aTeM yepe3 nepeaaTouHoe
Puc. 5. DKcrIepUMEHTaTbHEIH CTEHT: OTHOUICHUE MEKIY SKCIICHTPUKOBBIM BaJIOM U

[ = wexammsv mopaum; 2~ IPMBOL  yopyeHpIM packaTdukoM (13) — B MOMEHT Ha
3 — KoneHuarslii Bai; 4 — KOHYCHBIH PacKaT4MK; ]
5 — yIoTHsieMslii TpyHT; 6 — pa3bopHas Gopma KOHYCHOM pacKaT9HuKe:

Fig. 5. Experimental stand:

1 — drive; 2 — feed mechanism; 3 — crankshaft; N
. JB
4 — cone reamer; 5 — compacted soil; M oo (9)
6 — collapsible form ®

rac N — MOITHOCTB SJICKTPOABUIATCIIA, 3aMCPCHHAA B OKCIICPUMEHTE, BT; @ — yrjioBasd
CKOPOCTD 2JICKTPOABUTIaTCIIA, paz[/ C:

o = mn (10)
971 30 2
7€ N — 9acToTa BpaIlleHHsI Bajia SJIEKTPOBUTATEIS, 00/MHH.
IlepenarouHoe 4yuCI0 PEMEHHOM Nepenadu onpenensercs no Gopmyine
D
i=—, (1)
d

e D — HanOoJbIINE TUaMeTp MIKUBA, MM; d — HAUMEHBIINN TUaMETp IIKUBA, MM.
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VrioBas CKOPOCTB BpalllCHUA 9KCIICHTPUKOBOT'O Bajla 3aBUCUT OT yI‘JIOBOﬁ CKOpPOCTH
QJICKTPOABUTATCIIA U IEPCAATOYHOI'O YHCJIa pCMeHHOﬁ nepeaaqu nmpuBoaa:

®, A =— (12)

KpyTsimuii MOMEHT 3KCLEHTPHKOBOTO Baja ornpezensercs no popmyse

MG" = Mg, (13)

KpyTsimuii MOMEHT KOHYCHOTO pacKaT4rKa U3MepsUICs Kak MPH MOTPY>KEHUH, TaK 1
NPY €r0 BEIHUMAaHUU U3 00pa3yIolieicsi CKBaKHHBL. ITO HEOOXOAUMO ISl YCTaHOBIIE-
HHS COOTHOIICHHS STHX 3HAUYCHUI M ONpeeNICHNs 3aTPaunBaeMOil MOIIHOCTH B TIPO-
Hecce yIUIOTHEHUS TPYHTa METOJ0OM 00pa30BaHUs CKBaXHHBI. Bo Bpems M3BiIedeHHs
KOHYCHOTO YCTPOMCTBa M3 00pa3yloUIelicsi CKBRKWHBI €ro KPYTSIIUI MOMEHT paBeH
KPYTSIIEMY MOMEHTY SKCIIEHTPUKOBOTO Balla, MIOCKOJILKY KOHYC B CBOOOJTHOM JIBHKE-
HHH BPAIAeTCsl C SKCIEHTPHKOBBIM BAJIOM.

60 r
s 50
=
< 40
8
g
S 30 r
= ]
=
Szo -
2 |
~ 10 f
0 1 1 ]
1,5 2,7 4,7
C - 108 H/m®
—— M M,

IKCI Teop

Puc. 6. 3aBUCMMOCTD KPYTSIIEr0 MOMEHTa KOHYCHOTO yCTPOHCTBA
ot ko3ddurtnenta odmieit nepopmarmu rpyara C
Fig. 6. The dependence between the cone device torque and
the coefficient of total soil deformation C

KpyTsmmii MOMEHT KOHYCHOTO pacKaT4HKa 3aBHUCHT OT KPYTSIIETO MOMEHTa JKC-
[EHTPUKOBOTO Bajla W TIEPEIaTOYHOTO OTHOIIEHUS MEXAY SKCIEHTPUKOBBIM BAJIOM U
KOHYCHBIM PacKaTYNKOM:

KOH __ SKIL + Ball
M =M

KOoH !

+BaJl

rne 1 .,, —IHepeaaroq4HoC OTHOMICHHAC MCKIY BaJIOM X KOHYCOM.

3aBHUCHMOCTh MEPEAAaTOYHOI0 OTHOIICHUA MCKIAY OKCIECHTPUKOBBIM BaJIOM U KO-
HYCHBIM PACKaTYMKOM OIPCACIACTCA YITIOM KOHYCHOI'O paCKaT4vKa U YITIOM HyTalluu
OKCIICHTPUKOBOT'O BaJia:
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jar _ Ny _ O, _ sin(a/2)
n o sinp

K K

VYroBasi CKOPOCTh BpALIEHUS! KOHYCHOTO YCTPOMCTBA 3aBUCHUT OT YITIOBOH CKOpPO-
CTH HKCLIEHTPUKOBOI'O Bajia U MEPEJaTOYHOTO OTHOIIECHHS MEXIY BajJlOM M KOHYCOM:

Pe3yabrarsl nccaenoBanuii. [locie 06paboTK pe3yIbTaToB SKCIIEPUMEHTATBEHBIX
WCCIIEZIOBaHUI1 BBHIMTOTHEHO CpaBHEHWE 3HAYEHHH KPYTAIIEro MOMeHTa (puc. 6), pac-
XOIIyeMOl MOIITHOCTH TP BHEIPEHWN KOHYCHOTO YCTPOHCTBA B TPYHT (pUC. 7) € Teo-
PETHYECKAMHU JTaHHBIMH, TIOTYYSHHBIMH C TIOMOIIBIO0 Pa3pabOTaHHONW METONUKH pac-
YeTa U MaTeMaTHYECKOTO MOAEITUPOBAHHSL.

800 r
700

w S a1 D
o o o
o o o
T T T
-
R

MorsHocTs, BT
=1
]
T

200 | B

100 r

15 2,7 4,7
C - 108, H/m®
—=—N N

ICKIT Teop

Puc. 7. 3aBUCHMMOCTP MOIIHOCTH KOHYCHOTO YCTPOHCTBa OT
koddpdunuenra obmer nedopmamuu rpyHra C TpH  YIIOBOH
ckopoctH © = 15,2 pan/c
Fig. 7. The dependence between the cone device power and
the coefficient of total soil deformation C, under the angular velocity
of ® =15.2 rad/s

BouiBoasbl. Pazpaboran MeTos onpeaeneHus TMHAMIYECKHX XapaKTePUCTHK KOHYC-
HBIX YCTPOMCTB M BBIBEICHBI PacYeTHBIE (DOPMYIIBI IS ONPOKHIBIBAIONIETO U KPYTA-
IIETO MOMEHTOB, KOTOPBIE HY>KHO MIPIITIOKUTH K BOAFUTY JJISl €T0 BPAIICHUS IPH YILIOT-
HEHUH TPYHTOB Pa3IMYHBIX XapaKTEPUCTHK IO TOKazaremsiM KoddduimenTa oomei
nedopmanmn u kodddurmenty [lyaccona.

CpaBHEHHE TEOPETUYECKUX M HIKCIEPUMEHTAIBHBIX PE3YNBTaTOB IMOKA3a0, YTO
MaKCHMaJIbHOE PacxoXIeHue 1o kpytsiemy Momenty npu C = 4,7 - 108 H/m® u ne
npessbimaer 7 %, a mo mournoctr ipu C = 1,5 - 108 H/m® He nipesbinraer 10 %.
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Theoretical and experimental study of deep soil compaction with a cone reamer

Kudratullo Z. Tilloev!, Sergei V. Kondakov!, Marat A. Asfandiiarov!
1 South Ural State University, Chelyabinsk, Russia.

Abstract
Introduction. The road-building machines and mechanisms are always improved depending on the tasks
formed in the specific operating conditions of these machines. One of the problems of road construction in
difficult climatic conditions is the lack of ground base strength, which results in road surface deformation
during operation and periodic traffic restrictions, increasing the cost of maintenance. The road surface
annual repair does not fundamentally solve the problem of the roads’long-term and reliable performance.
This problem can be solved by modernizing, for example, a working body for soil compaction based on
a crawler excavator.
Research aim is to develop a mathematical model for determining the dynamic characteristics of a cone
reamer’s effective design to ensure deep compaction of soil foundations for highways and industrial and
civil facilities.
Research methodology is based on a system analysis of the basic tracked vehicle, the working body,
and the compacted soil. The research methods also include mathematical modeling of the cone working
body interaction with the soil.
Results reliability is confirmed by comparing the results of numerical modeling and experimental studies.
The discrepancy between the obtained results of mathematical modeling and laboratory tests in terms of
torque and power does not exceed 7—10%.
Conclusions. A method for determining the dynamic characteristics of cone devices is developed, and
calculation formulas are derived for determining the tilting moment and torque that are applied to the
shaft when compacting soils with different characteristics. Experimental studies have been conducted
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that have shown the efficiency of this working body. The developed method for determining the dynamic
characteristics of cone devices is experimentally confirmed.

Keywords: crawler excavator; cone reamer; soil compaction; Poisson's ratio; coefficient of total soil
deformation.
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BnunsiHue TeKTOHUYECKUX Haﬂpﬂ)KEHVIﬁ B MacCcuBax nopoag
Ha N3MeHeHue UX CTPOeHUA n CBOWUCTB

lanHaxos L. X.!
! NMepmckuit rocyaapCTBEHHbIN HaLMOHaNbHbIA UCCNEA0BATENbCKUIA YHUBEPCUTET, T. [epmb, Poccus

*e-mail: gaynanov@inbox.ru

Pegpepam
Beeoenue. Ha npumepe 10KATbHbIX CMPYKIYP, CAOHCEHHBIX NOPOOAMU MEPPULEHHOU KPACHOYBEMHO
Gopmayuu, NOKA3AHO GIUAHUE MEKMOHUYECKOU MPEeWUHOBAMOCIMU HA (OPpMUPOBAHUE UX CBOUCME.
H3menenue MuKpocmpoeHus U NPOYHOCMHBIX — XAPAKMEPUCTUK NOPOO  CMAio  Cledcmeuem
MEKMOHUYECKUX HANPANCEHUU 8 npoyecce POPMUPOBAHUS MACCUBA. BbloeneHHble 30Hbl NOBbIUEHHO
MPEWUHOBAMOCIU ~ YeMKO — KOPPETUPYIOMCs — KAK ¢ NOKA3amensimu — 0epopMupo8aHHocmu
KPUCALTUYECKOU PeuemKy, Mmaxk u ¢ NPOYHOCMHbIMU CBOUCMBAMU NOPOO.
Leny pabomur. OcHogHas yenb HACMOAWUX UCCTEO08AHUL COCMOUM 6 OYeHKe BNUAHUSL Npoyeccd
GopMmuposarus OKANbHBIX CMPYKMYD HA PA36UMUE PA3IUYHBIX MEKMOHUYECKUX HANPANCEHUU U
c601cmea nopoo.
Memoodonozus exnouanra omoop 06pasyos nopoo, CoeMKy MpeuwuHo8amMocmu 8 npeoenax JOKAIbHOl
CMPYKNYpbl, OnpedesieHue MUHEPAL02UieckKo20 cocmaga obpasyos, onpedeierue nPpoYHoCmu 0opasyos
MemoOOM O0OHOOCHO20 CHCAMUS, UCCLE008AHUE KPUCTIATIUYECKOU pewemKu nopodoodpasyouezo
MUHEPANA ¢ NOMOWbIO PEHMEEHOCMPYKMYPHO20 AHAIU3A U NOCAeOVIOWUL AHAIU3 U CONOCMABIeHUe
NOJYYEHHbIX MAMEPUATO8.
ITonyuennvie pezynomamot. Cocmasiena Kapma mpewuHo8anoCcmu yacmra Uccied08anuil, NoayyeHbl
CB8EOeHUs O COCMOAHUU KPUCMATIUYECKOU pewemKu u npoynocmu nopoo. Ilposedena xoppensyus
MexHCOy O0epopMayusmMu  KPUCMALIULECKOU PeuemKy, NPOYHOCMHbIMU CEOUCMBAMU OMOOPAHHbIX
00pa3yo8 U MPewuHO8amoCcmvio NOPOO 8 UCCLEOYEMOM MACCUBE.
Bu16oowt. Ilpedcmasnennvle pe3ynbmamsl UCCAeO08AHUL NO3BONAIOM O0BACHUMY WUPOKUL OUANA30H
3HAYEHUL NPOYHOCMHBIX CBOUCME HAPYUWEHUEM MUKPOCMPOEHUss KPUCMALI08, KOMOpoe, 8 CE0K
ouepedb, MeCHO CBA3AHO C PA3PYULEHUEM MACCUBA.

Knroueswvle cnosa: nanpsoicennoe cocmosmue maccuea; meppuzentvie nopoovl; KpacHOYEemuas.
Gopmayus; mpewuHo8amocms, NPOYHOCHb HA OOHOOCHOE CaHcamue; NPOYHOCMHbIE CBOUCMEA 2PYHIMO8;
KpUucmaniuyeckas peuwemxa.

Beenenune. DopmupoBanue PU3NKO-MEXaHUIECKUX CBOWCTB 0CAI0THBIX ITOPOJ SIB-
JISIETCSI CIIOKHBIM TEOJIOTHYECKUM MPOIECCOM, KOTOPBIH 3aBHCHUT OT YCIIOBHUI OCaIKO-
HAKOTUICHHUS U TIOCTCEANMEHTAIIIOHHBIX H3MEHEHUH.

Crietn¢pnaeckue yCiuoBusl 0CaIKOHAKOTIIEHHS KPACHOIIBETHBIX TEPPUTEHHBIX (op-
Marui (KIIMart, TEKTOHIYECKHIH pekiM, (parnmanbHoe pa3Ho00pasue) OmpeaeITHIN Xa-
paxTep TUTOTEHE3a M HAIIUTA OTPaXEHHE B COCTABE U CBOHCTBAX MTOPO/I, YTO TIOATBEPIK-
nmaercss paboramu [1-4]. Ha nmampHedmmii Xon ¢OpMHUPOBAaHHUS KpPacHOIIBETOB
CYIIIECTBEHHOE BIMSHIAE OKa3aJH MPOIIECCH THITeprene3a (PEerpecCuBHOTO IUTOTEHE3A).
AKTHBH3aIHA STUX MPOIECCOB M UX POJIb TAK)KE CTAJN CIEACTBHEM JIOKATU3AI[UH FIC-
clIemyeMBbIX (hOpMaIni.

OmHoi 13 0COOCHHOCTEH KPACHOIIBETHBIX TEPPUTEHHBIX (OpMAaITHil SBISETCS HX
PacIoNOXKEHHOCTh B TIEPEXOHON 30HE OT T€OCHHKIMHANHN K 1uardopme. [l Takmx
30H XapaKTEepHO IIHUPOKOE PACIpOCTPaHEHHE JOKATBHBIX TEKTOHUYECKUX CTPYKTYD,
nipu GOPMHUPOBAHAN KOTOPHIX BOSHUKAIOT HAMMPSDKEHHUS B MACCHBAX CIIATalONINX WX TO-
po. OTa 0COOCHHOCTh HAXOAHUT OTPAKCHHE B MX (PHU3MKO-MEXaHUICCKUX CBOMCTBAX.
A. M. Momtomko (1979) B [5] yka3an Ha BIUSHHE TSKTOHHYECKOTO PEKUMa Ha CTETICHD
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JII/ITI/I(i)I/IKa]_II/II/I ", KaK CJICACTBUC, (1)I/I3I/IKO-MeXaHI/I‘-IeCKI/Ie CBOMCTBA MHOILICHOBBIX TJIMH
[penxaBka3bs. 3Ha4eHNUE TEKTOHUKH IPH (POPMHUPOBAHUU HHKEHEPHO-TEOJIOTMIECKIX
CBOMCTB mopos moguepkuBaet Takke . A. [omoakosckast (1975) [6]. Ona qoka3bIBacT,
4YTO TEKTOHUYECKUE HAIIPSDKEHUS BELYT K U3MEHEHUIO CTPYKTYPBI U TEKCTYPBI, 8 TAKKE
K YIUIOTHEHUIO ¥ YIPOYHEHHIO MOpOoa. B 1ieoM psiie paboT MPOBOAUTCS CpaBHEHUE
HNHXCHCPHO-T'COJIOTHYCCKUX CBOMCTB mopoa npu pasiivdHbIX TCKTOHHUYCCKUX PEIKU-
Max. ABTOpLI IMPUXOJAT K BBIBOAY, YTO MOPOABI, KOTOPBIC BO3HUKIIM U €UIC HAXOAATCA
B YCJIOBUSIX BBICOKUX HANPsOIKCHHU, 001a1al0T 00JIee BHICOKOM MPOYHOCTHIO, YEM I10-
POZBI B 00JIACTSX pa3rpy3KH HIIK TE€ MOPOJIbI, KOTOPBIE HE OBLIHN B MIOOOHBIX YCIOBHUSX.

Ta6auna 1. CBoaHast TadJmia pe3yJbTaTOB HCCJIET0BAHUI
Table 1. Summary of findings table

Crenenb IIpounocts
MuHepanoruueckuii cocras, % HAPYLICHHOCTH Ha TpemunoBaToCcTh
KPUCTAUTMYECKOH | OIHOOCHOE
Hopona peLIeTKH KBapLa cKaTHe
Kaapn Hif:fﬁ Kampuur | Xnoput | B,mMm | o'z, tpan| Rc, MIla L, W/10* - M?
[lecuanuk 72 10 6 12 10,0 10 2,2 4000
[lecuanuk 87 10 - 3 10,0 10 2,0 4000
[lecuanuk 69 20 5 6 9,5 8 1,8 4000
Aprusuit 55 30 - 12 9,0 8 2,8 3500
AprusumuT 46 30 17 7 9,5 5 3,2 3500
AprusumuT 53 27 10 10 9,0 10 2,6 3500
ITecuanuk 78 20 7 8,0 9 35 3500
Aprusuit 70 25 1 3 8,5 8 3,0 3000
[lecuanuk 80 16 - 4 55 6 5,6 2000
[lecuanuk 67 22 6 6 6,0 5 7,2 2000
AprusumuT 70 15 12 3 6,0 6 45 2000
ITecuanuk 65 18 10 12 45 4 8,0 1500
ITecuanuk 63 8 28 1 5,0 4 11,8 1500
[lecuanuk 80 18 1 1 5,0 3 125 1500
Aprusuit 52 16 15 10 5,0 5 6,0 1500
[lecuanuk 82 10 - 1 4,0 3 115 1000
AprusumuT 64 18 8 10 45 4 8,0 1000
ApruumuT 39 16 - 3 5,0 3 9,0 1000
AprusumuT 65 15 5 5 4.0 4 2,5 500
Ilecuanuk 75 18 - 6 3,5 2 10,0 500
Aprusuit 58 25 7 10 3,0 3 8,2 500

Bornpioe konn4yecTBo paboOT MOCBSIICHO W3YYSHHUIO TEOAHHAMHYECKUX aKTHBHBIX
30H KaK ()aKTOpOB, BIMSIONIMX HAa COCTOSIHUE TTOPO]] MACCUBA U MHTEHCHUBHOCTH 3K30-
rerHbix mporeccoB [7—-10]. Ocoboe 3HauYeHHE MPUIACTCS MPU 3TOM HMCCIICIOBAHUIM
TEKTOHUYECKOHN TPEIIMHOBATOCTH MPH THIPOTEXHUUIECKOM CTpouTenscTne [11-14].

Bo3HuKHOBEHUE TOKATBHBIX CTPYKTYP B Ipeesax MepeXoaHbIX 30H ABISAETCS ClIe-
CTBHEM BO3/IBIMAaHUS OTAEITBHHBIX OJIOKOB ()yHIaMEHTa B MECTax pacTshkeHus. Bemnau-
Ha BO3HUKAIOIIUX IIPH STOM HaNpsDKEHUH pacrpesenseTcs HepaBHOMEPHO U BhIpaka-
eTCsl B BHJIE TEKTOHMUYECKUX TpemnH. OONacTh BHICOKOW TPEHIMHOBATOCTH TPH STOM
COOTBETCTBYET YYaCTKaM BBICOKMX HAIPSKCHUH.
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Henp uccaenoBanmii COCTOUT B OIIEHKE BIMSHUS PA3IMYHBIX TEKTOHUYECKIX Ha-
MIPSDKEHUH Ha pa3BUTHE JIOKAJIBHBIX CTPYKTYP M Ha CBOMCTBA MOPOJ, VX CIAraroliX.
B nanHO# cTarbe peub MONJET MPEUMYIIECTBEHHO O KPACHOIBETHBIX MECUaHUKAX U
aprujuIMTax Ka3aHCKOro spyca OmapMHUICKOro oriaena mepMmckoid cucremsl (P,kz).
IIpo651 mopox OBLTH 0TOOPAHEI B IIpEeTax MacCHUBa M3 0OHAKEHUS Ha MPaBoM Oepery
p. Kamepl, BOM3m HaceneHHOTo myHKTa MbkeBckuit ncTOUHUK. [IpOTsSHKeHHOCTh yIacTKa
HCCIIeNOBaHUH MPUOTM3UTENHHO paBHa 1 kM. B 00pasmax ¢ moMoIsIo peHTIeHOCTPYK-
TYpHOTO aHaNH3a ONpeersach CTeNneHb aAe(opMaIi KPUCTaNIOB M KPUCTaJUINYe-
CKOW CTPYKTYPBI OCHOBHBIX TTOPOZ000Pa3yIONINX MUHEPAIOB, KOTOPBIE OBLIH MOBEP-
JKEHBI Pa3TUIHBIM HAPSKEHSIM.
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Puc. 1. Kapra TpemmuHOBaTOCTH y4acTKa UCCIeI0BaHUN
Fig. 1. Study area fracturing map

B manpHeliem Ha ygacTke UCCIIeIOBaHUH ObLIa TPOU3BEICHA CheMKa TPEITHHOBA-
toctn. Ocob0oe BHUMaHHE YIEIUIOCh PACCTOSHUIO MEX Iy TpeumHaMmu. Hapsiny ¢ ko-
JUYECTBOM TPEIIMH yCTaHABIMBAJIACh MX 00IIas MPOTHKEHHOCTh Ha paccMaTpHhBae-
Mo TuTontaay Maccusa L (tabm. 1).

ITo xomMYecTBY TpEeIMH U UX 00IIeN MPOTSHKEHHOCTH Ha TUIOIIA T MACCHBA MOXHO
CYIUTH O CTETIEHU Pa3IpOoOIEHHOCTH TOPHBIX MOPOJT U HAPSIKEHHSIX, KOTOPBIE UCIIBI-
TaJM OT/IeNbHBIE YIaCTKA MacCHBa B IIpoIlecce CBOeTro (popMHUpoBaHUs.

IosyyeHHble pe3yabTaThl. Pe3ynpTaTel CheMKH TPEUMHOBATOCTH NPHUBEICHBI Ha
puc. 1 B BuAe KapThl H30JIUHUHN (JTMHUNA C ONWHAKOBBIMH 3HAYEHUSMHU TPEIINHOBATO-
cti). CpaBHEHHUE OTJENBHBIX YYaCTKOB TPEUIMHOBATOCTH CO CTETIEHBIO0 HAPYIIIEHHOCTH
MUHEPAJIOB TTOKa3bIBAET CBA3H C PE3YyNIbTaTaMU MaKpo- K MUKpourccienoBanuii. [loaro-
My B JalipHeimeM B paboTe paccMaTprBajcCs UMb OWH MOKa3areib, @ IMEHHO TPO-
TSHKEHHOCTH TPEIINH OTHOCHTEIHHO BCEH IIOMIaIN MacCHBa.

Ha xapre BHIIHO, 9TO CHITbHEE BCETO TPEIIMHOBATHI HYDKHIH YYIaCTOK M HEOOJBIIION y4a-
CTOK B IIEHTpE 00nacT m3MepeHusl. M3 OTHeNbHBIX Y4aCTKOB 3aTeM OTOMPaHCh 0Opa3Ibl
TIOPOJT TSl PEHTT€HOCTPYKTYPHOTO aHAJIM3a 1 OTpe/IeTIeHHsT MIPOYHOCTHBIX XapaKTEPHCTHK.

Omnpenenenue MUHEPATOTHYECKOTO COCTaBa TOPOJI MOKA3ajo Mpeodiaganre KBap-
na (53—-87 %) u Ha Bropom Mecte moseBoro mmara (10-30 %). Bece nmpoune muHepabt
UMEIOT MOTYHHEHHOE 3HaueHue (kanpiut — 0-28 %, xmoput — 12 %). Ilostomy uccie-
JTIOBaHUS KPUCTAJUIMIECKOHN PEIIETKH MPOBOAMIIICH TOIBKO JUIS KBapIla KAk OCHOBHOTO
MOpPOJ1000pa3yIoMEero MUHEpaa.
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B cBomHOM Tab1. 1 mpuBeAeHBI pe3ynbTaThl HCCISAOBAaHUNA MUHEPAIIOTHIECKOTO CO-
CTaBa, PEHTITC€HOCTPYKTYPHOIO aHaJIM3a U OIPEAEIECHUS IPOYHOCTU 00pa3L0B IOPOLL.

OCHOBHOH LEJIBI0O PEHTICHOCTPYKTYPHOTO aHAIM3a SBISJIOCH MCCIEIOBAaHUE Je-
(dopmMarmii KpUCTAIIOB M KpHCTAUTNUECKol pemeTku. KpucTamnb 001aaaioT B cCBoeM
CTPOCHUH HEKOTOPBIMH JIe(PeKTaMH, KOTOPbIE TEHETUIECKH 00y CIIOBIEHBI HANIPSKEHH-
SIMM BO BpEMSI OCAJIKOHAKOIIJIEHUS U TMar€HETUYECKUMU TTpolieccaMu. Tak, U3MEHEHUS
B MHUKPOCTPOEHHUH ITOPOJ BO MHOTHX CIIy4asiX ONPEAEIIIIOT UX (PU3UKO-MEXaHHUUECKUE
CBOICTBA.
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Puc. 2. 3aBHCHMOCTh MEXIy CTENCHBIO HAPYLICHHOCTH KPUCTAJUIMYECKON peUIeTKH KBapua B u
TPELIMHOBATOCTBI0 L — @ W 3aBHCHMOCTb MEKIY CTEHEHBIO HAPYLICHHOCTH KPUCTAJIMYCCKOM
PEIIETKH KBapla 0.%2 ¥ TPEIMHOBATOCTHIO L — O
Fig. 2. The dependence between the degree of disturbance of the crystal lattice of quartz B and
fracturing L — a the dependence between the degree of crystal lattice disturbance of quartz a'z
and fracturing L — 6

KomrmiekcHBIM TMMOKa3aTeneM CTENEeHU COXPAHHOCTH KPHUCTAIMYECKON PEeIIeTKU
SIBIIICTCSI MHTCHCUBHOCTh PAacCEHBAHUS, KOTOpasi HA PEHTTEHOTpaMME OTPEIEISICTCS
KaK pasMep IUIomma i paccenBanus Ha ruke (I, MM?), T. €. Ha BepIIMHE JaHHOM KPUBOM,
KOTOPON OTMEUYEH MUHEPaJ B PEHTTCHOTPaMMe.

Cy1mecTByeT MHOXKECTBO (haKTOPOB, ONPEIENSIOIINX HHTEHCUBHOCTh PACCEUBaHUS
MOHOKPHCTAIIOB. K HUM OTHOCSATCSI METOIBI aHAIM30B M THII ammapaTypsl. DTO 03Ha-
4aet, 9To abCONMOTHAS BeJTMYNHA MTOKa3aTeNel, TOMyYeHHBIX Pa3IndHON armaparypo,
HE MOXXET CpaBHHUBAThLCS. B kauecTBe kpurepus Ans nedekra Kprcramia MOXKET CITy-
JKUTh BEIMYUHA TOMYIIUPUHBI pediekca B, mm. OHa MOKa3bIBaCT BEIIMYMHY 00IaCTH
KOTEPEHTHOCTH PaCCeHBAHUS U SABJISIETCS 00Jiee CTa0MIIbHOM B CPABHEHHH C HHTCHCHB-
HOCTBIO paccerBaHusi. OpUEHTUPOBKA KPUCTAIUIMTOB B MOHOKPUCTAJUIE TAKXKE OIpe-
JISJISIeT CTETEeHb €r0 COXPaHHOCTH. YeM Omike OPUEHTUPOBKA KPUCTAITUTOB K UE-
alpbHOM, TEM MEHbIIE WU3MEHEHUM HCIbITal MuHepan. i onucaHus CTEINEeHU
OPUEHTHPOBKHU CIYXHUT KOIQDUIIMEHT TEKCTYPHUPOBAHHOCTH, KOTOPBIH ONpPECIIAeTCs
yepe3 Yrox Ie30pUeHTAINH )2, Tpaa. YeM MeHbIIe 3HaYeHHE 0.2, TeM COBEpIICHHEN
TekcTypa kpucramna (Pycakos, 1977) [15].

PaccmarpuBast komudecTBo JIe()eKTOB KaK OTIIMYUTEIBHBINA PU3HAK U3MEHEHHOCTH
KpPHCTAJUIOB, BO3MOXKHO CYIHUTH O BIMSHHH dIHUTCHE3a Ha JIOKAJIBHBIC CTPYKTYPHI H,
CIIeIOBaTeNbHO, Ha (DM3MKO-MEXaHWYECKUE CBOMCTBA MOpOA. Pe3ynbrarel aHanM30B U
UX CPaBHEHHE CO CTEMEHBIO HAMPSIKEHUN BO BPEMs Pa3BUTHUSA STUX CTPYKTYp MOKa3bI-
BAaIOT YETKYIO 3aBHCUMOCTH (pHC. 2).

HanpspkeHne oTAenbHBIX 9acTeil CTPYKTYPHI B TaHHOM CTydae H300pakaeTcs 4epes
WHTEHCHBHOCTh TEKTOHHYECKON TPEIIMHOBATOCTH (TMPOTSIKEHHOCTh TPEIIHH OTHOCH-
TEIbHO €AUHMIBI IIommanu L, Mm/10% - M2).
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O4eBHUIHO, YTO U3MEHEHHS B KPHUCTAJJIaX ITOKA3bIBAIOT TECHYIO CBSI3b C MHTEHCUB-
HOCTBIO TPEHIMHOBATOCTH. MUHUMAIIbHBIE 3HAYCHUS MOJTYMIMPUHBI pedrekca B = 3
COOTBETCTBYIOT 30HE MUHUMAJIbHOM TpeluHoBaTocTH, L = 500; MakcuMasbHbIe 3Ha4e-
Hus B = 10 — obnactu noBbIIeHHOM TpemmHoBaTocTH, L = 3500—4000.

Yroun ge30pueHTanru o)2 MOKa3bIBaeT aHATOIMYHYIO 3aBUCUMOCTb.

HaumeHbIIMMHU 3HAUEHUSMH 02 XapaKTepU3yIOTCAd Y4acTKH, MCIBITABIINE Hau-
MEHbIIINE HaNPsDKEHU, T. €. MeHee TpeuuHoBarble, L = 500. MakcuManbHO HapylIeH-
HBIC KPUCTAJUIBI TIOKA3bIBAIOT 3HaYeHus 0/2 = 10° mpu TpemuuoBatoctu L = 4000.

Takum o0pazom, mokazatenu B U a2 000CHOBaHHO MOTYT HMCIIONIB30BaThCs IS
OIIMCAaHUs U OLEHKH CTEIIEHH HAPYLIEHHOCTU MACCHBA.
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Puc. 3. 3aBHCHMOCTb MEXJy IIPOYHOCTHIO HA OIHOOCHOE CKaTHE R, M CTCHCHBIO HAPYLICHHOCTH
KPUCTAJUTMYECKON PEIeTKH KBapia B:
a — A TIECYaHUKOB, 60— JUIA apruJuiuToB
Fig. 3. Dependence between the uniaxial compressive strength of the crystal lattice R and the degree of
the crystal lattice disturbance of quartz B:
a — for sandstone; 6 — for argillite

bonbiioe mpakTuyeckoe 3Ha4€HUE UMEET YCTAaHOBIICHHAs 3aBUCUMOCTD IIPOYHOCT-
HBIX CBOMCTB IIOPOA OT CTEIEHU HAPYIIEHHOCTU BHYTPEHHEIO CTPOEHUS MUHEPAJIOB.
DU3HKO-MEXaHUYECKHUE CBOMCTBA CKAJIBHBIX U MTOJIYCKAJIbHBIX ITOPOJ 3aBUCAT OT MHO-
rux (aktopoB. Tak, paHee yxe yKka3blBaJOCh HA 3aBUCUMOCTH IPOYHOCTH KPACHOILIBET-
HBIX IIOPOJl OT MUHEPAIOTMYECKOI0 COCTABA, & TOYHEE, OT COCTaBa U TUIIA IEMEHTUPY-
IOLIEr0 MaTepuala, KOTOPBIM, B CBOK O4YEpEdb, SIBISETCA CIIEICTBUEM TI€HE3HCa.
Jo cux mop u1s mopoji KpaCHOLBETHOH TEPPUTEeHHO (hopMaii He 0OBSICHSIINCH MTPHU-
YHHBI HIMPOKOTO pa3zdpoca MPOYHOCTHBIX CBOWCTB MPH OJMHAKOBOM MHUHEpasiorHye-
CKOM COCTaBe U OIMHAKOBOM COCTABE U THIIC [IEMEHTAa, BOSHUKIINX B OINHAKOBBIX (a-
LUAJIbHBIX YCIOBUSX.

BoiBoabl. [IpencraBneHHbIe pe3yabTaThl HCCIEIOBAHUH MTO3BOMIAIOT OOBSICHUTH Ta-
KOM IIMPOKUHM Juana3oH 3HaYEHUH MPOYHOCTHBIX CBOMCTB HAPYIIEHUEM MHUKPOCTpOE-
HUSI KPUCTAJIJIOB, KOTOPOE, B CBOIO OYEPENb, TECHO CBSI3aHO C PA3PyLICHUEM MacCHUBa.
Paspyuienne maccuBa B JajabHEHIIEM COAEHCTBYET BIUSHUIO 3K30T€HHBIX I'€0JIOTHYE-
CKHX IIPOLIECCOB, KOTOPBIE TaKKe BEAYT K N3BMEHEHHIO CBOMCTB MOPOJ. DTO OTHOCUTCS
IPEXKJIE BCETO K BBIBETPUBAHMIO. 3aBUCHMOCTh IIPOYHOCTH HA OHOOCHOE CKaTtue R, OT
[IOKa3arens B HaIIsAHO WUIIOCTPUPYET BIMSHUE HAPYILIEHHOCTH MUKPOCTPOEHUS MU-
HepaJla Ha IPOYHOCTH ITOPOABL.

[TogoOHbIE BEIBOABI OBLIH TOATBEPIKICHBI aBTOPOM U Ha IPYTUX 0OBEKTax UCCIe0-
Banuil (I'aitnanos I1I. X., Karaes B. B.) [16], B vacTHOCTH pHU €TAIBHOM U3yYEHUH U
KapTUPOBaHUH TEKTOHHYECKOH TPEIIMHOBATOCTH C MOCIEIYIOIMM 0TOOPOM 00pa3LoB
MOPOJ ISl CPaBHEHMS MX MPOYHOCTHBIX XAPAKTEPUCTHUK U MUKPOCTPOEHHS. DTH HC-
cJIeJ0BaHus ObUIM MPOBEIEHBI B IIpeieNiax JOKaJbHON CTPYKTYphl «Onannuxa» Ha mpa-
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BoM Oepery peku Kama. [lomyueHHbIe pe3ynbTaThl MOJTHOCTHIO NOATBEPAMIIMN ClIENIaH-
HBIE BBIBOIBL. Kpome Toro, Ha 3TOM 00BEKTe ObLIa yCTaHOBJCHA aKTHBHM3ALMUS PAla
9K30TCHHBIX MpoueccoB (cyhdo3us, oBpaskHas 5po3usl, epepadoTka Oepera Boroxpa-
HUJIWILA) B MpefesiaX 30H MOBBIIIEHHOH TpPEIIMHOBAaTOCTH. Bo Bcex ciydasx mof-
TBEpXKAaeTcsa 000CHOBAHHOCTD BBIJICJICHHS 30H IMOBBIIIEHHON TPEIIMHOBATOCTH Yepe3
LEJNBIN Psill IOKa3aTesel, AEMOHCTPUPYIOIIUX OTPaKEHNUE 30H BHICOKOTO HATIPSHKEHHS
B MacCHBE Ha TPEX YPOBHIX: MUKPOYpPOBEHbH (IehopMaliii KPUCTAITUIECKON perieT-
K{); ME30ypOBeHb (YXyALIEHHE MPOYHOCTH TOPOJ); MaKpOypOBEHb (aKTHBU3ALMS K-
30r€HHBIX IPOLIECCOB).

B ocHOBY puc. 3 monoXeHbI pe3yIbTaThl UCCIACIOBAHHS IECYAHUKOB U apTHUIUIUTOB.
3aBUCUMOCTb MEXIy HHTEHCUBHOCTBIO TPEIIMHOBATOCTH, CTENIEHBIO HAPYIIEHHOCTH
MHUKPOCTPOEHHUSI MUHEPAJIOB M MPOYHOCTHIO MOPOJA UMEET TakKe OONbLIoe 3HAYEeHHUE
NpU TOCTAaHOBKE APYIHX 3ajad, HaIpuMep MpH HMHKCHEPHO-TeOJOTHYECKOH OLIeHKe
MAacCHBOB, TII¢ OCJIOKHEHa BO3MOXXHOCTh NPSMON ChEMKH TPELUIMHOBATOCTH WIJIM OHA
B00OIIe HeBO3MOXHA. OTOOP MPOO U UX PEHTIEHOCTPYKTYPHBIN aHaIn3 MOT Obl 3aMe-
HUTbH CHEMKY TPELIMHOBATOCTH, YUUTHIBasI HATMUME 3aBUCUMOCTH [TOKa3aTeneil B u a2
OT CTETEHH TPELIMHOBAaTOCTH. HakoHel, 3TOT MeTo MOT OBl HCIOJIB30BATHCS B Kaue-
CTBE JONIOJHUTENBHOTO KPUTEPHS MTPU MHKEHEPHO-T€OJIOTMYECKOM PailOHUPOBAaHHUHU
BBISIBJICHUM MEHee ONaronpusTHBIX YYacTKOB JJISl CTPOUTENIbCTBA.
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Tectonic stresses impact on rock mass structure and properties

Sharibzan Kh. Gainanov!
1 Perm State National Research University, Perm, Russia.

Abstract
Introduction. By the example of the local structures formed by the rock of terrigenous red bed,
the present work illustrates the impact made by tectonic fracturing on their properties development. Rock
microstructure and strength changes were the results of tectonic stresses during the rock mass formation.
The detected zones of increased fracturing are clearly correlated with both the indices of crystal lattice
deformation and rock strength properties.
Research aim is to assess the impact made by the local structures formation on rock properties and the
development of various tectonic stresses.
The methodology included rock sampling, fracture survey within the local structure, condition of
the mineralogical composition of the samples, determination of the samples strength by uniaxial
compression, the rock-forming mineral crystal lattice study using X-ray diffraction analysis, and
subsequent analysis and comparison of the obtained materials.
Results. A study area fracturing map was compiled and the information on the crystal lattice structure
and rock strength was obtained. Correlation between crystal lattice deformations, strength properties of
selected samples, and rock fracturing in the rock mass under study was performed.
Conclusions. The presented research results explain a wide range of values of strength properties by
crystals microstructure imperfection, which, in turn, is closely related to the rock mass destruction.

Keywords: rock mass stress state; terrigenous rock; red bed, fracturing; uniaxial compressive strength;
strength properties of soils; crystal lattice.
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Generalizing the results of fracture zones study in the Upper Kama
potassium salt deposit with the help of gravity study
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Abstract
Introduction. The history of the Upper Kama potassium salt deposit (VKMKS) exploration and
operation should be divided into two periods. The first period lasted from 1929, the start of exploitation,
until 1986, when the water-protective barrier collapsed and the largest VKMKS mine, the 3rd Berezniki
mine, was flooded. The second period began in 1986 and continues to the present day. The first period
is characterized by a low level of technogenic load on the geological environment, significantly less than
its long-term strength. After 60 years of VKMKS large-scale exploitation, the technogenic load on the
geologic environment has increased significantly. As a result, its equilibrium state was upset, giving rise
to destruction, accompanied by various dynamic events: caves-in, surface collapses, rockbursts, and
tectonic rockbursts. VKMKS structural-tectonic profile study revealed that active faults, nodal structures,
and fracture zones have a decisive effect on the geologic environment equilibrium state.
Research methodology. When structural and tectonic elements are formed in the supra-salt, salt, and
subsalt strata of the deposit, the geologic environment density characteristic changes naturally leading
to the development of local density inhomogeneities within. It is possible to locate these inhomogeneities
and establish their relationship with structural and tectonic elements of the geological environment,
particularly, fractured zones, only by studying the gravity field of the deposit. For this purpose, an area-
wide, detailed, and high-precision gravimetric survey was performed at a scale of 1:25,000, the results
of which were used to identify and study the fracture zones.
Research results. Based on the results of gravity field anomalies interpretation on the territory of
VKMKS, the horizontal position and size of about 200 local negative linear anomalies of the near north-
south, north-east, and north-west orientations were determined, the sources of which were confidently
identified with the fracture zones.
Conclusions. The experience of studying the structural and tectonic structure of VKMKS has shown that
currently for the deposit’s physical and geological conditions, the detailed, high-precision aerial gravity
study is the most effective geophysical method for fracture zones mapping.

Keywords: Upper Kama potassium salt deposit; fracture zones, gravity study.

Research subject and aim. At first approximation, fracture zones represent tabular
formations of tectonic nature fractured heavier than the surrounding rock (Geology
Dictionary, 1978). In the Upper Kama potassium salt deposit (VKMKS), for the first
time tectonic zones in various strata were first established by P. I. Preobrazhenskii, who
pointed to “high probability of fracturing, which crosses all supra-salt rocks” and gets
into the saline deposits. At the same time, he underlined that “the plasticity of salt
which prevents from that phenomenon, must show up at great depths (more than
500 m), but for the upper strata of the salt mass the possible presence of such fractures...
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is conceivable” (Preobrazhenskii P. 1., 1928). Observations of P. I. Preobrazhenskii
were at the time confirmed by A. A. Varov, a chemical hydrologist: “Water of “gypsum
series” and “covering salt” have no direct independent outcrops [to the surface] ... but
water penetration to salt strata is proved by the salinization of “flag” [marly limestone
and marl] water” (Varov A. A., 1928).
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Fig. 1. Schematic map of isoanomalies of a part of the Upper Kama
potassium salt deposit
Puc. 1. Cxemaruueckuil miaH M30aHOMAJ YacTU TeppUTOpHU Bepxne-
KaMCKOT'O MECTOPOXKACHUA KaJUHUHBIX COJIEH

It unambiguously followed from the brief characteristic of fracture zones that such
zones of increased permeability for the supra-salt and subsalt waters, could be of great
importance for deposit accident-free operation. Unfortunately, this point was not taken
into account, and there was no systematic study of fracture zones in VKMKS.
The consequence of such mine-geological policy was the flooding of the 3rd Berezniki
mine in 1986. Describing the reasons for the catastrophe, A. A. Bariakh explicitly stated
that it happened due to mine tunneling in one of the fracture zones [1]. Thus, the subject
of the present work is the fracture zones study, which is essential in order to estimate
the state of the geologic environment to prevent catastrophic dynamic events.

Research methodology includes generalizing the results of fracture zones study
in mine workings to estimate their spatial position, geometry, and kinematic
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characteristics, and, on this basis, establishing their horizontal position in the section
as density inhomogeneities through interpreting the local anomalies of the gravity
field created by them.

Research results. Fractures and fracture zones in VKMKS were occasionally
studied by various researchers mainly in mine workings (Vakhromeeva V. A., 1959;
Filippov S. A., Naimushina R. P., 1988; Filippov S. A., Korochkina O. F., 1990;
Dzhinoridze N. M. et al., 1988; Beliaev V. P. et al., 1985; Valeev R. N. et al., 1974;
Kopnin V. L., 1999).

Fig. 2. Graphical representation of gravity survey results:

a — a fragment of isoanomalies map; b — a fragment of graphs map; a dashed line
shows the contours of negative local anomalies conditioned by geologic environment
deconsolidation (fracture zones)

Puc. 2. I'paduueckre GpopMbl IpeaCTaBICHHS PE3YIBTATOB TPABHMETPUYIECKOI
CBEMKH:

a — ¢parmeHT 1miaHa n30aHoMair; b — gparmeHT maxa rpadUKOB; MyHKTHPOM MTOKa3aHbI
KOHTYpPbl OTPHIATEIbHBIX JIOKAIBHBIX AHOMAJIMii, OOYCIOBICHHBIX Pa3yIIOTHEHUEM
TE0JIOTHYECKOM Cpebl (TPEIMHHBIMU 30HAMH)

In kinematic terms, fractures in productive series are divided into tension joints and
shear fractures. Shear fractures develop as a result of folding since the systems of such
fractures are symmetrical about the folding axes. Fracture width does not exceed
10-15 cm. In the cavities of the fractures, there are sylvine and halite, that indicates that
they developed at the final stage of Hercynian orogeny.

Tension joints systems are also conditioned by folding. At the initial stage of
the process, tension joints are formed along the folding axes as a result of break-up in
the bed roof when it bends. The tension joints width changes from the first centimeters
to 1.0-1.5 m. At the final stage of folding, the salt stratum breaks up completely; a span
from 20-30 to 100-150 m wide appears between the edges of the joint fissure under
the strike length of a few tens of meters.

The connection between structure formation and fracture formation was studied in
detail in the productive series of Tveritinsky trough, where two zones of tension joints
and two zones of shear fractures were mapped 200—400 m wide under the strike length



82 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal". No. 3. 2021 ISSN 0536-1028

of more than 1 km. The distance between the separate shear fractures reaches 800 m,
they dip at high angle, observed 13 m vertically, their opening does not exceed 1 cm,
and units displacement makes up from 0.5 to 1.5 cm. Tension joints are up to 15-20 m
long with 0.5 to 50 m distance between them; they dip at high angle too, range in
vertical direction makes up from 10 cm to 1.5 m under the opening from 1 dm to 1.5 m.
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Fig. 3. Mapping the fracture zone using seismic (Dzhinoridze N. M. et al., 1988) and gravity methods
in the area of the SKRU-2 mine:
1 — the boundaries of the surface subsidence site; 2 — the areas with fractured rock on the surface; 3 — the joint
fissures on the seismic cross-section; 4 — the zones of no seismic waves reflection; 5 — the reflecting segments
and horizons on the seismic cross-section; 6 — wells and their numbers; seismic markers: CRS — covering rock
salt, MH — marker horizon in a salt stratum, S — the superface of the sub-salt formations or the base surface of the
salt stratum, A, — the superface of the terrigenous stratum of the Artinskian stratum
Puc. 3. KaprupoBanue TpemmHHON 30HBI ceiicmuueckum ([xumHopunze H. M. m jap., 1988)
Y TPaBUTALIMOHHBIM METOIaMHt B paifoHe pyaHuka CKPY-2:
1 — rpaHMUIBI y4acTKa MPOCEAAHHS JHEBHON MOBEPXHOCTH; 2 — MOJIOKEHNE YYAaCTKOB Pa3BHTHS TPEIIHHOBATHIX
HOpOJl HAa JHEBHOIl MOBEPXHOCTH; 3 — MOJOXCHHE Pa3PhIBOB HA BPEMEHHOM pa3spese; 4 — 30HbI OTCYTCTBHS
OTpaXXeHHUiT CEIICMIUYECKUX BOJIH; 5 — [OJIO)KEHHE Ha BPDEMEHHOM Pa3pe3e OTPAKAIOIINX [LUIOIa{0K X TOPU30HTOB;
6 — IOJIOXKEHHE CKBAXUH M UX HOMEPA; ONOpHbIe celicMuueckre ropuzonTbl: CRS — HoKpoBHast KaMEHHasi COllb,
MH — mapkupyonuii TOpu30HT B COISIHOM TOMIIE, S — KPOBIIS HOJCONEBBIX OTIOXKEHUH MM ITOOIIBA COISTHOM
TOJIIHM, A — KPOBJISl TEPPUIEHHOM TOJIIM apPTMHCKOTO Spyca

In terms of groundwater migration, the most hazardous tension joints are those crossing
several productive series. As a rule, they are younger and sub-vertical with the strike
length reaching 90 m. Sub-vertical fracture zones and mylonitized sections in the supra-
salt terrigenous-carbonate stratum are also hazardous.

The orientation of the fracture zones of both geneses agrees with the general
orientation of VKMKS tectonic structures [2]: north-east at angles of 25°-60° and
10°—40° and north-west at angles of 280°-310°.
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A considerable number of separate fractures and fracture zones connected with
anticlinal and synclinal folds were mapped along the flexural troughs and in the crests
of anticlines (Popovsky and Pashkovsky uplifts) of the near north-south and rarely
north-west and east-west strike.

The tectonics of the pre-Riphean basement at a depth of 5 km in the Solikamsk
depression is a crucial factor affecting fractures formation. The connection between the
basement tectonics and fracture formation tectonics was studied revealing not only
plastic but also brittle deformations occurring in the halogenic stratum during tectonic
stress unloading in fault and fracture zones. The study has also shown that along the
permeable zones of fracturing, sub-salt and day water intrudes promoting
the development of catagenetic and supergene leaching, recrystallization, and substituting
secondary salt for primary salt. All these processes weaken the geologic environment
potentially promoting the depositTs water-protective barrier collapse.

In addition to the described fractures and fracture zones, fractures of unknown
genesis were detected in VKMKS. They are rare, possess north-south strike, the length
reaching tens of meters; they have no direct connection with the structures, and are
younger than tension joints and shear fractures. In our opinion, these fractures developed
in the areas of dynamic impact from north-south deep faults enclosing the Solikamsk
depression from east and west.

Since the supra-salt formations represent rigid laminated complex, exogenetic and
endogenetic fracturing develops inside. Endogenetic halokinesis fracturing develops as
a result of layers tension during doming or opening of older fractures during rock
sliding down the flanks of the salt domes. Exogenetic fractures are the weathering and
release joints. They are relatively shallow (up to 100—150 m), inheritedly developed
and, just like endogenetic fractures, are of little significance for the water-protective
barrier collapse.

Valuable as that is, the results of the fractures and fracture zones study didn’t make
it possible to establish their horizontal distribution over the entire territory of the
deposit, and consequently, answer a crucial question of where exactly the water-
protective barrier may collapse. Only with the help of the gravity survey, the problem
was solved. Physical-geological background was as follows. Under the formation of
fractures in rocks of various genesis, including sedimentary, geologic environment
density reduces. Research showed that due to fracture formation, rock density may
reduce by 10-15% in sedimentary rock, and by 20-30% in igneous and metamorphic
rock (Filatov V. V., Bolotnova L. A., 2015). Fractures develop in local areas of tabular
form, the strike length of which may exceed 1 km, under the lateral dimensions and
vertical extent from first tens to first hundreds of meters. Calculations suggest that such
density inhomogeneities, under the deficit of 10% density, may create linearly elongated
negative gravity anomalies with the intensity of first tenths of one milliGal reliably
mapped by gravity survey at a scale of 1:25,000 carried out by Bazhenov Geophysical
Expedition, Ural Regional Geological Committee Uralgeologia (Noiaksova L. D.,
1990). A schematic map of isoanomalies with Bouguer correction constructed according
to the results of that survey is presented in fig. 1.

When interpreting the gravity field, three particular problems were considered
concerning fracture zones mapping; their solution established the horizontal position
and characteristics of fracture zones:

— detecting negative linear local anomalies conditioned by geologic environment
deconsolidated areas;

— defining the geological nature of negative local anomalies sources, i.e. justifying
the conclusions that geologically the fracture zones are the sources of the anomalies;

— defining the fracture zones parameters: the value of rock deconsolidation within
the limits of fracture zones and their lower edge depths.
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Gravity survey graphic results are presented as a map of isoanomalies and a map of
graphs by profiles, where gravity was measured. It has been concluded from isoanomalies
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Fig. 4. Tectonic map of the Upper Kama potassium
salt deposit:
1 — the zone of the Krasnoufimskii deep fault; 2 — the
zones of intermediate tectonic dislocations of different
ranges; 3 — the sites with increased fracturing of the
geologic environment according to the gravity survey data;
4 — the boundaries of the Durinskii trough by the top of salt
and the zones of the Durinskii deep fault; 5 — the contours
of intensive gravity anomalies conditioned by local troughs
in the top of salt in the Durinskii trough; 6 — BKRU-3 cave-in
site; 7 —wells and their numbers
Puc. 4. TexroHmueckas cxemMa BepxHexamckoro
MECTOPOXKICHUS KAJIMHHBIX COJIEH:
1 — 3oma KpacHoydumckoro myOHHHOrO pasioma;
2 — 30HBI BHYTPUOIIOKOBBIX Pa3jIOMOB Pa3IMYHBIX PAHIOB;
3 — TOJIOKEHHE YYJaCTKOB MOBBIIIEHHOM TPEIIMHOBATOCTU
TEOJIOTHYECKOU Cpeabl MO TPaBUMETPUUYCCKHUM JTaHHBIM;
4 — rpanunbl JlypuHckoro mporuba 1Mo KpoBjie coiedl u
30HbI OTHOMMCHHOI'O I‘JIy6HHHOI‘0 pasioMa; 5 — KOHTYPbI
MHTEHCUBHBIX aHOMAJIHH CHJIBI TAXKECTH, OGyCJ'[OBHeHHbIC
JIOKAJIHBIMU TIPOTHOaMu B KpoBiie coiieid B JlypuHCKOM
nporube; 6 — Mecto mpoBaia Ha Teppuropun BKPY-3;
7 — TOJIOXKEHHE CKBAKMH M X HOMEpa

map and graphs map that it is reasonable
to map the low-intensity anomalies
conditioned by the fracture zones not by
the isoanomalies map but by the map of
residuals obtained by the method
of averaging. The method of averaging
causes minor distortions to the detected
anomalies form and intensity being
extremely easy to implement, as far as
computation is concerned. In this case,
the number of anomaly manifestation
profiles determines the reliability of

anomalies detection, i.e. mapping
problem is solved best by gravity
anomalies  interprofile  correlation
(fig. 2).

To establish the nature of negative
local gravity anomalies, the results of
terrain aeromagnetic survey at a scale
of 1:10,000 were used (survey at a height
of 50 m), as well as individual profile
researches using the methods of vertical
electrical sounding (VES) and seismic
tomography, geomorphology data at a
scale of 1:100,000, and other data [3-8].

Fig. 3 presents the results of fracture
zone mapping using the methods of
gravity study and seismic tomography
at the territory of the SKRU-2 mine,
which experienced a severe tectonic
rockburst in 1995 [9]. In the gravity
field, the area of geologic environment
deconsolidation is mapped through the
negative anomaly with the intensity of
0.25 mGal that corresponds to a 10%
reduction in the density of the
environment. According to the seismic
data, as it follows from the seismic
cross-section, the geologic environment
is highly faulted by a system of near-
vertical joint fissures, which penetrate
both the supra-salt stratum and
productive salt stratum. Here, fracturing
promoted rock deconsolidation, their
permeability  increase,  geological
environment density reduction, and as a
consequence, surface subsidence.

The regions with the vast majority of linear gravity anomalies were not studied.
The nature of such anomalies sources was defined as tectonic with some degree of
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certainty, based on their interpretation results and structural-tectonic position. In this
way, for example, one negative gravity anomaly was mapped in the axial part of the
Solikamsk ridge-like uplift by the top of salt. To the south of the anomalous area, there
are the river Popovka and narrow, shallow glen. According to the drilling data, salt is
diluted in the axial part of the uplift; here, its thickness is 30% (20 m) lesser than in the
flanks. To the east of the anomalous area, aeromagnetic survey and electrical prospecting
detected an intermediate tectonic dislocation of north-northeast strike. The width of the
anomalous area is about 500 m, north-northeast strike length is over 4 km; maximum
intensity of the anomaly is 0.41 mGal, which corresponds to the deficit of density of
about 0.10-0.15 g/cm?3; the bottom boundary of the anomaly source, according to
interpretation results, is in the salt stratum at a depth of about 200 m. For these reasons,
the fracture zone is to be considered the source of the anomaly. Lithofacial variations
of rocks promoting density reduction, in this case, are excluded because they were not
detected in the wells around the anomalous area (wells 122, 134, 216, 130).

Geological nature of density inhomogeneities and their characteristics for other
linear negative gravity anomalies were defined according to the described method.

Analysis and discussion. Based on the results of gravity field anomalies
interpretation on the territory of VKMKS, the horizontal position and size of about
200 linear negative linear anomalies were mapped (fig. 4) with the intensity of first
tenths of one milliGal, first hundreds of meters wide in a plan and more than 2—4 km
long; the anomalies sources are mainly at a depth of 100-200 m, rarely at a depth of
about 400 m. The anomalies orientation is near north-south, north-east, north-west, and rarely
latitudinal, i.e. complying with VKMKS general tectonic map [2]. Most probable
geologic nature of the anomalies lies in fracture zones. In some instances, this was
proved by seismic tomography data (Dzhinoridze N. M. et al., 1989), aeromagnetic
survey, and electrical prospecting by VES (Beliaev V. P. et al., 1989) in the form of
zones with increased electrical conductance, together with geomorphology, structural-
geologic and other data [3-8].

Summary and scope of results. Prediction of dynamic events resulting in the
water-protective barrier collapse in VKMKS has become possible only based on a
single physical-geologic reference model of the deposit, the properties of which
prominently display the main elements of geologic environment tectonics. Such
elements are fracture zones first of all. Currently, of all variety of geological-geophysical
methods, only terrain, detailed, and high-precision gravity study could map local
gravity anomalies, the sources of which, with a high degree of probability, are fracture
zones. It is impossible to solve the problem using other geophysical methods for
technical-methodical and economic reasons.

The revealed regularities in gravity local anomalies (fracture zones) horizontal
position made it possible to formulate a range of criteria for dynamic events prediction.
VKMKS zoning by dynamic hazard was carried out based on these criteria [10].
The system of prediction criteria described in [10] is the only one for the time being, i.e.
having no alternative, despite detailed geological-mineralogical and structural-tectonic
study of VKMKS [11, 12]. The objective of further VKMKS tectonic structure studies
is to carry out a more detailed geophysical study, gravimetric first of all (at scales larger
than 1:25,000), in local areas potentially hazardous in terms of dynamic events and
develop alternative physical and geological basis of VKMKS.
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O00011IeHNe pPe3yTbTATOB U3y4YeHNs TPEeIMHHBIX 30H
Ha BepxHekaMCKOM MeCTOPOXKACHUH KAJIUIHBIX COJIeil ¢ IOMOLIbIO
rpaBHpa3BelKH

®uaaros B. B.!, oaxornosa JI. A.2
! BiaauMupcKuii TocyapCTBEHHbBIN yHUBEpCUTeT, Bagumup, Poccus.
2 YpanbCKuii rocy1apCTBEHHBIN TOPHBIN yHUBEpcuTeT, Exarepunbypr, Poccus.

Pegpepam

Beseoenue. Hcmopuio passeoxku u sxcniyamayuu BepxHekamcKoeo Mecmopotcoenus KaluHbIX conell
(BKMKC) credyem pazoenums Ha 08a nepuoda: nepabviii nepuoo npodomicanca c 1929 2., m. e. c momenma
Hauana sKCnayamayuy mecmopodxcoenuss, u 00 1986 2., kozoa npou3ouino 10KAIbHOE paspyuieHue e2o
60003awumnol monwu u Ovin 3amonnen Kpynueuwui Ha BKMKC pyonux BKPY-3; emopoi nepuoo
Havancs ¢ 1986 2. u npodondicaemcs no nacmosuee spemst. [lepsvlii nepuod xapakmepusyemcsi HegblCOKUM
VPOBHEM MEXHO2EHHOU HAZPY3KU HA 2e0l02UYeCKYI0 Cpedy, CYWEeCMEEeHHO MeHbulell ee OAUMEelbHOU
npounocmu. Yepesz 60 nem 6nazooaps eueanmcrkum macumabam sxenayamayuu BKMKC mexnozennas
HA2PY3KA HA 2€0/102UHeCKYI0 Cpedy 3HAUUMENbHO 603POCd, U, KAK Cledcmeaue, nPou3ouIlo Hapyuenue ee
PABHOBECHO20 COCMOSIHUA, peaKyuell Ha KOmopoe CImaio ee paspyuleHue, ConpogoAcoaemoe pasnuiHbIMu
OUHAMUYECKUMU COOBIMUAMU: OOPYULEHUAMU HOPOObl 8 2OPHLIX BbIPAOOMKAX, NPOBANAMU OHEGHOU
NOBEPXHOCMU, 2OPHBIMU U 2OPHO-MEKMOHUYecKumMu yoapamu. H3yuenue cmpykmypHO-meKmoHudecko2o
cmpoenusi BKMKC w5110, umo onpeoensioujee 8030etiCmaie Ha pa6HOBECHOe COCMOSIHUE 2E0102UYECKOL
Cpeobl OKA3bIBAION AKMUBHbLE PA3OMBL, Y3108ble CIPYKMYpPbl U MPeujuHble 30Hbl.

Memoouxa uccneoosanuit. [Ipu hopmuposanuuy cmpyKkmypHo-meKmoHU4ecKux 31emMeHmos 8 Ha0CoNesol,
Conesoll U NOOCONEBOU MONUAX MECIOPONCOCHUSL NPOUCXOOUM 3AKOHOMEPHOE U3MEHEeHUe NILOMHOCIHOU
Xapakmepucmuku — 2e0102UYecKoll  cpedbl ¢  00pa306anueM 6 Hell JIOKAIbHbIX — NJIOMHOCHHbIX
HeoOHOpoOHocmel.  Yemanoeums nonodcenue dmux HeoOHOPOOHOCMeEl U 6blsAGUMb UX C653b CO
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CMPYKMYPHO-MEKMOHUYECKUMU  DNEMEHMAMU  2e0N02UYECKOU  Cpedbl, O0CODEHHO ¢ MAaKuMu, Kax
MpewjuHHble 30Hbl, B03MOJCHO MONLKO NYMEM U3VYeHUs NONA CUNbL MANCECTU MEeCHOPONCOEHU.
s smoeo na eceti meppumopuu BKMKC 6vina évinonnena niowaouas, 0emanivHas U 6biCOKOMOYHAS
epasumempuieckas cvemka 6 macwmade 1 : 25 000, pe3ynromamsi Komopoul Obiiu UCNOTLIOBAHYL OISl
BLIAGNIEHUS U UZYYEHUS MPEUWUHHBIX 30H.

Pesynvmamut uccnedosanuii. Ha ocnosanuu pesyivmamos unmepnpemayuy aHOMAIuil Nojis CUuibl
msaxncecmu na meppumopuu BKMKC 6vi10 ycmanosieno nianogoe nonodicenue u pasmepsvi OKOLO
200 noKkanbHbIX OMPUYAMETLHBIX TUHEHbIX AHOMAIUL CYOMEPUOUOHATLHOLL, CE8ePO-60CHOYHOU U Ce8epPO-
3anaoHoll OPUEHMUPOBOK, UCMOYHUKU KOMOPLIX ObLIU YEEPEHHO OMONCOECHENIeHbl ¢ MPEUWUHHLIMU
30HaMU.

Bu160oowvt. Onvim uzyuenus cmpykmypHo-mexmonuueckozo cmpoerus BKMKC noxaszan, umo ons ¢pusuxo-
2€01102UHeCKUX VCIIOBULL MECOPOdXCOeHUs. Haubolee IhpekmusHbiM U3 8cex 2eohu3uyeckux mMemooos
Kapmupoeanus mpewuHbIX 301 68 HACMOAWee 6DeMS ABNAEMCA 0eMabHAsL, 8blCOKOMOUHASA 2PABUPAZEEOKA
6 NIOWAOHOM BapUuaHme.

Knroueewie cnosa: BepreKaMCKoeMecmopoofcdenue KAAUUHbIX COJZ@IZ,' mpeu{uHHble 30Hbl, zpasupasgedka.
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Abstract
Introduction. Gold ore pre-concentration is an urgent issue that can efficiently be solved by
the technology of X-ray radiometric separation (XRS). Quarts and quarts-sulfide gold ore XRS is based on
the methods of indirect sorting by gold accompanying chemical elements or genetic associate minerals
laying the foundation for the creation of separation characteristics for these ores. Additional separation
characteristics are required for efficient gold-quartz and gold-quartz-sulfide ore sorting; Irgiredmet
Research Institute works on these characteristics search and development.
Research methodology. Optimal ore separation characteristics for each specific deposit are chosen
after studying and analyzing the spectral information acquired at XRF separators when detecting
secondary characteristic radiation from each specific deposit ore samples. The recent modernization of
XRF' separators significantly enhanced the technological capabilities of XRS concerning intensive
search and study of new separation characteristics for gold ore. It has been established that most ores
can be efficiently sorted by three characteristics.
Research results. A new method of gold ore XRS has been developed which consists of simultaneously
applying three, two, or one decision criterion of a lump separation depending on the type, geological-
mineralogical properties, and material composition of the processed ore.

Keywords: pre-concentration; gold ore; X-ray radiometric separation; separation characteristic;
X-ray spectrum; decision criterion of lump separation.

Introduction. Both in Russia [1] and abroad [2—5], ore pre-concentration technology
is becoming an increasingly urgent issue for mining enterprises. The implementation of
this technology makes it possible to significantly improve the effectiveness of field
development since the first task of the pre-concentration technology is to improve the
quality of the ore that undergoes processing [6]. It fully applies to gold mining
enterprises that develop an increasing number of gold ore deposits with low gold
content in base ore, and there is no doubt that the need for pre-concentration grows [7].

Almost 40 years ago, in Irgiredmet an efficient technology of gold ore and rare
metal ore pre-concentration was developed. The technology was based on lump sorting
using the X-ray fluorescence method (XFM) and called the X-ray radiometric separation
(XRS). Multiple studies, testing, and introduction carried out by the institute together
with partners have shown that compared to other radiometric methods, the X-ray
fluorescence method is more efficient for a diverse range of minerals when solving
various process tasks [8—10]. The main equipment for XRS is an X-ray fluorescence
separator of XRF type.

The applied quarts and quarts-sulfide gold ore XRS technology is based on indirect
sorting methods by gold accompanying chemical elements or genetic associate
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minerals. Most commonly, they are the elements within the included in sulfide minerals:
Fe (pyrite), Cu (chalcopyrite), Zn (sphalerite), As (arsenopyrite), Pb (galenite),
Bi (bismuthine), and Sb (antimonite) [11]. The use of XRS for such ore sorting is based
on gold correlation with these elements, the content of which is identical to the
separation characteristics. XRS is used to develop the analytical parameters of
separation as well.

Commonly, gold is loosely correlated with informative elements of sulfide minerals
(preventing from effective sorting), but at the same time, as a rule, it is bound to quartz.
XRS method, based on “sulfide” separation characteristics only, associated with the
content of sulfide minerals, doesn’t make it possible to efficiently extract quartz from
ore, especially if it is presented in the form of impregnation with thin veins, strings, and
grains having a layered structure, or manifesting in other clots [12].

Improving the efficiency of gold-quarts and gold-quarts-sulfide ore XRS by
searching and developing additional separation characteristics and efficiently
implementing them in the X-ray fluorescence XRF separators metering system is a
topical issue. It will enable a wider use of this method for such ore pre-concentration
and allow involving poor and off-balance ore into processing in a lot of deposits.

Research methodology. Recently, due to modernization, technological capabilities
of XRF separators were enhanced significantly [13]. First off all, the sensitivity and
selectivity of chemical elements determination were improved because the separators
were equipped with high-resolution semiconductor detectors making it possible to
detect different elements in lumps under their content in ore making up to the thousands
of one percent. Improved metering and control system of modern XRF separators
allows applying up to three separation characteristics simultaneously when carrying
out separation. All of the above mentioned significantly enhances the technological
capabilities of XRS concerning intensive search and study of new separation
characteristics for gold ore.

Having analyzed the results of the research and testing carried out in the past 7 years
in the XRS technological center of Irgiredment on numerous gold ores (in more than
70 deposits), it has been established that the majority of them may effectively be sorted
according the three separation characteristics.

Sulfide and quartz-sulfide gold ore with any content of genetic associate minerals in
the ore (informative elements of the sulfide minerals) are sorted using the approach
developed earlier in Irgiredmet [ 14] according to a well-known criterion of processing,
which is the ratio of the characteristic radiation (CR) (of K- or L-series) of the
accompanying element (N, ) to the scattered radiation (Ny).

Gold-quartz and gold-quartz-sulfide ore can be sorted according to the separation
characteristic of Fe, the minimum content of which corresponds to quartz lumps, which
are gold enclosing medium, for the most part. There is a lot more Fe in rock, and quartz
can separate from rock in relation to the fixed value of a decision-criterion of lump
separation — the ratio of CR Fe (N,) to the scattered radiation (N).

To extract gold-bearing quartz presented in the oxidized form (under a high
concentration of Fe same and higher than in rock lumps), a new method was developed.
The method applies the ratio between the CR intensity of Sr (Ng,) included in the
composition of goldless lumps and the intensity of the scattered radiation (N, ). There
is a tiny content of strontium in ore quartz material as compared to its content in
strontium-bearing goldless ore lumps (rock lumps).

If there are no explicit lumps of quartz material in ore, gold focuses in lumps with
silification (impregnation, grains, veins, strings, and bands), which is often unobservable
in case of using other ways of sorting gold ore. It has been determined that the presence
of'silification in lumps can also be detected through the content of Sr that is a lot higher
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in rock lumps. In both instances, one and the same criterion of separation by strontium
content is used.

Based on the research results and aimed at improving the efficiency of pre-
concentration through the XRS method, Irgiredmet research institute developed a new
method of XRS separation of gold ore with the use of three, two, and one criterion of
concentration depending on the type, geological-mineralogical properties, and the
material composition of the concentrated ore [15].

[ Han 1 H1 H2 H3 Fe Cu sr
1782 Aksu2opd-23 20122 0258 000497 0.0604 2619 50 612
1781 Aksu-2-opd-2-3 21239 026 000544 00508 2818 58 550
1780 Aksu2-0pd-2-3 16789 ©.199 000529 0.0733 1707 45 628

W 1776 3 16936 0.15  0.00323
W 1775 Aksu2.0pd-2-3 14478 0141 000396 0025 1156 32 204 81

M 1774 Aksu-2opd-2-3 17324 0176 000404 00536 1621 37 493

M 1773 Aksu-2opd-2-3 17257 0142 000403 0.0505 1331 37 472 93
1772 Aksu-2.0pd-2-3 20733 0208 0.00464 00521 2255 50 563

W 1771 Aksu-2-0pd-2-3 14755 0219 000368 00572 1650 27 431

M 1770 Aksu-2-0pd-23 20874 0132 000393 00372 1555 46 439

W 1769 Aksu-2-6p4-2-3 16174 0.177 000398 00543 1532 34 469
1768 Aksu-2.0pd-2-3 16327 0250 000443 00467 2153 36 405
1767 Aksu-2.0pd-2-3 19754 0208 00113 00651 2118 115 662
1766 Aksu2-opd-2-3 19925 0284 000397 00268 2005 40 294
1765 Aksu-2-opd-2-3 19328 0316 000501 00306 3052 48 296
1764 Aksu-2-opd-2-3 20764 0221 00041 0.0559 2373 44 600

1763 Aksu-2-opd-2-3 18822 0212 000443 00606 2053 42 586

S MI26 Akuudend23 1813 0263 NA0IAA 040K 3000 30 378

MpwBocTH X 0ANOR GOKYHAS

MacuTaHpoBaTE CeKTPM

Fig. 1. Spectrum of rock sample by three separation characteristics
Puc. 1. CriekTp mopoHOro 00pasiia Mo TpeM pasaeuTelIbHBIM IPU3HAKaM

If the study established a higher efficiency of simultaneous application of three
criteria, gold-bearing lumps sorting is carried out according to the three-valued logic
(<< OR >>):

C,(A0) =28 > M,(Ac);

S
<< OR >>
NFe .
Cy(Fe) = = < M, (Fe);
S
<< OR >>

C,(Sr) = :—S < M,(Sr),

N

where C,(Ae), C,(Fe), C,(Sr) are the decision-criteria of lump separation by
accompanying element, iron, and strontium correspondingly; N, ., N, N, is the CR
intensity of the accompanying element, iron, and strontium correspondingly; N is
the intensity of the scattered radiation; M, (Ae), M,(Fe), M,(Sr) is the margin of the decision
criterion of lump separation (sorting threshold).

The (<< OR >>) logic for each decision-criterion of lump separation means the
condition of selecting a lump rich in gold (concentrated):

<< OR >> higher than M, (contains sulfides);
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<< OR >> lower than M, (quartz lump);

<< OR >> lower than M, (presence of silification in a lump).

The remaining lumps, where the numerical values of the decision-criterion do not
comply with this logic, refer to rock lumps.

The three-valued logic << OR >> is general for the majority of the gold ores.
However, depending on the particular ore, the simplified two-value or one-value logic

can be used.

Cu  sr
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Fig. 2. Spectrum of ore sample by two separation characteristics
Puc. 2. Cnexrp pyaHoro odpasua o JByM pa3aeiuTelbHbIM IIPH3HAKaM

The two-value logic is applied if two decision-criteria of lump separation are enough

for efficient sorting:

C,>M, <<OR>>C, <M, (no Sr);
C, > M, << OR >> C, < M, (no quartz);
C, <M, << OR >> C, < M; (no sulfides).
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e by one sulfide separation characteristic of As

Puc. 3. Cnextp pyasHoro obpasia o ofHOMY CyIbGHIHOMY Pa3AeNUTENbHOMY HPU3HAKY — AS

One decision-criterion of lump separation is enough for efficient sorting when using
the one-value logic: C , > M, is sorting by the sulfide characteristic; C , <M, is sorting
by the quartz characteristic of Fe; C ; <M , is sorting by the quartz characteristic of Sr.

The optimal variant for the ore of a particular deposit is chosen after studying and
analyzing the spectral information obtained at XRF separators when detecting secondary
(characteristic) radiation from ore and rock samples collected in the deposit.
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Examples of secondary radiation characteristic spectra of ore and rock samples
of typical quartz-sulfide gold ore deposits are presented in fig. 1-4.

Fig. 1 shows the spectrum of a rock sample detected using the three-valued logic by
three separation characteristics. A high Fe peak proves that the sample lacks quarts,
a high Sr peak proves that there is no silification. Lack of peaks As, Cu, and other
indication elements in sulfide minerals indicates that the sample lacks genetic associate
minerals of gold.

Ny Huan 1 H1 HZ2 H3 Fe Cu

1624 Aksu-2-Q+#Cu-56 15604 0.163 000425 (.07 3e

W 1623 Aksu-2-Q#CuS6 17552 0156 0.00347 0.024

B 1622 Aksu-2-Q+Cu-55 19599 0193 000436
1621 Aksu2-QeCuS5 17835 0183 000379

1620 Aksu-2-Q#Cu-54 0.1EB  0.00833

4 0.00558 O

W 1615 AKsu-2-0- 18996 1 0.0156 3333 144

1614 Aksu-2-Q+Cu-51 18593 0245 000518 0.0366 2391 50

1613 Aksu-2-Q+Cu-51 19487 0336 0.0046F 0.0248 3744 44 X

W 1612 Aksu-2.Q#Cu-50 21677 0259 00084 00442 2890 93

W61 Aksu-2-Q+Gu-50 21795 0350 000657 0.028 3841 70

W 1610 Aksu2-Q+Cu-dD 27555 0275 000478 0.0382 3167 55
1609 aks-2-Q+CU-49 19801 0246 0.00565 0.0362 2527 S8

B 1608 Aksu-2-Q+Cu-4B 15062 0179 000541 0.0501 1498 45

M 1607 Aksu-2-Q+Cu-4B 11001 0208 000378 0.0438 1200 23

M 1606 Aksu-2-Q4Cu-47 20246 0152 000407 0.0339 1737 46

1605 Aksu-2-Q#Cu-47 23146 0133 00042 0031 1756 55 4
M AAN AkeiLAerindf 1AI7A NI4T AANATA MNI0A 17RR 3T
MpkmecTs K 0HOA GaxyHRR

MacuTatupoRaTs crexTps

Fig. 4. Spectrum of ore sample by one quartz separation characteristic of Sr
Puc. 4. CriekTp pyaHoro odpasia o 0HOMY KBapIleBOMY pa3aeaIHUTEIbHOMY IPU3HAKY — SI

Fig. 2 shows an example of spectrum for an ore sample, detected using the two-
value logic with two quartz separation characteristics. Low peaks of Fe and Sr confirm
that the sample contains quartz, which is an enclosing medium for gold in this
deposit.

Table 1. XRS results of gold-bearing ore of —150+50 size class by the well-known
and new method with the use of three criteria
Ta6auuna 1. Pesyabtarsl PPC 3010TOCOnEpKALIEl PyABI KiIacca KPYMHOCTH
—150+50 MM 110 M3BECTHOMY U HOBOMY €IIOCO0Y € MCIIOJIb30BAHUEM
Tpex KpuTepuen

Product

Yield, %

Gold content, g/t

Gold recovery, %

Separation only by an accompanying element As with one criterion

XRS concentrate 11.2 4.60 29.1
XRS middlings 51.0 1.71 49.2
XRS tailings 37.8 1.02 21.7
Primary 100.0 1.77 100.0

Separation by three c

riteria and factors: an accompanying element As and
quartz separation characteristics of Fe and Sr

XRS concentrate 11.3 8.57 64.7
XRS middlings 14.8 1.30 13.0
XRS tailings 73.9 0.45 22.3
Primary 100.0 1.49 100.0

Fig. 3 presents a spectrum for an ore sample, detected by one sulfide separation
characteristic (by the accompanying element As in the arsenopyrite); Cu and Zn in this
case are secondary.



ISSN 0536-1028 «H36ecmust 8y306. Tophwiil scyprany, Ne 3, 2021 93

Fig. 4 contains an example of spectrum for an ore sample by one quartz separation
characteristic. High silification of the sample confirms the absence of Sr. In this instance,
Fe cannot be used as a separation characteristic due to its high content.

In all spectra presented in the figures, the work of each separation characteristic is
clearly observed individually and in total. Same X-ray spectra from ore and rock
samples are typical for many gold fields of quartz-sulfide type.

Table 2. XRS results of gold-bearing ore of —150+20 size class by the well-known
and new method with the use of two criteria
Ta0auna 2. Pesyabstarsl PPC 3010TOCOACP KAl PYABI KiIacca KPYNHOCTH
—150+20 MM 0 U3BECTHOMY U HOBOMY CIOCO0Y C HCIOJIH30BAHUEM JIBYX
KpUTepHeB

Product Yield, % Gold content, g/t Gold recovery, %

Separation only by an accompanying element Cu with one criterion

XRS concentrate 14.2 2.80 68.6
XRS tailings 85.8 0.21 314
Primary 100.0 0.58 100.0

Separation by two criteria and factors: an accompanying element Cu and quartz

separation characteristics of Sr

XRS concentrate 30.2 147 77.0
XRS tailings 69.8 0.19 23.0
Primary 100.0 0.58 100.0

Research results. The developed method of XRS was verified at gold-bearing ore

in different deposits, including quartz-sulfide ore of Aksu field and Srednii Golgotai
deposit.

Table 3. XRS results of gold-bearing ore of —150+20 size class by the well-known
and new method with the use of three criteria
Ta6auna 3. Pesyabtarsl PPC 30510TOCOAEpKALLEH PYABI KiIacca KPYNHOCTH
—150+20 MM 10 U3BECTHOMY U HOBOMY CIIOCO0Y C HCIOJIb30BAHUEM OIHOTO
KpHTepHust

Product

Yield, %

Gold content, g/t

Gold recovery, %

Separation only by an accompanying element Fe with one known criterion

XRS concentrate 19.2 1.10 311
XRS tailings 80.8 0.58 68.9
Primary 100.0 0.68 100.0

Separation only by an accompanying element Cu with one

known criterion

XRS concentrate 27.0 0.47 22.8
XRS tailings 73.0 0.59 77.2
Primary 100.0 0.56 100.0

Separation only by quar

tz separation characteristic of Sr with one new criterion

XRS concentrate 24.5 1.12 54.7
XRS tailings 75.5 0.30 453
Primary 100.0 0.62 100.0

Table 1 presents the comparison of XRS of Srednii Golgotai ore according to the

well-known method (by the accompanying element As with one criterion of
concentration) and the new method using three decision-criteria of lump separation and
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three separation characteristics (by the accompanying element As and quartz separation
characteristics Fe and Sr). Results obtained with the three-value logic are significantly
higher.

Table 2 presents the comparative characteristics of poor ore XRS in Aksu field using
the well-known method (by the accompanying element Cu with one criterion of
concentration) and the new method using two decision-criteria of lump separation and
two separation characteristics (by the accompanying element Cu and quartz separation
characteristics of Sr). When sorting using the two-value logic, higher extraction of gold
into the XRS concentrate is acquired, therefore, XRS tail losses are lower.

A comparative example of XRS of Aksu gold ore using one decision-criterion of
lump separation according to the well-known method (by the accompanying element
Cu or Fe) or the new method (by the quartz separation characteristic of Sr) is presented
in table 3. Sorting by one separation characteristic Sr is significantly more efficient,
making it possible to obtain XRS tailings with the waste gold grade.

The obtained results show that the current level of XRS technology and equipment
development as so high that efficient separation characteristics can be found almost for
any ore, using its natural technological properties to the maximum.

Conclusions. The study and testing confirmed the possibility of the wide acceptance
and universal character of the developed gold-quartz-sulfide ore XRS technology and
method.

Technological indicators of gold ore XRS depend crucially on the selected separation
characteristics; search for the characteristics, their development, and testing of new
methods of separation are actively carried out both in the XRS technological center of
Irgiredmet Research Institute and industrially using large-scale process samples.
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CoBepIIeHCTBOBAHNE TEXHOJOTHH PEHTITeHOPaANOMeTPHYeCKOoi
cenapaunuu 30J10TOCOAEPKALIUX Py

Kyaukos B. I.1, ®exopos 0. O.!, Yukun A. }0.2

! MpkyTckuil Hay4HO-HCCIIENOBATEILCKAN HHCTUTYT OIATOPOMHBIX M PENKHX METAUIOB W AllMa3oB
(HUU «Uprupenmer»), Upkytck, Poccus.

2 UpkyTckuit TocynapcTBeHHbIN yHHBEpcuTeT, pkyTck, Poccust.

Pegpepam

Beeoenue. [Ipedsapumenvroe obozaujerue 3010MoCooepicaumyux pyo sS61s8emcs aKmyaibHou npobiemot,
apghexmusroe peuieriue KOMOPOU BO3MONCHO C NPUMEHEHUEM MEXHOLO2UU PEHM2EHOPAOUOMEMPULECKOL
cenapayuu (PPC). B ocHnogy PPC cynbuonvix u Keapy-cyTb@uoOHbX 3010MOCO0ePHCAUUX  pYO
3a100iCeHbl KOCBEHHbIE MenoObl COPMUPOBKU NO CONYMCMBYIOWUM 30101y XUMUHECKUM IeMeHmam
WU 2eHEMUYECKUM CHRYMHUKAM, HA OCHO8E KOMOPLIX Ol IMUX pyo Gopmupylomcsi pazoeiumenbHoie
npusnaku. [na apgexmusnoll copmuposku 3010Mo-KEapyesbix U 3010MO-K8apY-CYIb@UOHBIX PYO
HeoOX00UMbl OONOTHUMENbHBIE PA30ETUMENbHble NPUSHAKU, UCCLE008aHUS NO UX NOUCKY U pa3pabomke
akmueno eedem HUU «Upaupeomemy.

Memooonozusa uccnedosanuii. BvlOop OnMUMAnbHLIX  pPA30ETUMENbHBIX  NPUSHAKOS Ofd  pyo
Kadc0020 KOHKPEMHO20 MeCHOPONCOeHUs. NPOU3BOOUMCS. HA OCHOBAHUU U3YYEHUs U AHATU3A
cnekmpanvHou ungopmayuu, noryyennou na cenapamopax CP® npu demexmuposanuu 6mopuuHo2o
XApakmepucmuyecko2o peHmaeHo8CKO20 UsNyYeHus on oopasyos npob pyovl OAHHO20 MECMOPONHCOCHU.
Ilposedennas 6 nocnednee epemsi mooepHuzayus cenapamoposé CP® 3nauumenvHo pacuupund
mexnonocuueckue 6ozmodchocmu PPC Ons uHmencueno2o noucka u uzyyeHusi HoGblx paz0eiumenbHulx
NPUBHAKOB 0I5 30JI0MOCO0ePHCAUUX pyo. YCmaHnoeieHo, 4mo OOTbUUHCINGO U3 HUX MO2Ym d(PPeKmUsHO
COPMUPOBAMBCSL NO MPEM NPUSHAKAM.

Pesynomamut  uccnedosanuii. Paspaboman mosvii cnoco6 PPC  30m0mocodepocawux pyo ¢
UCNONB308AHUEM OOHOBPEMEHHO MpeX, 08YX UIU OOHO20 KpUMepus NPUHAMUA PeeHUs O BblOeleHUU
KYCKA 6 3a8UCUMOCIU ONM MUNd, 2€01020-MUHEPAIOSUYECKUX CBOUCME U BEUjeCmBEHHO20 COCMABA
obozawaemvix pyo.

Knrouesvie cnosa: npedsapumenvHoe oboeaweHue; 30710mocodepaicauyas pyoa;
PEeHmeeHopaouoOMempuieckds cenapayusl; pa30eiumenbHulll NPU3HAK, PeHMeeHOBCKULL CNeKmp, Kpumepuil
NPUHAINUS PeUuleHUs O 8blOeNleHUl KYCKd.

BUBJIMOI PAOUYECKUI CIIMCOK

1. bouapoB B. A., Urnarkuna B. A. TexHomnorust oborameHus moie3HbIX UCKomaeMbIX. M.: Pyma u
meramisl, 2007. T. 1. 472 c.

2. Gleeson D. Preceding processing // International Mining. 2019. March. P. 82-87.

3. Nadolski S., Samuels M., Klein B., Hart C. J. R. Evaluation of bulk and particle sensor-based sorting
systems for the New Afton block caving operation / Minerals Engineering. 2018. No. 121. P. 169-179.

4. Harkki K. Overcoming sustainability challenges of future concentrator plants. Proceedings of the
XXVII International Mineral Congress. Santiago, Chile, 2014. Chapter 1. P. 2-22.

5. Canakynos K. C., Pynues C. B. Komiuieke peHTTeHOpaIHOMETPHYECKOro 000TaleH s CyIb(GUIHbIX
pyxn Mecropoxaenus «Koknaracy // Topusiii BecTHuK Y36ekucrana. 2010. Ne 1(40). C. 3-7.

6. Yantypus B. A., KoznoB A. II. CoBpemeHHBIE MpoONeMbl KOMIUIEKCHOH INEpepabOTKU TPYIHO-
000raTUMBIX Pyd W TEXHOTEHHOTo Chipbsi // CoBpeMeHHbIE MPOOIEMBbI KOMIDIEKCHOH IepepaOdoTKH



96 "lzvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 3. 2021 ISSN 0536-1028

TPYAHOOOOTaTUMBIX PyA U TeXHOreHHOTOo chipbs (IInakcuuckue urenus—2017): marep. MexayHap. koH.
(Kpacnosipck, 12—15 centsa6ps 2017 1.) Kpacnosipek, 2017. C. 3-6.

7. BoitnomnukoB I. U., JlementseB B. E. Pa3paboTka u ucronb3oBaHHE HOBBIX TEXHOJOTHH H
obopynoBanusi Ui m3BiedeHus 3omota // [IpoOmembl W mepcneKTUBB 3((GEKTUBHOU IMepepadoTKH
MuHepanbHOro coipbsi B 21 Beke (Ilnakcunckue ureHus—2019): marep. Mexaynap. coseut. (Mpkytck,
9-14 cents6ps 2019 ) Upkyrck, 2019. C. 25-27.

8. OCHOBBI PEHTICHOPATUOMETPUICCKOTO O0OTAIICHHS MOJIC3HBIX UCKOMAEMbIX: MOHOrpadus / moa
pen. B. C. lllemskuna. ExarepunOypr: ®oprt duanor-Hcers, 2015. 250 c.

9. lemsixkun B. C., Hpmuu E. ®., degopo 0. O., Cxono C. B. Teopus u mnpaxTuka
PEHTTEHOPAaINOMETPHIECKOro oborarieHus: MoHorpagusi. ExkarepunOypr: ®opr duanor-Hcers, 2013. 255 c.

10. Lpmun E. ®., EdpemoBa T. A., OpumnuuxoBa T. FO. Dxonomuueckas 3GQEeKTHBHOCTDH
HpeIBapUTEIbHON KOHIIEHTPAINHY C UCTIONB30BaHUEM PEHTIeHO(IyopecieHTHOH cenapanun // M3Bectus
By30B. ['opHbIif xypHan. 2020. Ne 6. C. 66-74.

11. HUpmun E. ®. NMadopMannoHHbIe METOBI 00OTAILICHHS TTOJIE3HBIX MCKoMaeMbIxX. ExarepunOypr:
VITY, 2015. 206 c.

12. KymukoB B. U., ®enopoB 0. O., Yukun A. 1O., BumnHsakoB A. B. HoBele Bo3MOkHOCTH
TEXHOJIOTUH PEHTTCHOPAANOMETPUYSCKON Cenapauny Jyisi HOBBILEHUS 3(PEKTUBHOCTH IepepadoTKu
30JI0TOCOAEpKAMX Py // VIHHOBAaI[MOHHBIE TNIPOLECCH KOMIUIEKCHOH IepepabOTKH HMpPHUPOAHOTO H
TEXHOTCHHOTo MUHepanbHOro ceipbs ([Tnakcunckue urenus—2020): marep. MexxayHap. koH}. (AnaTuTsl,
21-26 cenrt. 2020 r.) Anarutsr, 2020. C. 191-194.

13. Bumnsikos A. B., ®emopos 10. O. MoaepHu3saiust 000pya0BaHNS U COBEPIICHCTBOBAHUE METOIOB
HCCIIEIOBAHNI U UCTIBITAaHUI TEXHOJOTHH PEHTTCHOPAIUOMETPHUIECKOH cemapanuu pyz // IIpodmemsr u
nepcreKkTHBhI 3 GEKTHBHOMN NepepaboTku MUHEpaIbHOTO chipbs B 21 Beke ([Tnakcunckue ureHus—2019):
Mmarep. MexayHap. cosem. (Mpkytck, 9—14 centsiopst 2019 r.) Upkytck, 2019. C. 98-101.

14. Crnoco6 peHTreHOPaTUOMETPUYCCKOTO OOOralieHUsT MoNe3HbIx Hckomaembix. A. ¢. CCCP
Ne 952384, MKU B 07 C 5/34. Omy6m. 23.08.1982. Brom. Ne 31.

15. Crioco0 peHTreHOpaInOMETPHUCCKOM Cemapalii 30JI0TOCoAepKaIuX pya: nar. Poc. dexeparusi.
Ne RU 2700816 C1; Ne 2018113658; 3asBin. 13.04.2018; omy6m. 23.09.2019. bron. Ne 27.

Tloctynuna B penakuuto 3 ¢espans 2021 roga
Caeenus 006 aBTopax:

Kynmukos Bagum VBaHOBHY — acnMpaHT, CTApIINH HAYYHBIH COTPYJHUK TEXHOJIOTMYECKOTO LEHTpPa
PEHTTCHOPAANOMETPUYECKO  cemapaiuu  VIpKyTCKOro  Hay4HO-MCCIIENOBATENIbCKOT0  MHCTHUTYTA
OnaropogHeIX U peaxux MetanioB u anMa3os (HUU «Uprupeamer»). E-mail: rrs@irgiredmet.ru
®enopos IOpuii OnMMNoOBHY — KaHIUAAT TEXHUYECKUX HAyK, JUPEKTOP TEXHOJIOTMYECKOro LEHTpa
PEHTTEHOPAaANOMETPUYECKOH  cemaparun  VIpKyTCKOro — HayYHO-HCCIIENOBATeNbCKOTO  HMHCTHUTYTA
6aroponHbIX U peaxux MetaiuioB U anmazoB (HUU «Mprupeamer»). E-mail: rrs@irgiredmet.ru

Yuxun Anapeii FOpbeBuY — TOKTOp TEXHIUECKHX HayK, Ipodeccop, mpodeccop kadeapsl TEXHOIOTHH,
IpENPUHUMATEIbCTBA U METOAMK MX IpenojaBaHus MpKyTCKOro rocylapCTBEHHOIO YHHBEPCHTETA.
E-mail: anchik53@mail.ru

Jast uurupoBanusi: Kymuxos B. U., ®enopos 0. O., Yukun A. FO. CoBepiieHCTBOBaHUE TEXHOJIOTHU
PEHTTeHOPaANOMETPHUYECKON Cerapauy 30JI0Tocoaepkamux pyxa // 3Bectust By3oB. TOpHBII KypHAIL.
2021. Ne 3. C. 88-96 (In Eng.). DOI: 10.21440/0536-1028-2021-3-88-96

For citation: Kulikov V. I., Fedorov Tu. O., Chikin A. Tu. Improving the technology of gold ore X-ray
radiometric separation. Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal = News of the Higher
Institutions. Mining Journal. 2021; 3: 88-96. DOI: 10.21440/0536-1028-2021-3-88-96



ISSN 0536-1028 «H36ecmust 8y306. Tophwiil scyprany, Ne 3, 2021 97

FOPHASA MEXAHWUKA. TOPHbIE MALLIWHbI U TPAHCIIOPT

V]IIK 622.23.05 DOLI: 10.21440/0536-1028-2021-3-97-105

MoBbiweHWe 3¢hheKTUBHOCTN PAbOTLI NPOXOAYECKO-O4UCTHBIX
kombaiHOB Ans Ao0bIYM KanWMHbIX pyA Ha OCHOBE MHhopMaLUK
O HarpyxeHHOCTU X NPUBOJOB

Wuwnanuaukos [. U.1*, Tpudanos M. I, Mypasckum A. K.},
Mukptokos A. 0.}, CyxaHoB A. E.
1 NMepmckuit HaLMOHaMNbHBIA MCCNEeLoBaTENbCKUA NOMUTEXHUYECKUI YHUBEPCUTET, T. Mepmb, Poccus
*e-mail: dish844@gmail.com

Peghepam
Beeoenue. Paccmompenul 60npocul, césizanmbie ¢ 060CHOBAHUEM PAYUOHATbHBIX NAPAMEMPO8 NPoYeccd
paspyuienus KanuiHo2o0 MAccusa npoCmMpancmeenHbiMu niaHemapHo-0UCKO8bIMU UCHOIHUMETbHbIMU
op2anamu  NPoxXo0YecKO-OYUCMHbIX KOMOAUHO8. YKa3zvleaemcss HA NePCHeKMUBHOCHb GHeOPeHUs.
AGMOMAMUYECKUX CUCEM YNPAGIEeHUsI NPUBOOAMU NIAHEMAPHBIX UCHOTHUMETbHbIX OP2AHO8 KOMOATHOG
07151 ROOOEPICAHUS NAPAMEMPO8 PA3PYUWEHUsl 3a0051 8 OUANA30HAX PAYUOHATILHBIX 3HAYEHUIL.
Memooonozus uccnedosanus. Bunonnen pacuem napamempos pa3pyuieHus KaiuilHo20 Maccued
pe3yamu niaHemapHo-OUCKO8bIX UCHOTHUMETbHbIX OPeAHO8 HAUDOLEe COBPEMEHHbIX OMEYeCmEeHHbIX
npoxoouecko-ouucmublx  Kombavnos  «Ypan-20Py.  [loxkazano, umo  npu  HOMUHATLHOU
npouzgooumensHocmu 6oiee 7 m/MuH 21aéHble UCROTHUMELbHbLE OP2aAHbl KOMOAUHA paspyuiarom 3a60i
Pe3amu ¢ MALbIM WA20M, Ymo 06YCLo8IUBAEM NOGbIULEHUE YOENbHbIX IHEP2O3AMPan npoyecca omobouKu
U ygenuieHue Konuyecmead noliegUOHbIX mpyoHo0002amumblX K1accos 8 000b16aeMoll pyoe.
Pesynomamut.  I[Ipeonosicen cnoco6 agmomMamuyecko2o pe2yiuposaHus 4Yacmomsl NepeHOCHO20
8paujenusi pe3yosulx OUCKO8 NIAHEMAPHbIX OpP2AHO8 NPOXOOYECKO-OYUCMHBIX KOMOAUH08 « Ypany,
obecneuusaowull  pearu3ayuio Npoyecca paspyuwlenus KanuiiHo2o Maccuéd ¢ PAayuoHATbHLIMU
napamempamu pe3anusi Ha 0CHO8e UHMOPMAYUU O HASPYIHCEHHOCMU NPUBOOHBIX OBUSAMEILEl.
Bo16oovl. Peanuszayus mexHuuyeckux peuleHuil, ORUCAHHBIX 8 cmambe, obecneyum NnogvluleHue
agppexmusnocmu 006bIUU KATUNHBIX PYO MEXAHUUPOBAHHBIM cnocobom. Paspabomka u eénedpenue
cucmem  agMOMAMUYECKO20 YNPAGIeHUs. NAAHEeMAPHO-OUCKOGBIMU UCNOTHUMELbHbIMU — OP2AHAMU
KOMOAQIHO8, (QYHKYUOHUPYIOWUX HA OCHOBE UHDOPMAYUU O HAZPYICEHHOCMU NPU60008, obecneuum
noevluieHue A0anmMueHOCMU U IHEP2odPhekmusHocmu pabomvl KOMOAUHO8 6 DPealbHblX YCI0GUAX
IKCnIyamayuu.

Knroueesvle cnoea: npoxoouecko-ouucmmnoii kombaiin; uCnOTHUMENbHBLE OP2aH, PAYUOHATLHbIE
PEANCUMHBLE NAPAMEMPbL,; CROCOO ABMOMAMUYECKO20 YRPAGIEeHUSL.

Bgeenenue. CoBpeMeHHbIE TOPHBIE MTPEATIPHUSITHS, OCYIIECTBISIOMNE JOOBITY KaJIHii-
HBIX COJIEH MOA3eMHBIM CIIOCOOOM, IMIMPOKO HCIOIB3YIOT MEXaHU3UPOBAaHHbBIE KOMOaii-
HOBBIE KOMIUIEKCHI U KaMepHYIO cucteMy paspaborku. Ha pymumkax Poccum u ctpan
CHI' naunOonplee MpUMEHEHHE HAILIM IMPOXOTYECKO-OYHMCTHBIE KOMOAHHBI «Ypam»
npomsBozacTBa AO «Komelickuil MmammHOCTponTeNbHBIN 3aBom» (T. Koneiick, YensOun-
ckas 00im.). Jlanabie kKomMOaitHbI MocTaBisIIOTCS HA pynHUKH Poccun u crpan CHI yxe
Oosee 40 neT U B IEJIOM XapaKTEPU3YIOTCS TIOJIOKHUTEIHHBIMU OT3BIBAMU COTPYIHUKOB
WH)KEHEPHO-TEXHUYECKHX U CEPBUCHBIX CITYKO JOOBIBAIOIINX TPEITPUSTHA.

YBenuueHne 00beMOB AOOBIYHM KaIWHHO-MAarHUEBBIX PyH, WHTEHCH(HUKANNS TPO-
[IECCOB Pa3pabOTKU COJSHBIX MECTOPOXKIECHUH W YXYAIIEHHE TOPHO-TEOJOTHYECKHX
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YCIIOBUH PabOTHI JOOBIYHBIX MAIIMH 00YyCIOBINBAET HEOOXOIUMOCTh COBEPLICHCTBO-
BaHHS TPOXOYECKO-OUMCTHBIX KOMOAWHOB, MOBBIMICHHUSI UX aJalTUBHOCTH MOCpE.-
CTBOM IPUMEHEHHS COBPEMEHHBIX CHCTEM YIIPABICHUS M KOHTPOJIS, 00€CIIEYMBAIOIINX
¢byHKOHOHMpOBaHKE pabodyero 00opyaI0BaHMs KOMOAHOB C pallHOHATBHBIME PEXUM-
HBIMH NIapaMeTPaMH.

ObecnieyeHre palMOHAIBHBIX MAPaMETPOB IMpoliecca pa3pylIeH s COISTHOTO Mac-
CHBa UCTIOJHUTEIHHBIMHA OpraHaMH KOMOAHHOB «Ypai» BO3MOKHO MOCPEICTBOM KOP-
PEKTHOM OLIEHKH HATPY>KEHHOCTH MX MPHUBOIOB, YTO TO3BOJISIET YMEHBIIHUTD YICIbHbIE
3HEpPro3arparsl Ha JOOBIYY KaTUIHON pyasl W YAYYIIUTh €€ TpaHyJIOMEeTpHYeCKUH
cocras [1].

MeTomonoruueckne OCHOBBI HccieoBaHus. B MHoroumncneHHsix paborax co-
TPYAHUKOB OTPACIIEBBIX M HAYYHO-UCCIIEJOBATEIBCKUX MHCTUTYTOB YKa3bIBACTCS, YTO
JIOCTOBEpHAs OLICHKA BEIMYMHBI U XapaKTepa N3MEHEHHS HAarpy30K MPUBOIOB TOPHBIX
KOMOaiHOB BO3MOYKHA MOCPEICTBOM PETHCTPALMM MIHOBEHHBIX 3HAYEHHH aKTHBHOM
MOIIHOCTH, MOTPEOSIeMOI ABUTATENSIMH IPH pad0Te TOOBIYHON MAaIIMHBI HEMOCPE-
CTBEHHO B 3a00¢ [2, 3]. MouHoCTh, MoTpedsieMast AJISKTPOABUTATEISIMA KOMOATHOB
«Ypam» B yCTaHOBHBIIEMCSl peKHUME PaOOThl, U3MEHIECTCS OTHOCHTEIBHO CPEIHErO
3HAYCHUS C OIPEICIICHHON aMILIUTYION U 4acTOTOM Kojebanuii. Harpysky Ha npuBoj-
HBIX JIBUTATEISIX PEXKYIIUX WUCIOIHUTEIBHBIX OPraHoB (OPMUPYIOT B OCHOBHOM CO-
MIPOTHUBIIIEMOCTh MacCHBa pe3aHuIo A (T) ¥ CKOpOCTh nofayn kombaitna V. (7). Cusl
pesanus P,(7) onpenensiorcs HpOI/I3B€ILeHI/ICM byHkmii 4 (T) U CPENHEU TOJIUHBI
cpesa i, (T) 3apucsmiel or ckopoctu nopadu V (7). Takum o6pa30M MOIIIHOCTb MPH-
BOJA pemymero HCTIOJIHUTENBHOTO opraa N (T) ompeenseTcs 3aBUCHMOCTBIO

N, (T) =&, [ 4,(DK, V. (DK, V,(T)],

rie & — Kod(Q(QUIMCHT, yIHTHIBAIONIMA TMHAMUICCKUE CBOICTBA TPAHCMHUCCHH U
onekrponpuBoga; K & — k03 GHIHEeHT NPONOPIHOHANEHOCTH, XapaKTePU3YIOIIHii OT-
HOUICHHUE TONILIUHBI cpe3a K CKOPOCTH Toza4u KomOaiina; K | — koshuiueHT, yauTh-
BAIOIINI KOHCTPYKTHBHBIE MapaMeTPhl PEKYIETO I/IHCprMeHTa U TIapaMeTphbl CXEMBI
pesanust; V (T) — yHKLMS H3MEHEHHS CKOPOCTH Pe3aHusl BO BpeMeHH 7.

IIpu pabore komObaiiHa «Ypam» B O4MCTHOM KaMepe CKOPOCTh €ro nofgadu ¥, pery-
JIMPYETCA MallIMHUCTOM 110 YCJIOBUIO

N, — const; v, = const; V. =var.

PyuHo#i crioco0 ynpasnennst KoMOaiiHOM 00YCIIOBIMBAET CIOKHOCTh ONITHUMHU3ALIUH
npoliiecca pa3pyLIeHUs] MacCuBa TI0 yACIbHBIM SHEpro3arparaMm M KOJUYeCTBY He00o-
raTUMBIX KJIacCOB PyAbl B POAyKTax oTOoMKHN. Kpurepruem BrIOOpa CKOpOCTH MOAaYN
xoMOaiiHa Ha 32000 V BbICTynaeT MH(OpMalHUs O 3arpy>KEHHOCTU IPUBOJIOB MCIIOJI-
HUTEJIBHBIX OPraHoB, ONpe/elsieMas 0 HHAUKATOpaM HOTPeOIsIeMbIX TOKOB.

N3BecTHO, YTO MUHUMAJIbHBIE yAEIbHBIE SHEPTo3aTparbl pa3pylLIeHus KaJTUilHOTO
MaccuBa pe3laMi KoMOaltHOB 00eCIeunBatOTCs TIPY OTHOIICHHH II1ara pe3aHus K TOJ-
IIMHE CTPYXKKU t/h = 2—4, a TOJIIMHA U AT Pe3aHus MOT'YT PacCMaTpPHBAThCs B Kaue-
CTBE OCHOBHBIX PEKHMHBIX ITapameTposB [4].

PaccMoTpumM 0cobeHHOCTH TIpoliecca pa3pylIeHus 32005 pe3laMu MPOCTPaHCTBEH-
HBIX [UTAHETAPHO-TUCKOBBIX UCTIONIHUTEIBHBIX OPraHOB TOOBIYHBIX MAILIMH Ha IIpUMe-
pe Hanbosee COBPEMEHHBIX M SHEPTOBOOPYKEHHBIX KOMOaltHOB «Ypan-20P-11».

Pe31ipl mulaHeTapHBIX MCIIOMHHUTENBHBIX OpraHoOB KoMOaiiHOB «Ypan-20P-11» pas-
pylIatoT 3200l pajualbHBIMU PEe3aMH, XapaKTEePU3yIOIUMHCS TEPEMEHHBIMU IIArOM
pe3aHus ¢ U TOJIIUHOMN CTPYXKKH h. MI3MeHeHue 1mara pe3anus ¢ ¥ TOJIIHHBI CTPYXKH /1
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B 3aBHCHMOCTH OT yIJIa IIOBOPOTA J¥CKa Ul UIAHETAPHOTO HCIIOJHUTEIHLHOIO OpraHa
koMbaitHa «Ypan-20P-11» onucsiBaeTcsl ypaBHEHUAMU

t = |:27'U’lnep\/Az + (C - r:rl COS(P)Z :|(n0THZH )71;

h=(10%,sino) (kn,,)

1" “nep

IJIe { — MTHOBCHHOE 3HAYCHHUE I11ara Pe3aHusi, MM; /1 — MTHOBEHHOE 3HAUEHHUE TOJIIUHBI
CTPYKH, MM; ( — YTOJI IIOBOPOTA JIUCKA, PALl; 7', — PAAUyC TIOBOPOTHOTO [IUCKA, MM;
C — paccTosiHHE OT OCH BpallleHHs IUCKa J0 OCH BpalleHHs Boauia, MM; 4 — OOKOBOE
CMELIEHUE PEXKYLIETO AUCKA OTHOCHTENLHO OCH BPAIIECHHUS BOAMIA; Z, — KOIMYECTBO
pe310B Ha IOBOPOTHOM JUCKE, INT.; N —4acTOTa OTHOCUTEILHOIO BPAILIEHUS JUCKOB,
00/MuH; N, — 4aCTOTa IEPEHOCHOTO BPAILCHNs AMCKOB, 00/MHH; k, — KOIHYECTBO pe3-
LOBBIX JUCKOB HA UCIIOIHUTEIHFHOM OpraHe, mT. [5].

Benencteue namMeHenus ¢ v A Tipy pa3pylieHHH KAJIMHHOTO MacCHBa pe3liaMu T1ia-
HETAPHBIX UCIIOJHUTEIBHBIX OPraHOB KOMOaHOB «Ypas-20P-11» BeIOOp parroHab-
HBIX MTAPAMETPOB Pe3aHusi, 00CCICUNBAIOIINX MUHUMAJILHBIC YICIbHBIC YHEPro3arpa-
Thl Pa3pyIICHUS COJISTHOTO MAacCCHBa, OCYIICCTBISIOT MO CPEIHUM 3HAYCHMSIM Iara
pe3aHus /U TONIIMHBI CTPYXKKH /i, KOTOPBIC OLPECISIOT [0 popMyIam

-1
ty = My, (H,. - DH_O)(zﬂnm) ; 1)
-1 -1
h,, = 360h,,, H, (xD, arccos (1~ 2H,D, 1)) @)
I {,, — CPS/HUH LAl Pe3aHus, MM; /i, — CPE/IHsIs TONIMHA CTPYXKKH, MM; /i, — MaK-
CHMallbHas TONIIUHA CTPYKKH, MM; [, — BBICOTa MaccHBa, pa3pyIlaeMOro MCIOIHH-

TEJIbHBIM OPraHoM, MM; D, ~— IMaMeTp AMCKa IJIaHETApHOTO UCIIOIHUTEIBHOIO Opra-
Ha TI0 pe3nam, MM [6].

U3 3aBucumocrteii (1) u (2) cneayert, 4To U3MEHEHHE 3HAUCHUN CPEHEro Iiara pe-
3aHUS [, TONIUHBI CTPY)KKH A, ¥ 0OECleYeHHe PalMOHAIBHOTO OTHOLICHHS tcp/hCp
BO3MOHO TIOCPEICTBOM M3MEHEHHS YaCTOTHI IEPEHOCHOTO BPAIIEHHUS PE3IOBBIX J¥C-
KOB N, YTO NPEICTABIACTCS PALMOHATBHBIM BCIICICTBHE HH3KOH 3arpyKeHHOCTH
JAHHOTO NpUBOAa y KomOaitHoB « Ypan-20P-11» [1].

Ha puc. 1 npeacrapieHbl NOJTYYSHHBIC PACUETHBIM IyTEM rpaKu H3MEHEHUS OT-
HOLIEHHUSA CPEHETO IIara PE3aHus K CPEIHEH TONIMHE CTPYXKKH £ p/hC » TIPA Pa3THIHBIX
JacToTax IIEPEHOCHOTO BpAaIeHUS pE3IOBBIX IHCKOB KoMOaiHa «Ypam-20P-11»
(B muarmazone Niep = 4,2-5,8 MHH ') B 3aBUCHMOCTH OT CKOPOCTH TIOJIa4H BHIEMOYHOM
MamniiHel Ha 3a00# (V, = 0,10-0,25 mun!).

AHanu3 rpa)KoB IOKa3bIBAET, YTO IIPU paboTe KOMOaiHA CO CKOPOCTBHIO TOAa4H,
obecreunBaroIeil HOMHHAIBHYIO MTPOU3BOAUTENBHOCTh (0 = 7—8 T/MUH, OTHOIIEHUE
th/hCp HE BXOJIUT B IMaNa30H pallMOHAIBHBIX 3HaYeHHH OT 2 10 4. O0ecneueHne pauo-
HaJbHBIX 3HAYCHUH OTHOILIEHUS tcplhC npu paboTe TUIaHeTapHO-JUCKOBBIX UCIIONHH-
TEIBHBIX OPTaHOB KOMOaiiHa «Ypan-2(§P» BO3MOJKHO IIyTEM U3MEHEHHMs YaCTOThI IIepe-
HOCHOTO BpamieHus (puc. 1, mo3. 2—5), 9To MO3BOIUT MPH 33JaHHBIX CKOPOCTH TIOAAIH
Y TIPOU3BOJIUTEILHOCTH BRIEMOYHON MaluHbI 00€CIIeUnTh MUHHMAJbHBIE YICTbHBIS
SHEPro3arparsl M yIy4IIUTh TPAHYIOMETPUYECKUH COCTaB OTIENSIeMONl OT MaccuBa
pyawi [8].

Pe3yabrarbl. ABTOpaMu MpeIoKeH CIOCcO0 aBTOMAaTHYECKOTO YIPAaBICHUS KOM-
baitHoM «Ypain-20P-11», cyTh KOTOpOTro 3aKitouaeTcs B cieayromeM. KomoOaiin « Ypam»
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000pyayeTcst 0OPTOBBIM KOMITBIOTEPOM, YaCTOTHBIM ITPeo0pa3oBaTeieM Jilst U3MEHECHUS
CKOPOCTH IEPEHOCHOI'0 BPAILIEHUs IUCKOB IIaHETAPHBIX OPraHOB, CEPBOIIPUBOIOM pe-
TyJaTopa pacxona paboueit KUAKOCTH B cucTeMe MexaHu3Mma xofa. OTieHKa HarpyXeH-
HOCTH TIPUBOJIOB UCIIONHUTEIBHBIX OPraHOB KOMOaiiHa peau3yeTcs 1o JACHCTBYIOIINM
3HAYCHUSM aKTUBHOH MOIIIHOCTH, TOTPEOIIeMO MPUBOAHBIMU JBUTATEISIMUA. CKOPOCTH
071a41 KoMOaiHa KOHTPOJIMPYETCS MOCPEACTBOM JIaTIMKa CKOPOCTH.

t.lh

cprep

N

0 1 1 1 1 ]
0,10 0,13 0,16 0,19 0,22 V., M/MUH

Puc. 1. Ipadukn wnsmenenmst orHomenws / /h, Tpu paboTe ILIaHETapHO-JMCKOBBIX
HCHOJIHUTENBHBIX OPraHOB KOMOaiHOB «Ypan-20P-11» B 3aBMCHMOCTH OT CKOPOCTH nofadu V,
H YaCTOTHI IEPEHOCHOTO BPAIICHUA N, MUH '
1-42;2-4,6;3-50,4-54;5— §,8
Fig. 1. Graphs of ¢, /h_,, ratio behavior under “Ural-20R-11” combines planetary disk cutting
tools operation dependﬂng on the feed speed Vfand translational rotation speed n min-!:
1-42;2-46;3-5.0;4-54;5-5.8

transl’

[Ipu nBmwxeHnn komMOaiiHa B BEIpaOOTKE MPU AOCTHKEHUH 331aHHON CKOPOCTH TO-
Aaqu V,, perymupyroT 4acToTy HEPEHOCHOIO BPAIUCHUs PE3LOBBIX AMCKOB. Tem ca-
MBIM JIOCTUTAETCA PALMOHAIBHOE 3HAYEHHE OTHOLIEHMS LIara pe3aHus K TOJILHHE
CTPYKKH [, /h ., IPH KOTOPOM HArpyEHHOCTb NPUBOJOB OTHOCHTEILHOTO BPAILICHH
PE3LOBBIX AUCKOB ONM3Ka K MUHUMAJIBHOW. AJITOPUTM MpeiaraéMoro aBToMarnyie-
cKoro croco0a ynpasieHust kombaiiHOM «Ypai-20P-11» onmceiBaercst G10K-CXeMOH,
MIpeJCTaBIEHHON Ha pHC. 2.

B 6opToBoii KOMIBIOTEP KOMOaifHa BBOASTCS] MAKCHMAIBHO AOIYCTHMBbIE 3HAYCHUS
MOLIHOCTEH, MOTPEOIAEMBIX IBUraTEISIMU TOPOAOPa3PyIIAOIINX HCTIONTHUTEIbHBIX
OpraHoB:

— JIBUTaTENIIMU OTHOCUTENHHOTO ABwKeHua N~ u N

— IBUTATENSIMH OEPMOBBIX UCIIOIHUTEIBHBIX OpranoB N

— ABUrareneM orooinoro ycrpodcrsa N &

— JBUTATEJICM [EPEHOCHOTO BPAIICHHUS N oo

3amaercs CKOPOCTh 024K JOOBIMHON MAlMHbI HA 32001 V| ¥ HaYanbHas 4acToTa
BpallleHUs Baja ABUraTels IEPEeHOCHOTO BpAIlleHUs IUCKOB #. [Ipy HakaTUM KHOMIKHU
«ITYCK» u 3amycke aBTOMaTHYECKOro yrpaBlieHHs OOpPTOBOM KOMIBIOTEp KOMOaliHa
HAYMHAET TOCIEA0BaTEIbHBIN ONPOC JaTYMKOB MOIIHOCTH C LIEJBIO ONpeieneHus pax-
TUYECKUX 3HAYCHUH aKTUBHBIX MOLIHOCTEH, MOTPEOIIIEMBIX ABUTATENSIMH TOPOAOPA3-
PYLIAIOMIMX MCTIONHUTENBHBIX OPraHOB (IBHTrareslied OTHOCHUTENBHOTO JABHKEHUS

max oTH 2’

uN

max 6epm 1 max Gepm 27
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N paxromn 1 1 N pasrom 2 ABUTATENEH 6€pM0vBLIX WCTIIOJTHUTEIBHBIX OpranoB N
JBHUrarens orooiHoro ycrpoiicrea N
«,) 1 CPaBHEHHA MX C YCTaHOBIEHHBIMH MaKCHMAIlbHO-JOITyCTUMBIMU

(axr.6epm 2
menust N

(akr.o

tdakr.6epm 1 u

(axrorgs ABHTATEIIs IIEPEHOCHOTO Bpa-
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Puc. 2. bnok-cxema anropurma paboThl ciocoba ynpaBieHHUs IPOXO0J9ECKO-0YHCTHRIM KOMOaitHOM
«Ypan-20P-11»
Fig. 2. Flow diagram of the “Ural-20R-11” combine control method

KaKOro-IT100 UCIIOIHUTEILHOTO OpraHa HaA 3aJaHHBIM Ha CCEPBOIIPUBOA PEryjsATOpa
IMMOTOKAa r’MAPOCUCTEMBI MEXaHMU3Ma XO4a MOAACTCA praBJ’I}HOH.[I/Iﬁ CUrHaJl U OCYyIIECT-
BJICTCA AUCKPETHOC YMCHBIIICHUEC CKOPOCTH MOJa491 KoMOaiiHa Ha 320011 Ha BCIIMUNHY AV.
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Ha mucnnee mammuucra otoOpakaercs MH(opMmanus O meperpy3ke COOTBETCTBY-
IOLIETO JBUTATEIS.

Ecnu aktiueckue 3HaueHHS aKTHBHOW MOIIHOCTH, MOTPEOIIEMON TPUBOTHBIMH
JBUTaTeIsIMUA, MEHBIIE MaKCHMAJIbHO JONyCTUMBIX, TO OOPTOBONM KOMIBIOTEP OCY-
LIECTBIISAET ONIPOC JaTYNKA CKOPOCTH, ONpeiesieHHe (PaKTHIEeCKOro 3HaYeHUsI CKOPOCTH

nogadyu KoMOaiina Ha 3a00ii V axr A CPABHCHHUC Vq)aKT C 3aJIaHHBIM 3HAYCHUEM CKOPOCTHU

Onpoc JATYUKOB MOITHOCTH
JIBUTATENel OTHOCUTEILHOTO
BpallCHUus

= H‘”

Ormpoc faTyrKa MOILHOCTH
JIBUTATEIS] OTHOCUTEIIBHOTO
BPAIICHHS, PAHEE ONPE/IEIICHHOTO
KakK HanOoJee 3arpyKeHHbIH

Puc. 3. [loagnmporpaMma ynpasieHus IPHBOIOM
TIEPEHOCHOT0 BPAIIIEHMs PE3LIOBBIX JUCKOB
Fig. 3. Cutting disks translational rotation drive control
procedure

nogaun V. Ecin  daktuyeckoe 3HadeHHe CKOPOCTH Mojayu Kombakina Vi o

Oostbie(MeHbLIE) 3aJaHHOTO 3HAaYeHUs: V., TO Ha CEePBONPHUBOJ PEryIISTOPA MOTOKA
THIIPOCUCTEMBl MEXaHH3Ma X0Jla KOMOaiiHa MOAaeTCsl YIPAaBISIONINA CUTHAT B OCY-
MIECTBIISETCS TUCKPETHOE YMEHbIIIeHNE (YBETMICHIE) CKOPOCTH TIoJjadl kKoMOaitHa Ha
BENUYUHY AV

[lpu nocTHKEHNM 3a1aHHON CKOPOCTH mofauu Kombaina (Vy, . =V, ) peanusyercs
MOATIPOrpaMMa  YIPaBJICHUS JBUTATeNleM TMEPEeHOCHOro BpamieHus (puc. 3).

M3meHeHne 4acToThI NEPEHOCHOT0 BpallC€HUs PE3UOBLIX AHMCKOB OCYHICCTBIACTCA



ISSN 0536-1028 «H36ecmust 8y306. Tophwiil scyprany, Ne 3, 2021 103

YaCTOTHBIM TpeoOpa3oBaresieM. YIelbHbIE JHEPro3arparbl paspylICHHsS MacCHUBa
IUTAaHETAPHBIM UCIIOJIHUTEIBHBIM OpraHoM koMoOaiiHa «Ypan-20P-11» ompenenstorcs
no ¢opmyie

H,=(N,,+N,,)(60F,7,)", ?)

no 1

rae N, ., — MOIIHOCTb, mOTpebsieMast ABUraTesIMU [EPEHOCHOTO BPAILCHNUS PE3LOBBIX
JMCKOB KoMbaiiHa «Ypam», kBt; N — MomHocTs, norpebnsemas JBUrareaeM OTHOCH-
TEJILHOrO BPAILEHMs PE3LOBBIX JUCKOB KoMOaiina «Ypan-20P-11», kBt; F,  — mio-
ma 6 320051, 0OpabarbiBacMast INIAHETAPHBIM HCIIOTHUTEILHBIM OPraHOM, M2,

C yderom Toro, uto B popmyse (3) F, = const, ¥, =const,aN, << N pemenue
Ha M3MEHEHHE CKOPOCTH MEPEHOCHOTO BPAIEHUS TUIAHETAPHOTO UCIIONHUTEIHHOTO Op-
raHa OCyIIECTBISIETCS ITyTeM yIep KaHUs B 33/1aHHOM JIHalla30He BETMYMHBI MOITHOCTH,
noTpeOIsieMoi HanboJiee HarpyKEHHBIMU JBUTATEIISIMU IIPUBOJIOB OTHOCUTEILHOTO Bpa-
IIEHHS PE3LOBBIX IUCKOB INIAHETAPHOTO MCIOJIHUTENBHOTO oprana. CHIKEHHE SHEpro-
HOTpeOJICHNS! ABUTATEIe OTHOCUTENBHOIO BPALEHHs 00eCIICYMBACTCS PALIMOHAILHBIM
OTHOILICHHEM IIara pe3aHusi K TOJIIIHHE CTPYKKU tcp/hcp MOCPEACTBOM U3MEHEHHS YacTo-
ThI BpaILICHHUs BaJla IBUTaTesIsl IEPEHOCHOTO BPAIICHHS PE3LOBBIX AUCKOB.

B nawane paOboThl MOANpPOrpaMMBl YIpaBJICHHsI ABUTaTeIeM MEPEHOCHOTO Bpallie-
HU (pHC. 3) OCYLIECTBISIETCS ONPOC NaTYMKA MOIIHOCTH ABHUTaTeNIel OTHOCUTENHLHOTO
BpALICHUS PE3LOBBIX AUCKOB, OMPEEIISIOTCS M CPABHUBAIOTCS MEXKIY COOOH 3HAUCHUS
aktuBHbIX MomHOCTe#H Ny, o u Ny, . Makcumanbromy 3Hadennio Ny, Tipu-
cauBaeTcs unjaekc N,. Ypasienue npuBogoM IEPEHOCHOTO BPAIEHHUS IIaHETAPHO-
JIICKOBOTO MCITOJTHUTENLHOTO OpPTaHa MPOXOAueCKO-0YUCTHOTO KOMOaliHa pean3yercs
MOCPEACTBOM HCITONB30BaHMS MPEeo0pa3oBaressi 9acTOThI MUTAIOMIETO HANpsKESHHUS.
B npouecce perynupoBanus GpakTudecKas 4acTOTa IIEPEHOCHOTO BPALIEHUS PE3LOBBIX
JIMICKOB /1 TUCKPETHO YBEINYMBACTCS HA 33aHHYIO BEJIMYMHY AN.

Onpoc paTyuka MO3BOJIET ONPENENUTh (aKTUUECKOE 3HAUeHUE MOTpedsieMoit
momnuocta N, . IToka Bemonnsercsa ycnosue N, > N, . 9acTOTa IEPEHOCHOIO Bpa-
IICHUS PE3LOBBIX TUCKOB AUCKPETHO yBeNUUMBaeTcs. B ciydae yBennueHus morpeo-
J5€MOM MOLIHOCTH JIBUIaTeNs OTHOCHTeNnbHOro Bpamenus (Nn < N, ., ) gacTora me-
PEHOCHOTO BpAILEHHs PE3LOBBIX AUCKOB IUCKPETHO YMEHBIIAETCA Ha BEIUUUHY 2AN.
JocTtmkenne MUHAUMAIBHBIX (MK ONM3KUX K MUHUMAalbHBIM) 3HAUYCHUH TOTpebIsie-
Moit MomHOCTH Ny, . TIO3BOJISET MUHUMH3HPOBATH YIEIbHBIC YHEPrO3ATPATHI IPO-
1ecca paspyleHHsl TOPHOTO MacCHBa IUIaHETapHO-TUCKOBBIMH HCIOIHUTEIHHBIMHU
opranamu koMmOaitHa [9].

IIpu paboTe KomMOaiHa HEMOIHBIM 3a00€M 3a1aHHYI0 CKOPOCTh ofa4u V. cieyer
OrpaHUYMUBATH 10 YCIOBUIO MAKCUMAJIbHOH JOIyCTUMOMN TOJILIMHBI CTPYKKHU C LIETIBIO
HEJIOMYIICHNsI KOHTAKTa KyJIaKoB-pe3lefepKkaTesiel ¢ pa3pyliaeMblM KaJIMIHBIM Mac-
CHBOM U BO3HUKHOBEHUS CBEPXHOPMATUBHBIX THHAMUYECKUX Harpy3ok [10—-12].

BoiBoabl. [Ipu paspyiieHun KaauiHOIO MaccuBa pe3laMH MNPOCTPAHCTBEHHBIX
TUTAHETAPHO-TNCKOBEIX MCTIOIHUTENBHBIX OPraHOB KOMOaitHOB « Ypan-20P-11» parmo-
HAJIbHOE OTHOIIEHHE IIara pe3aHus K TOJIIMHE CTPY>KKU th/hCp obecrieunBaeTcs u3-
MEHEHHEM CKOPOCTH IIEPEHOCHOI'0 BpaIlleHUsI IUCKOB. PereHne Ha n3MeHeHUe CKopo-
CTH TIEPEHOCHOTO BpAILCHUS OCYIIECTBISETCS IyTEM YAEp)KaHUA B 3aJaHHOM
JMara30He BEJIMYMHBI MOLIHOCTH 3JIEKTPOABUIATENs] IPUBOAA OTHOCHTEIILHOIO Bpa-
HICHUs], He0OX0OUMOi1 U1 3G PEKTUBHOrO (PYHKIMOHUPOBAHUS UCIIOJIHUTEIBHOTO Op-
rasa pu HeM3MEHHOH CKOpoCTH mozaun komobaiina. [IpemioxenHsIi criocod ynpasie-
HHUSl TIPOXOAYECKO-OYMCTHBIM KomOaitHOM «Ypam» oOecnednBaeT —pealn3aluio



104 "lzvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 3. 2021 ISSN 0536-1028

rnmponecca paspyuicHus KaJIMITHOTO MacCHBa C palrOHAJIbHBIMU IMapaMETPpaMu PE3aHUA
Ha OCHOBC I/IH(bOpMaIII/II/I O Harpy>X€HHOCTHU MPUBOAHBIX Z[BHF&TCHGP'I.

BUBJIMOI'PAOMYECKHNHU CITMCOK

1. Hnmnsaankos [1. Y., YUekmacos H. B., Tpudanos M. I'., ['a6or B. B., sanos C. JI., Aconos C. A.
INoBsimenue 3¢ GEeKTUBHOCTH HKCILTyaTalluni IPOXOJUECKO-OUHCTHBIX KOMOAfHOB KanuifHbIX PyHUKOB Ha
OCHOBE aHallM3a 3alHcel perucTparopoB mapameTpoB // TopHoe oOopynoBaHWE M IJIEKTPOMEXaHUKA.
2015. Ne 4(113). C. 3-10.

2. KpacuuxkoB 0. /1., Conon C. B., Xazanos X. U. [loBbinieHne HaIeXKHOCTU TOPHBIX BBIEMOYHBIX
MmamuH. M.: Hezmpa, 1989. 215 c.

3. Beibop mapameTpoB BEIeMOYHBIX MamnH. Hayano-meromudeckne ocHOBEI / A. B. JlokykuH [u ap.].
M.: Hayka, 1976. 144 c.

4. PexxuMsbI pabOThI KOMOAHOB JITs1 JOOBIMM KaMiHEIX pyn / B. A. Bpernep [u ap.]. M.: Henpa, 1978. 216 c.

5. Kabues C. K. Ontumusarys napamerpoB KoMOaitHOB ist 100bI4M KamnidHbIX pyd. M.: Henpa, 1992. 239 c.

6. Kom0aitHBI IpOX019€CKO-0UNCTHBIE IS JOOBIYH KalMHHBIX py/. Beroop mokasarerneil Ha3HAUSHUS
U pacyeT MapaMeTpoB pa3pylIeHus TopHBIX nopon. Otpacnesas meroauka. JI.: BHUUT, 1986. 54 c.

7. XapnamoBa H. A. MccrenoBanne MexaHH3Ma pa3pylIeHHs] COJSIHBIX TOPHBIX IIOPOZ PE3IOBBIM
WHCTPYMEHTOM: JHMC. ... KaH[. TexH. HayK. [lepmb: IIT'TY, 1998. 173 c.

8. ymmstaamkoB J. V. CoBeplieHCTBOBaHIE OPTaHOB Pa3pyIISHUS IPOXOAIECKO-OUHCTHBIX KOMOaitHOB
tuna «Ypam» // I3Bectrst YpaibCKoro rocyaapcTBeHHOro ropHoro yHusepcurera. 2017. Ne 2(46). C. 71-74.

9. Cnoco6 ympaBieHUs] TOPHBIM KOMOAHHOM C IDTaHETapHO-IAMCKOBBIM HCHONHHUTEIIBHEIM OPTaHOM:
mat. RU 2618630 C1 MIIK E 21 C35/24. Ne 2016110648; 3asBn. 22.03.2016; omy6mn. 05.05.2017.
Bron. Ne 13. 11 c.

10. Lavrenko S. A., Shishljannikov D. 1., Trifanov M. G. Selecting technically justified operating
modes of “Ural” combines on the basis of an evaluation of their driver load under real operating conditions //
Innovation-Based Development of the Mineral Resources Sector: Challenges and Prospects —
11th Conference of the Russian-German Raw Materials. 2018. P. 301-308.

11. Shishlyannikov D. I., Chekmasov N. V., Trifanov M. G., Ivanov S. L., Zvonarev I. E. Substantiation
of the rational method to control the operating and technical-condition parameters of a heading-and-winning
machine for potash mines // Journal of Machinery Manufacture and Reliability. 2015. Ne 44(3). P. 283-287.

12. Nguyen K. L., Gabov V. V., Zadkov D. A., Le T. B. Justification of process of loading coal onto
face conveyors by auger heads of shearer-loader machines // IOP Conference Series: Materials Science and
Engineering. 2018. P. 042132.

TMocrynuia B penakimio 22 despais 2021 rona
CaesieHus 00 aBTopax:

MumasaaukoB Jmutpuii UropeBu4 — KaHAWAAT TEXHUYECKHUX HAyK, IOLCHT Kadeapbl TOPHOM
JIEKTPOMeXaHUKH [1epMCKOro HaIMOHAIBHOTO HMCCIIEI0BATENBCKOTO MOIUTEXHUUECKOTO YHUBEPCUTETA.
E-mail: dish844@gmail.com

Tpudanos Muxaua I'eHHagbeBHMY — KaHIUJIAT TEXHHMYECKUX HAyK, HAyYHBIH COTPYOHUK Kadenpsl
TOPHOH 3NIEeKTPOMEXaHUKH [lepMCKOro HanMOHAIBHOTO HCCIENOBATENBCKOTO MOJUTEXHUIECKOTO
yHuBepcutera. E-mail: mt59@mail.ru

Mypagckuii Anexcanap KoHcTaHTHHOBHY — KaHIUIAT TEXHUYECKUX HAYK, JOIEHT Kadeaphl TOPHOI
JJIEKTpOMeXaHUKH [1epMCKOro HaIMOHAIBHOTO HMCCIIEI0BATENBCKOTO MOIUTEXHUUECKOTO YHUBEPCUTETA.
E-mail: mak2000mak@yandex.ru

MuxpiokoB Adjekceii IOpbeBHY — KaHIMIAT TEXHUYSCKHX HayK, JMOLEHT Kadenpsl TOpHOU
3NEeKTpoMeXaHUKH [IepMCKOro HaIMOHAIBHOTO MCCIEIOBATENBCKOTO MOTUTEXHUUECKOTO YHUBEPCUTETA.
E-mail: alexey mic@mail.ru

CyxanoB Anjpeii EBrenbeBHY — CTyIeHT KadeIpbl TOPHOM 31€KTpOMeXaHUKH [ [epMCKOTo HaIMOHATBHOTO
HCCIIEIOBATEIBCKOTO MOJIUTEXHHYECKOro YHIBepcuTeTa. E-mail: andy1997sae@gmail.com

DOI: 10.21440/0536-1028-2021-3-97-105

Improving the efficiency of heading and winning machines for potash ore
extraction based on their drive load data

Dmitrii I. Shishliannikov!, Mikhail G. Trifanov!, Aleksandr K. Muravskii', Aleksei Iu. Mikriukov!,
Andrei E. Sukhanov!
1 Perm National Research Polytechnic University, Perm, Russia.

Abstract
Introduction. The article considers the substantiation of rational parameters of potash rock mass
fragmentation by the planetary disk cutting tools of heading and winning machines. The implementation
of automatic planetary tool drives control systems is regarded as promising. The automatic drive control
system allows maintaining the parameters of potash mass destruction in the ranges of rational values.
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Research methodology. The parameters of potash rock mass destruction by the cutters of planetary-disk
cutting tools in modern combines “Ural-20R” were calculated. It was revealed that at a productivity
of 7 t/min, the main cutting tools destroy the massif with a small cutting spacing. The small cutting pitch is
the reason for the increased yield of unmanageable classes in the mined ore.

Results. A method is proposed for automatic control of the “Ural” combine planetary tool cutting discs
translational rotational speed. This method will make it possible to destroy the potash mass with rational
cutting parameters, based on drive load data.

Findings. The proposed technical solutions will increase the efficiency of potash ore mining by the heading
and winning machines. Automatic control systems for planetary disc cutting tools operating based on drive
load data will increase the adaptability and energy efficiency of the heading and winning machines under
actual operating conditions.

Keywords: heading and winning machine; cutting tool; rational operating parameters, automatic control
method.
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ANEKTPUOUKALINA U ABTOMATU3ALINA NPOLIECCOB
FOPHOIO NMNPOM3BOACTBA

VIK 622.271.32:681.5 DOI: 10.21440/0536-1028-2021-3-106-114

Annapar BeBneT-npeobpasoBaHni B aBTOMaTU3UPOBAHHOW CUCTEME
ynpaBneHus nepemelLeHneM KapbepHbIX 6eCnMnoTHbIX
TPaHCNOPTHLIX CPEACTB

Yuuepun U. B.1, ®egoceHkoB B. A.1, CbipkuH U. C.1,

Caposeu B. 10.7*, Oy6ouHkun O. M.1
1 Kyabacckuin rocy1apCTBEHHbIN TEXHUYECKMA yHuBepeuTeT uMeHu T. ®. Mopbayesa

r. Kemeposo, Poccus
*e-mail: vsadovec@yandex.ru

Pegpepam
Beeoenue, yenv pabomol. B pamkax asmoMamusupoSaHHOU CUCHEMbl CQOPMUPOSAHA MEXHONO2Usl cnocoba
ynpasnenus mexkywumu mpaexmopusivu (171) 6ecnunommvix mpancnopmmuvix cpeocme (BTC) npu ux nepemewjenuu
10 MapUupymam 6 Kapvepe 8 YCIo8UsIX ONMKPLINbIX 20pHbIX pabom. Lens npedcmagnenHbIx ucciedo6aHutl — anaus3
NPUTIOdICEHUsl annapama 6elianem-npeoopazoeanuii. K 3a0ave Mapuipymusayuy 6ecnuiomHbIX MpaHcnopmHbIX
CpeOcme npu ux nepemeyeHuU no Mapuipymam 6 npeoeiax KapbepHvix agnmooopoe.
Memooonozus. [Ipedcmasnenvl pe3yibmamvl MOOEAUPOBAHUSL OOHOMEPHBIX CUSHATI08, COOMBEMCMBYIOUUX
mexywum mpaekmopusim BTC npu ux omrjioHeHuu 61e60 U 6npago Om HOMUHAILHOU 0Ce80l
mpaexmopuu (HOT), a maxoice ux epemsi-uacmomuuvix omoobpadicenuil 6 seiigiem-cpede. Paspaboman u
onucan anzopumm npoyeoypsvl omobpadicenust ckausiphuwvix cuenanos ynpasienus TT BTC ¢ komniekcHotl
cpede  epems-yacmomuulx  getlerem-npeobpazosanuti. Ilo0o6Hoe  npeobpazoganue  nosgonsiem
@DYHKYUOHATLHO NPO3PAYHO U UHPOPMAYUOHHO eMKO BbINOAHAMbL MOHUmopune nepemeujenus BTC u
apghexmusno ynpasnsims npoyeccamu mpaekmopHoOl Mapuipymu3ayuy democamocedios 8 Kapbepe.
Ananuz u pesynomamol ucciedosanuii. Ilpoyeccvi 6udoOUIMEHeHUA MEKYWUX MPAeKmopuil
nepemewenuss BTC noo ynpaenenuem agmomamuzupoS8aHHOl CUCMEMbl 2eHEPUPYIOMC ¢ NOMOWbIO
Memooos  eeligem-npeobpazosanuil. B ux ocnoge — ancopummvl RpPOEYUPOSAHUS MPACKMOPHBIX
CUSHATLO8 C 8PEMSI-3ABUCUMOLL HACTOMOU (YUPN-CUSHALO8) HA MHOJICECMBO ellglen-QyHKYUIL 8 COCmase
selieem-me3aypyca (C106aps 8elsnenos), npoyedyp 6eligiem-noucka COOmeemcmeus, omoopaicets
CKAJSIPHBIX CUSHANI08 8 CNeYUDUUECKOTE MHO2OMEPHOU Cpede 8PeMsl-4aCMOMHbIX PACAPe)eLeHUll K1Accd
Kosna. Ilpusedenuvl pesynomamul MoOenuposanus  ude ocyuniozpamm mpaekmophuix (11-) cuenanog
U UX MpexMepHuIX 6PeMsA-4aCMOmHbIX omobpadcenuii 6 gopme xapm Buenepa, omobpadicaiowux
nepemewenue BTC ¢ cmapm-cmonnom pejicume, a maxice CusHAIbl CHOPMUPOBAHHBIX HENPEPBIBHbIX
0€6UAYUOHHBIX MPAEKMOPUL npu ux omaoHenuu 61e6o u enpaso om HOT. [Ipeocmasnen aneopumm
gopmuposanus 3D-omobpascenus o0Homepro2o cuenanra o mexyweu mpaexmopuu BTC.
3akntouenue. Coenan 61600 0 MOM, MO O ABMOMAMUSUPOBAHHO2O KOHMPONA U YNPAGIeHUs
ounamuroii nepemewjenuti BTC no mapwpymam 6 npederax KapbepHviX agmooopoz Haubonee
yenecoodpasHbiM U dPDEKMUSHbIM ABNACMCA MAMEMAMULECKUL ANNAPAm Geliglen-npeobpazoeanuil.

Kniouesvie cnosa: o6ecnuromnvie Mpancnopmusie Ccpeocmea, meKywue mpaekmopuu, Yupn-
cuenan, eeuigrem-gyuxkyuu Labopa; aneopumm 6eili6rem-noucka coomeemcmeuss, pemMa-4acmomHule
pacnpeoenenus,; getigiem-cpeod.

Paboma evinonnena npu gunancosoii noooepricke Munucmepcmea HayKu u vlcuiezo 00pa3oeanus
Poccuiickoii @edepayuu 6 pamkax coznawenuna Ne 075-11-2019-034 om 22.11.2019 2. ¢ [140 «KAMA3»
no KomnnaexkcHomy npoexkmy «Pazpabomka u co3danue 6bICOKOMEXHONO0ZUUHOZ0 NPOU3EOOCHIEA
AGMOHOMHBIX MANCENLIX NAAM@Popm 011 0e371100H0lU 000bIYU NONIE3HBIX UCKONAEMbBIX 6 cucmeme
“Ymnotit xapvep”», npu ywacmuu DPI'bBOY BO «Ky3zbacckuii zocyoapcmeennvlii mexHUUeCKuil
yuugepcumem umenu 1. @. I'opoauesay ¢ uacmu 6bINOIHEHUA HAYUHO-UCCIE006AMENLCKUX, ONBIMHO-
KOHCMPYKMOPCKUX U MEXHON02UYeCKUX paoom.
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Beenenue, neabp padorbl. B ycloBHAX OTKpPBITBIX TOPHBIX pabOT B paMKax IJO-
0anbHOM CTPYKTYpHI « YMHBIH Kapbep» [1] mepemenieHre mopoabl ¥ MOJIE3HOTO UCKO-
naeMoro u3 pabouero 3a00s1 10 MecTa Pa3rpy3KH OCYILECTBISETCS OOIbIIETPy3HBIMH
aBTOCaMOCBaJIaMH Ha OECHMJIOTHOH OCHOBE — aBTOHOMHBIMH TSDKEJIBIMHU ILTaTdOpMa-
MU [2] unn OecnimnoTHbIME TpaHcnopTHeIMU cpenctBamu (BTC). B crarbe npeacras-
JieHa CTPYKTYypa U ONMCaHME alrapara BeiBieT-npeo0pa3oBaHni, C TOMOIIBIO KOTOPO-
ro B paMKax aBTOMaTH3MPOBAHHOH cHCTEeMBbl C(HOpPMHpPOBAaHA TEXHOJOTHs CIOCo0a
yrnpaBieHHusa TeKylmuMHy Tpaektopusmu bTC npu nx nepeMerieHnu no MapupyTram B
Kapbepe B YCIOBHIX OTKPHITHIX TOPHBIX paloT.

MeTtonoaorusi. B cratee « Anmapar Be#BIeT-IpeoOpa30oBaHuil Il aBTOMaTH3HPO-
BAaHHOTO YITpaBIICHHA TIEpPEeMEIleHHEeM KapbepHBIX OECHMIOTHBIX TPAHCIOPTHBIX
cpencTs» [3] mokas3aHo, 4TO JUId aBTOMAaTH3MPOBAHHOTO KOHTPOJIS M YIIPABIEHUS TIPO-
neccamu nuHamuku nepemerienuit bTC no mapmpyram B npeaenax KapbepHbIX aBTO-
Jopor Hambonee menecooOpasHbIM U 3()(EKTHBHBIM MaTeMaTHUYECKUM CPEACTBOM,
MO3BOJISIIONIMM CEMAaHTUYECKH MPO3pavyHO M (YHKIHMOHAIBHO €MKO OCYILECTBISTDH
CIIe)KEHHUE B peXHUME pealbHOro BpeMeHu 3a padotarouumu BTC, sBnsercs anmapat
BeiiBneT-npeoOpazoBanuii [4].

B nanHo# paboTe mpeacTaBieHbl pe3ybTaThl MOAETUPOBAHUS OJHOMEPHBIX CUTHA-
JIOB, & TAKXe UX BPEMSA-4aCTOTHBIX OTOOpaKeHHUH B BEUBJIET-CpElle, COOTBETCTBYIOLINX
TEKYUIUM TPACKTOPHUSIM IMPU MX OTKIOHCHUH BJIEBO/BIPABO OT HOMHUHAJIBHON OCEBOM
tpaektopuu (HOT) B mpornecce nepememienus bTC no mapuipytam B kapbepe.

Kpome toro, pazpaboTan u omucaH aJropuTM HpPOLEAYpPhl OTOOpa)KeHHUs CKaJsp-
HBIX CUTHAJIOB yrpasieHus Tekyumu Tpaektopusivu (TT) BTC B kommekcHoi cpene
BpEMsI-4aCTOTHBIX BelBieT-npeoOpasoBanuil. [lomoOHOe mpeobpa3zoBaHe MO3BONISET
(YHKIMOHAIBHO MPO3PavHO M MH()OPMAMOHHO €MKO BBITIOIHSATH MOHUTOPHHT Tepe-
memenns BTC 1 3¢ GexTHBHO ynpaBisTh NPOLECCaMU TPACKTOPHON MapILpyTH3aLUH
aBTOCaMOCBAJIOB B Kapbepe.

AHaJaM3 pe3yJbTaToOB HccJeAoBaHui. [Iporiecchl BUIOU3MEHEHUS TEKYIUX Tpa-
extopuii nepememienust bTC [1] mox ympaBieHneM aBTOMAaTU3UPOBAHHOM CHCTEMBI
TeHEPUPYIOTCS C TOMOIIBIO METOZIOB BelBIeT-IpeoOpa3oBannii. B ux ocHose — ajiro-
PUTMBI IPOEMPOBAHUS TPACKTOPHBIX CUTHAJIOB C BPEMsI-3aBUCUMOM YacTOTON (YHPII-
curHanoB) [1, 4] Ha MHOXECTBO BeHBJIECT-QYHKIMH B COCTaBE BEUBIET-Te3aypyca
(cnmoBaps BeliBneToB) [5], mpoueayp BeHBIeT-MOUCKa COOTBETCTBHSA [4, 5], oTOOpaske-
HUSI CKISIPHBIX CUTHAJIOB B cHenn(UIecKOd MHOTOMEPHOH cpefie BpeMsi-uaCTOTHBIX
pacnpenenenuii knacca Kosna [4, 6-9].

B dvacTHOCTH, IIpH pazbese Ha MaplIpyTe CO BCTPEUYHBIM OCCIMIOTHBIM TpaHC-
MOPTHBIM CPEICTBOM HJIM IIPU OCTOPOXKHOM 00Be37ie Kakoro-nmnbo mpemnstcrBus BTC
M0 KOMaH/AaM aBTOMAaTU3WPOBAaHHOW CHCTEMBI JUCIIETYEpU3ALUU NTEPEXOANUT B CTAPT-
CTOIHBIA peXuM JBHkKeHHA. COOTBETCTBYIOLIUI MpUMep MpeAcTaBieH Ha puc. 1, a
UMITYIBCHOM OCITMIIIIOTPaMMOM cueHana CTapT-CTOMHOTO pexxkuma nepemerierHus bTC
o TT, yxomsmieii BneBo oT HOT (T. €. COOTBETCTBYIOIIETO Yupn-cueHana [4], curaana
C BpPE€Ms-3aBUCUMOI MIHOBEHHON 4aCcTOTON), KOmopbili B aHATUTUYECKOM BHUJIE MOXKET
OBITh 3aIKMCaH CICAYIOUUM 00pa30M:

x(t) = % + i 4, cos (%) + B, sin [%) ,

k=1

Tae AOZZAXV%, Ak :Xlimax Sln(z;lfnj , Bk zzﬁvcﬂ Sln(k%j , (Dk zzik
T T
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ITocne paznokeHust curHajia MO alTOPUTMY BEHBIIET-TIOMCKA COOTBETCTBUS [4, 5]
MOJIy4aeM ero BpeMs-dacToTHoe pacnpexnenenue — BUP [4, 6, 8] (puc. 1, g), anexsar-
HOCTh KOTOPOTO yCTaHOBJIEHA ITyTeM CpPaBHEHHS UCXOAHOTO curHana (puc. 1, a) ¢ Boc-
CTaHOBJICHHBIM 110 CIIEKTPAJIbHBIM COCTABISIONMM (pHC. 1, 6).

Ha xapre Buruepa [4, 8, 10, 11] oT4eTIUBO IPOCIEKUBACTCS IKCIIOHEHITHAIHHO
HUCTIQJIAIOIINI XapaKTep YaCcTOThl YUPI-CUTHAJIA CTApPT-CTOITHOTO PeXXHUMa, a CIIe0Ba-
TETbHO, U JUCKPETHOM TPaeKTOPHH, MO KOTOPOIl MPOMCXOAWUT €€ JIeBUAIUs BJIEBO
ot HOT. B gacTHOCTH, BUUM, YTO UCXOMHBIN CUTHAJI CTAPT-CTOITHOTO PEKHUMA Tepe-
memenuss BTC (puc. 1, @), a Takxke BoccranoBieHHbIH 1o BIIC-anroputmy curnan
(puc. 1, 6) oroOpaxatorcs Ha BeliBier-kapTe (W-kapTe) ceMpl0 BpeMsSI-4acTOTHBIMH
aromamu (BUA) [4, 7]: mepBble MATh UMITYIIBCOB 0TOOpaskeHbI maThio BUA Ha Bpemsi-
YaCTOTHOM pactpeneiennu Buraepa, mectoit — apymst BUA.

a

’ /.\ /\NV\/’\
| WJ w‘ ‘»M/l “\J/ R

| ‘ (ﬂww ﬂ/v\w /\Nx/
: | |

V[’ Iy A [ Y.

T T T
10000 20000 30000

T T T
10000 20000 30000

Puc. 1. Ocumiiorpamma curaana crapr-cronsoro pexxuma nepemenienust BTC no TT, yxozasieit
Baeso oT HOT, u ee BpeMs-4aCTOTHOE paclpeelICHue
Fig. 1. The waveform of the signal corresponding to the start-stop mode of the UMV moving along
the CT leaving to the left of the NAT, and its time-frequency distribution

Ha puc. 2 nokaszaH cursan npsaMoro nepexoHoro npouecca npu aesuamuu 1T Bie-
B0 oT HOT B neHTpHpOBaHHOM BHJE; KPOME TOTO, 3/I€CH K€ MPEJICTABIECH PEKOHCTPY-
upoBaHHBIH 10 BIIC-anroputMy CUTHAN 3TOTO peKUMa, a TAK)Ke ONIHOKA armpoKcHMa-
uuu  curHana. Ilpm sToM mpouecc uMeeT BHUJA UMPI-CUTHAJIA C HAjgarouei
BpEMSI-3aBUCUMOY MTHOBEHHOW YaCTOTOM.

3neck ke mpuBeieHa KapTa Burnepa ass mpsaMoro nepexonHoro mporecca npH Jie-
Buanmu TT BieBo or HOT, skcniepuMeHTanbHO 3aQUKCHPOBaHHAS ITPOTPaMMHO-aIIa-
paTHBIM KOMILJIEKCOM B JUPEKTOPUSIX MOJICUCTEM BHEIIHETO U aBTOHOMHOIO YIIpaBJie-
uus (IICBY u IICAY). [IpencrapnenHas kapta Buraepa 1eMOHCTpUPYET YAPI-CUTHAT
CO CHIDKEHHEM MTHOBeHHOM yacToTs! ¢ 0,5 T (0 = 3,14 ¢ ') 10 /= 0,02 T1ig (0 = 0,13 ¢ ).
Iono6nas nesuaryst TT BTC MoxeT ObITh BhI3BaHA HATMYMEM Ha MapUIPyTe JUHAMU-
YECKOTO MPENATCTBUS B BUAE I'PYNIbl UAYUIUX JIIOAEN, CTAIMOHAPHOTO MPEHSTCTBUS
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THUIAa BPEMEHHO YCTAHOBJIEHHBIX CPEJICTB OCBEILIEHHUS, SJIEKTPOTEXHUUECKUX pacIpe-
JICIUTENBHBIX YCTPONCTB C BO3AYIIHBIM/KaOEIbHBIM OTBEICHUEM HJIH JISKAIIMX Ha J10-
POYKHOM TIOJIOTHE HErabapUTHBIX KYCKOB ITOPOJIbI/YIJISL.

SRR
6.

!Y‘Wﬂpm"[mi)wm\./.lm.w AAMII A AR AR AN A A A Ao ‘.”"T

) o & o

Puc. 2. OnHOMepHBIH curHai (B HOACHCTEMax BHEIIHETo U aBToHOMHOro yrpasienus TT BTC)
o popmupoBannu TT, otknonstomeiics Bieso or HOT, u ero xapra Burnepa
Fig. 2. A one-dimensional signal (in the subsystems of external and autonomous control of UMV CT)
of forming the CT deviating to the left from the NAT, and its Wigner map

Ha puc. 3 nemorCTpHpyeTCs B IEHTPUPOBAHHOM BHJIE CUTHAJ MTPSIMOTO MEPEXOTHO-
ro mporecca npu Aesuanud 1T BopaBo ot HOT; 3mech e mpencTaBieH peKOHCTPYH-
poBaHuHBII 110 BIIC-anroputMy curHal 3Toro pexkxumMa, a Takke OImMoOKa armpoKcuMa-
nuu curHaia. lIpm 3ToM mpomecc WMeeT BHJ YHPI-CHTHAA C BO3paCTaoIIEH

o
.::i; A

I'n

= 4

0

3,24

7,‘;:;3_5/Mn,;\4-1JM-Ju;rﬁ,nﬁ;ﬂmf‘;.wl,a.w;f,u,ulw(‘:ﬁ'.l;‘w.\ua!,--»&‘lfmwwwwmw 2'50

0 10 20 30 c
Puc. 3. CneBa — oJTHOMEpHBII CUTHAI (B MOJCHCTEMAaX BHEITHETO H aBTOHOMHOTO yrpasieHus TT
BTC) o popmuposanuu TT, oTkionstomeiics Bupaso or HOT; cipaBa — Bpems-4acToTHOE
0TOOpaXKEeHHE BOCXOASIIETO MPSIMOTO MEPEXOIHOTO Mporecca (aBTOHOMHO-CIIOPAJMYECKOTO0) MITH
obpatHOro nporecca (MPUHYIUTEILHO-MOAAIBHOT0); YacTOTa YUPII-CUT'HAJIA BApbUPYETCS B
nuanazone f{#)yy = 3,24-6,13 T'x
Fig. 3. Left — a one-dimensional signal (in the subsystems of external and autonomous control
of UMV CT) of forming the TT deviating to the right of the NAT
On the right — time-frequency representation of the upward forward transient process (autonomous-
sporadic) or the reverse process (forced-modal); the chirp signal frequency varies in the range

S@)var = 3,24-6,13 Hz

T T
E) ate o0

BpeMsI-3aBUCMMOI MIHOBEHHOM yacToTol. Ha BeliBner-kapre puc. 3 mokasaH 3adukcu-
POBaHHBIN SKCIIEPUMEHTAIIBHO BOCXOASIININ IPSIMOM EPEXOJHBIN 1poyecc IPU OTKIIO-
Henuu TT Bopaso ot HOT mnm Takke BOCXOIAMIHIA, HO 0OpaTHBIN MpoLece IpUHYAH-
TEIBbHOU KOMIIEeHcalyy JeBou Aesuanuu TT, Bo3Bpallaomui TEKYIy0 TPAaCKTOPHIO K
HOT, xomopuiii otoOpaxen B popmare BelBieT-pacipeesienus Burnepa. 3uech xe,
B COBMCIIICHHOM BHJIe, 0TOOpakeHb! BUP nByX HempepbiBHBIX cTannoHapHbix TT Ha
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Puc. 4. Anropurm ¢popmupoBanust 3D-oToOpaskeHUsI 0JHOMEPHOTO CHTHAJIA TeKyIIel
tpaekropun bTC
Fig. 4. Algorithm for generating the 3D-representation of the UMV current trajectory one-
dimensional signal
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yacrorax 2,03 I'm u 2,50 I'n, a Taxoke BUP aByx cranmmonapHbix ctapT-cTonmHbix TT
COOTBETCTBEHHO C TIapaMeTpaMy OBTOPHO-KPaTKOBPEMEHHBIX PEKUMOB:

— npu yactore 0,99 'y anurenbHOCTh MHTEpBaia ABMkeHust — 10 ¢, ocTaHOB — B
TeueHue & ¢, mepuof nukia asrkeHns bTC no nuckperHo# npsiMoit TpaekTopuu — 18 c.
Takum 0Opa3oM, HHAEKC pexxuMma aBmxkeHus — 60 %;

—mpu yactote 0,82 'y qmuTensHOCTh MHTEpBalia ABMXKEHUS — 8 ¢, 0CTaHOB — 7,8 C,
nepuon nukia aewkeHus ATII/BTC mo muckperHoi mpsmoi Tpaekropuu — 15,8 c.
Wunexc pexxnma aprkeHus — 50 %.

OTMeTHM, 9TO BOCXOMAAIINI OOpaTHBIN TepexoAHblil mporecc (T. €. MPUHYIHU-
TeNBbHO-MOaNbHEIH [12, 13]) npu peanu3zanuu nporenypsl KomreHcanuu aesuarmu TT
Bi1eBo oT HOT mpuHAT B aBTOMAaTU3MPOBAHHON CHCTEME YNpPaBIECHUS TaKUM K€ T10
¢dopme, uTO M BocxoasmMid npsMoii nipu otkioHennu TT Bopao ot HOT, ¢ nenbio
(hopMHUpPOBaHHS MTPOIIECCOB, BOCCTAHABIUBAIOIINX HOMHUHAIBHBIA PEKUM TepeMelnie-
Hust BTC B ecrecTBeHHOM BHUJE, C TOUKH 3peHUS (DYyHKIIMOHUPOBAHUS (TOPMOKEHUS U
YCKOPEHHsT) UCTIONHUTENBHBIX MexaHn3MoB BTC.

IIpu HenmpepsIBHOM MOHUTOPHPOBAHUH B BEHBIET-cpeie AMHAMUYECKOTO COCTOS-
st TT BTC Ha mapuipyte nmociie 06paboTku TpaektopHoro 1D-curnana cienyeTr KoMm-
TUIEKCHAsl onepayus TOCTPOCHUS BPEMSI-4acTOTHBIX KapT Burnepa, aaroputm xomo-
poti TIpeacTaBiieH Ha puc. 4. OTMeTHM, 9TO B pesynbTare nocrpoerns BUP curnama
nesuarn 1T moncuctema [ICAY/IICBY nogaer komaHay Ha OOPTOBBIE UCTIONTHUATENb-
HbIe MexaHU3MbI X010Bol yacTu BTC, kotopbie (GopMUPYIOT HauaIbHBINA («IIPSIMOID»)
JIBYX3KCIIOHEHUIUAJIBHBIA y4acToK AeBuanuil TT B BUe anepruoanveckoil NepexoIHon
¢ynknuu Broporo nopsiaka [12, 13]. TTo okoHUYaHNH HEHTpaTu3aluy CIIOpagnIecKOro
BO3MYIIEHHSI, BBI3BAHHOTO BO3HMKHOBeHHEM Ha myTH BTC mpensTcTBus, cucrema
dhopMHpyeT MPUHYAUTEITEHO-MOAIBHBIN («OOPaTHEII) MEePEXOIHBIA MPOIEeCC, KOM-
neHcupyrowmuid orknonenue TT ot HOT.

[Tocne BBIMOTHEHUS PEABAPUTENBHBIX IPOLEAYDP, CBA3aHHBIX C GUIBTpanuei Tpa-
€KTOPHBIX CUTHAJIOB, IIPOU3BOIUTCS IIpoenupoBanue TT-curHaia Ha ci10Bapb BEMBIIET-
byuknuii [4, 5], conepxammii BeiBnetsl [abopa [4, 7] ¢ YeTBIpbMS MapaMeTpaMH:
cMmernenue /, macmtad N, gactora &, HauanpHas (ha3a CHHYCOUIATHFHOW KOMITIOHEHTHI .

[lanee B uTepaTHBHOM IIMKJIE TIPH TEKYIIIEM HOMepe uTepanuu i = 1 ... m peanusy-
eTCs TIpoIIeypa BIOOpa U3 CIIOBAps OINPE/IeICHHON BeUBIeT-(DyHKIINH, YIOBIETBOPS-
IOLIel YCIIOBHIO MaKCMMH3aLUHU CKAIApHOTO npoussencHus [4, 5, 14] ¢ pparmenTom
annpokcumupyemoro TT-curnana. CreayromuM miaroM Mo pacyeTy BeHBIeT-TIpesn-
CTaBJICHUSI CUTHAJA ABJSETCS BBIYMCICHHE HEANPOKCHMHPOBAHHOTO OCTAaTKa, KOTO-
PBIN Ha TOCIEAYIOIMNX UTEPAIHIX TaKKe alllIPOKCUMUPYETCS, U MPOLEAYyPa MPOEIIH-
POBaHUs CUTHAJIA HA CIIOBAPh TIOBTOPSIETCS.

B xoHeuHOM cueTe, cymma BHIOPaHHBIX U3 CIOBaps BEUBIET-QYHKIUNA CO CBOUMHU
KO3 PHUIMEHTaMH B BUJE CKaJSIPHBIX MPOU3BEACHUI CUTHAJA U COOTBETCTBYIOMIMX
BEHBJICTOB, BHIOPAHHBIX U3 CIIOBAaps, A6/1semcs alanTUBHON anmnpokcumanueit [4, 5]
aHAJIM3UPYEMOTO OJJHOMEPHOTO TPAEKTOPHOTO CUTHAJIA.

ITocne okoHuaHus Tpoliecca aJanTUBHON anmnpokcumanuu TT-curHana BeWBIET-
¢yakuusamu ['abopa B cucteme GopMupyeTcs BeHBIeT-0TOOpaKEHHE CUTHANA B BHJIE
BeliBNeT-psina, mocie yero Ha W-Kapre BHU3yalbHO OTOOpa)kaeTcsi COOCTBEHHO
3D-Bpemsi-uactoTHOE pacnpenenenue TT-curHana B opMe MIOTHOCTH SHEPTUH CIIEK-
TPAJIBHBIX COCTABIAIOMMX curHana E (N, £) Ha BpeMsA-4aCTOTHOH MIIOCKOCTH:

E(18) = 2 3 36y () W18 =

= inm—l(n)! \V(s,r,g;)m (l/l)>‘2 W\V(S,r,é)m (n’ }’;)
m=1
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CornacHo npencTaBieHHONH MH(QOpManny, BeHBIeT-QyHKINN BEIOUPAIOTCS U3 W3-
OBITOYHOTO CJIOBaps MO KPUTEPUI0 MAKCHMYMOB CKaJISAPHOTO MPOU3BENEHUS MEXIY
CUTHAJIOM U COOTBETCTBYIOLIUM BeiiBiIeToM. OTMETHM, 4TO OTI€paIMK pacuyeTa CKajsp-
HOTO TIPOM3BENEHUS MPEIIECTBYIOT MPOLEAYPHl LIEHTPUPOBAHUS, AUCKPETU3AIUN U
HOopManu3anuu [ 12] ucxomgHoro curnana o quHamudeckoM coctostauu TT. MasiMu ciio-
BaMU, MCXOJIHBIA CHUTHAJ TOCJe EHTPUPOBAHUA U JUCKPETU3ALUHU TpeoldpasyeTcs B
COOTBETCTBHHU C OIeparueil npuBeeHHs K kBaaparuyHoii Hopme || x(2) || = 1[4, 14].

AJNTOPUTM BEHBIIET-TIOMCKA COOTBETCTBUS C TAOOPOBCKUM CIIOBAPEM OOECIICUHBACT
HanboJjiee TOYHOE OMUCAHUE BPEMSI-4aCTOTHBIX CTPYKTYP CpPeIH JOCTYIHBIX B HACTOS-
niee BpeMst MeTo0B [3]. JIaHHBIN aNropuT™, OIIEPUPYIONINH Ta00POBCKUM CIIOBapeM,
oOmagaer HanOOMbIIEH TOYHOCTHIO NMPH OMHCAHUU BPEMS-4aCTOTHBIX CTPYKTYp, TaK
KaK OH OIMCBIBAET MPEACTABICHHbIE B CUTHAJIE KOMIIOHEHTHI B TEPMUHAX UX BPEMEHHU
BO3HMKHOBEHHSI, YaCTOTHOTO M BPEMEHHOTO OXBAaTa, aMILUIUTY/bI U (pa3bl — ¢ paspelie-
HUEM, KOTOPOE MOXKET OBITh HACTPOEHO /10 TEOPETHUECKHX TPEIETIOB.

3akiiouenne. Pe3ynpraTel MCCIeNOBaHUN TTOKA3bIBAIOT, YTO MAaTEMaTHICCKUN am-
napar BeHBIIET-IIpeoOpa3oBaHuil IpeicTaBIseT co00i APPEKTUBHBIN CIOCOO aBTOMA-
THU3UPOBAHHOTO KOHTPOJIA U YIpaBieHus TuHaMukoi nepemeriennit bTC no maprpy-
TaM B TIpefiesiaX KapbepHBIX aBTOJOPOL.

B pabote paccMOTpeHBI MPOLERyphl TPE00Pa3OBaAHUS 0OHOMEPHBIX CUSHANIO8, Xa-
pakTepusyromux auHaMmudeckoe coctosiHue TT BTC Ha TexHOIOrHUecKuX MapupyTax
B YTOJIBHOM Kapbepe, B UX MHO20MEPHble BPEMSA-4acTOTHBIE oToOpakeHus. HeoOxomm-
MOCTh TO0OHOTO TpeoOpa3oBaHUs CUTHAIBHBIX (DYHKIMHA OJIHOMEPHOTO MPOCTpaH-
CTBa B MHOTOMEPHYIO BEUBJIET-CPENy JaeT BO3MOXHOCTh MH(POPMAIIMOHHO €MKO U
(YHKIIMOHAIEHO PO3PavyHO KOHTPOJIUPOBATH B 3TOH cpelie TMHAMUYECKOE COCTOSTHHE
KapbepHBIX OECTIMIIOTHBIX TPAHCIOPTHBIX CPEJICTB M YNPABIATH X TEKYIUMH MapIil-
PYTHBIMHU TPAaeKTOPUSIMH B aBTOMAaTH3HMPOBAHHOM PEKMME B YCIOBUSAX OTKPBITHIX TOP-
HBIX paboT.
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The technique of wavelet transforms in the computer-aided system
for controlling the unmanned dump trucks movement

Ivan V. Chicherin!, Boris A. Fedosenkov!, Ilia S. Syrkin!, Vladimir Iu. Sadovets!, Dmitrii M.
Dubinkin!
LT. F. Gorbachev Kuzbass State Technical University, Kemerovo, Russia.

Abstract
Introduction, purpose of the work. Within the framework of the computer-aided system, the technology of
a method is formed to control the current trajectories (CT) of unmanned vehicles (UMV) when they move
along quarry routes in open-pit mining. The purpose of the presented research is to analyze the application
of the wavelet transforms technique to the problem of routing unmanned vehicles when they move along
quarry routes.
Methodology. The results of modeling one-dimensional signals corresponding to the UMV current
trajectories are presented, when the latters deviate to the left / right from the nominal axial trajectory
(NAT), as well as their time-frequency distributions in the wavelet medium. The algorithm of the procedure
for displaying scalar signals is developed and described to control UMV CT in a complex medium of
time-frequency wavelet transforms. This transformation allows you to monitor the movement of UMV in
a functionally transparent and informative way and effectively manage the processes of trajectory routing
of dump trucks in the quarry.
The analysis of research results. The processes of modifying the current trajectories of the UMV movement
under the control of the computer-aided system are generated using the methods of wavelet transforms.
They are based on algorithms for projecting trajectory signals with a time-dependent frequency (chirp
signals) onto a set of wavelet functions within a wavelet thesaurus (wavelet dictionary), wavelet matching
pursuit procedures, and representing scalar signals in a specific multidimensional medium of Cohen's
class time-frequency distributions. Simulation results in the form of waveform trajectory (CT-) signals and
their three-dimensional Wigner time-frequency maps representing the movement of UMV in a start-stop
mode, and the signals of formed continuous deviation trajectories while they deflect to the left and right
of NAT. The algorithm for generating a 3D-image of a UMV current trajectory one-dimensional signal
is presented.
Conclusion. It is concluded that the mathematical technique of wavelet transforms is the most appropriate
and effective one for computer-aided monitoring and controlling the dynamics of UMV moving along
opencast mine routes.

Keywords: unmanned vehicles; current trajectories; chirp signal; Gabor wavelet functions; wavelet
matching pursuit algorithm, time-frequency distributions; wavelet medium.

Acknowledgements. The work was carried out with the financial support of the Ministry of Science and
Higher Education of the Russian Federation within the framework of agreement no. 075-11-2019-034



114 "lzvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal”. No. 3. 2021 ISSN 0536-1028

of 22.11.2019 with PJSC KAMAZ on the comprehensive project “Development and creation of high-tech
production of autonomous heavy platforms for deserted mining in the Smart Quarry system”, with the
participation of T. F. Gorbachev Kuzbass State Technical University.

REFERENCES

1. Chicherin I. V., Fedosenkov B. A., Syrkin I. S., Sadovets V. Iu., Dubinkin D. M. The concept of
controlling the unmanned vehicles in open pit mining. Izvestiya vysshikh uchebnykh zavedenii. Gornyi
zhurnal = News of the Higher Institutions. Mining Journal. 2020; 8: 109—120. (In Russ.)

2. Dubinkin D. M. Current state of technics and technologies in the field of autonomous control
movement vehicles of coal mine quarries. Gornoe oborudovanie i elektromekhanika = Mining Equipment
and Electromechanics. 2019; 6: 8-15. (In Russ.)

3. Chicherin I. V., Fedosenkov B. A., Syrkin I. S., Sadovets V. Tu., Dubinkin D. M. Using a wavelet
medium for computer-aided controlling the movement of unmanned vehicles along quarry routes. Izvestiya
vysshikh uchebnykh zavedenii. Gornyi zhurnal = News of the Higher Institutions. Mining Journal. 2021,
2: 103-112. Available from: DOI: 10.21440/0536-1028-2021-2-103-112

4. Mallat S. A wavelet tour of signal processing. New York: Academic Press (2nd ed.), Ecole
Politechnique, Paris; Courant Institute, New York University, Library of Congress Catalog Card Number:
99-65087, 1999; Reprinted 2001. 637 p.; 3d Edition. The Sparse Way. Academic Press, 2008. 832 p.

5. Mallat S., Zhang Z. Matching pursuit with time-frequency dictionaries. /[EEE Transactions on
Signal Processing. 1993; 41(12): 3397-3415.

6. Auger F., Chassande-Mottin E. Quadratic time-frequency analysis I: Cohen’s class, Time-frequency
analysis: concepts and methods. ISTE. 2008; January: 131-163.

7. Fedosenkov D. B., Simikova A. A., Sudakov 1. V., Fedosenkov B. A. Engineering realization of a
computer-aided control system jointly working with a mixture-producing aggregate based on the wavelet
transforms. In: Tolok F. V. (ed.) CAD/CAM/PDM — 2016: Proceedings of the 16th Intern. Youth Conf.
Moscow: Analitik Publishing; 2016. p. 241-244. (In Russ.)

8. Boashash B. Measures, performance assessment, and enhancement TFDs. Time-Frequency Signal
Analysis and Processing: a comprehensive reference. Academic Press. 2016; January; 387-452.

9. Fedosenkov D. B., Simikova A. A., Kulakov S. M., Fedosenkov B. A. Cohen’s class time-frequency
distributions for measurement signals as a means of monitoring technological processes. Steel in
Translation. 2019; 49(4): 252-256.

10. Debnath L. Recent development in the Wigner-Ville distribution and time-frequency signal
analysis. PINSA. January 2002; 68(A); 1: 35-56.

11. Debnath L. Wavelet transforms and their applications. Boston: Birkhauser, 2002. 565 p.

12. Dorf R. C., Bishop R. H. Modern control systems. Moscow: Laboratoriia bazovykh znanii
Publishing; 2002.

13. Goodvwin G. C. et al. Control system design. Moscow: BINOM, Laboratoriia znanii Publishing;
2004. (In Russ.)

14. Korn G., Korn T. Mathematical handbook for scientists and engineers. Moscow: Kniga po
trebovaniiu Publishing; 2012. (In Russ.)

Received 18 January 2021
Information about authors:

Ivan V. Chicherin — PhD (Engineering), Associate Professor, Head of the Department of Information
and Computer-aided Manufacturing Systems, T. F. Gorbachev Kuzbass State Technical University.
E-mail: chicivan@yandex.ru

Boris A. Fedosenkov — DSc (Engineering), Professor, professor of the Department of Information
and Computer-aided Manufacturing Systems, T. F. Gorbachev Kuzbass State Technical University.
E-mail: rafwaveletsve@mail.ru

Ilia S. Syrkin — PhD (Engineering), associate professor of the Department of Information and Computer-aided
Manufacturing Systems, T. F. Gorbachev Kuzbass State Technical University. E-mail: ilya.syrkin@mail.ru
Vladimir Iu. Sadovets — PhD (Engineering), Associate Professor, associate professor of the Department
of Information and Computer-aided Manufacturing Systems, T. F. Gorbachev Kuzbass State Technical
University. E-mail: vsadovec@yandex.ru

Dmitrii M. Dubinkin — PhD (Engineering), Associate Professor, associate professor of the Department
of Metal-Cutting Machines and Tools, T. F. Gorbachev Kuzbass State Technical University.
E-mail: ddm.tm@kuzstu.ru

s uutupoBanus: Ynuepun U. B., ®enocenxos b. A., Ceipkun U. C., Cagosen B. 0., Jlyounkun
J. M. Anmapar BeiiBier-nipeoOpa3oBaHHii B aBTOMaTH3UPOBAaHHON CHCTEME yIPaBIICHUS NIepeMeIeHUEM
KapbepHBIX OCCIMIIOTHBIX TPaHCHOPTHBIX cpencTB // W3Bectus By3oB. opHeii xypnam 2021. Ne 3.
C. 106-114. DOI: 10.21440/0536-1028-2021-3-106-114

For citation: Chicherin 1. V., Fedosenkov B. A., Syrkin 1. S., Sadovets V. Tu., Dubinkin D. M.
The technique of wavelet transforms in the computer-aided system for controlling the unmanned dump
trucks movement. lzvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal = News of the Higher
Institutions. Mining Journal. 2021; 3: 106—114. DOI: 10.21440/0536-1028-2021-3-106-114



ISSN 0536-1028 «H36ecmust 8y306. Topuwiil scyprany, Ne 3, 2021 115

WCTOPUA. UHOOPMALIUA. PELIEH3UA

VK 378.096:622.7 DOI: 10.21440/0536-1028-2021-3-115-122

K 100-netuto kacheapbl o0orawieHns nonesHbix uckonaembix YTy

KosuH B. 3.1
1 YpanbCckuit rocyapCTBEHHbIN FOPHBIA yHUBEPCUTET, I. EkatepuHbypr, Poccus
*e-mail: gmf.dek@ursmu.ru

Pegpepam

Kagheope oboecawenus nonesnvix uckonaemvix YITY ucnornunoce 100 nem (1921-2021). 3a smom
nepuood  kageopa  noodzomosuna 4601  copnoco  umdcenepa-obozamumens, — obecneyusas
MexXHOI02UYeCKUMU Kaopamu obozamumensvHvle ¢adpuxu eceti Haweu cmparvl. Cpedu 6bINyCKHUKOB
2 I'epos Coyuanucmuueckoeo Tpyoa, 21 dokmop mexnuueckux Hayk, 169 xanoudamoe mexHuueckux
nayx, 14 aaypeamos I'ocyoapcmeennvix npemuii, pykogooumenu I'OKoe u obocamumenvhoix ¢pabpux.
Ilpenooasamenu xagedpst noocomosunu u onyonUKosanu y4eOHUKU uiu yuebHvie nocoous no ecem
yumaembimM Kypcam, paspabomanu Hoevie yuebnuvle Kypewvl (« Ungpopmayuonnvie memoovt obozaujenusy,
«luopoxumuneckue memoovl oboeaujenusy, «Onpobosanue MuHepaibHo2o cuipbsay, «Teopus
pasoenenus munepanosy, «Teopus unscenepnozo sxcnepumenmay, « Cogpemennvie oboeamumensHule
Gabpuruy u op.). Jlabopamopust kagedpvi ochaujeHa noIHbIM Habopom 060PYO0EaAHUs, NO3EONAIOULE20
CMYyOeHmam 6bINOAHANb ONbIMbL NPU UZYYEHUU BCEX KYPCOB, d MAKICE CAMOCMOAMENbHYI0 pabomy no
uccneoosanuto  pyo Ha obocamumocms. Kagedpa nposooum  excez00HyI0  MeNCOYHAPOOHYIO
Kongepenyuio «Hayunvie ocnosbl u npakmuxa nepepadomru pyo U mexHO2EHHO20 CbIPb», 068aHCObL
npunumana oeneeamos IINAKCUHCKUX umeHutl, yuacmeogana 6 pabome MexcOyHapooHo2o Kouepecca
no obozawenuio 2018 2. ¢ Mockee.

Knroueevie cnoea: obozawenue nonesnvix uckonaemvix;, zopuwiii uncmumym, xageopa OITH;
VITY; unsicenep-oboeamumens, 3a6edyiowuii Kagheopoui; 6blnYCKHUKU.

B 1914 rony uznan yka3 06 00pa3oBaHHH YPaIbCKOrO FOPHOTO HHCTHUTYTA.

Coxpanunocs nuaHoe jeno Muxamna @enoposuua OpTHHA, B KOTOPOM €TI0 PYKOIO
3anucano: «C 15 aBrycra 1921 roga — 3aBenyromuii kadenpoii o0orameHus moIe3HbIX
uckonaeMbix». C 3Toil narel HayaT oTcueT paboTel Kadenpbl oOorameHus
nose3Hbix uckonaeMelx (OIIN), Bropoii B Poccun nocie xadeapsr Takoro xe npoduis
B ropHoM By3e Cankrt-IlerepOypra.

Muxaun @enopoBud Bo3miais kadeapy B Teuerue 32 nert, 1o 1953 roga. 3a atot
MIEPUOJ] CAETAHO MHOTO€:

— co3naHa naboparopus kadeapsl, 1eHcTByONIas 1O CHX MOP, padoTaeT COXpaHeH-
Hasi JpoOMIIKa KpyIHOTO APOOJICHUS, H3roToBNIeHHas B 1925 roxy;

— BBIIy1LIEHO 459 nHxeHepoB-o0orarutenei, cpeau Hux ['epon ConmanucTuaecko-
ro Tpyna A. A. Kopones u II. II. Marttommn, unen-xoppecnonaenr AH CCCP
B. U. PesnuBues, Munuctp nBeTHoil Mmetamnypruu u npenceaarens HTK CM Kazax-
crana A. M. Cupazytaunos, pexkrop CI'U I1. S. Spyrtun (1931-1935), 14 naypearos
T'ocynapcTBennbIx CTaqMHCKUX MPEMUH;

— OpraHM30BaH HHCTUTYT «Ypaimexanoop» (1929), M. ®@. OpTuH 10 KOHIIA KHU3HU
SIBJISUICSL €TO COTPYAHUKOM; KOCTSK «YpaiMexaHoOpa» BCerna COCTaBISUIN BHIITYCKHHU-
ku kadenper O Ypansckoro ropaoro uncrturyra (CI'H, YITTA, YITVY);

— W3/1aHa OfIHA U3 PEIKHUX MO TEM BpeMeHaM MoHorpaduil «Mexanudeckoe obora-
mienue pya» (1932, 1937).
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ITeprie mBa oboraturens — . C. CazonoB u B. A. KynmuOuH — BBIIyIICHBI B
1924 rony. I'. C. Ca3oHoB B 1925-1926 rogax ysxe 4uTaa HamUCaHHbII UM Kypc JIEKIUI
«OO0orarieHre MoNe3HbIX HCKOMaeMbIX. Kparkuii Kypc» u OBUT INIaBHBIM CIICIIHAIIH-
CTOM TpecTa «Ypaipynay.

M. ®. Oprun. 3asenyroumii kabeapoii OIN A. I1. lnomuios. 3apenytommii kadenpoii
B 1921-1953 roas! OIIN B 1953-1971 roxst

B. A. Kynu6un B 1936 rogy Hanucan yueOHuK 1 By30B «IloaroToBka sxene3Hbix
pyn k nnaBke». OH xe B 1938 rony penensuposan kaury M. ©. OpTuHa U Hanuca:
«MecTaMu OHa He TOJBKO HE MOJIE€3HA, HO U Jake BPEAHA, IOTOMY YTO B HEKOTOPBIX
MECTax OHa MOXKET MPUBUTH CTYACHTAM HENpPaBHWIbHBbIE (POPMYINPOBKH, HEPABHIIb-
Hoe ocBelmenue...». Crnacnmu kuury WM. M. Bepxosckmii, C. M. SfcrokeBuu u
M. A. Diirenec.

K nacrosimemy Bpemenu kadenpa OIIN, oqHa u3 HEMHOTHX COXpaHHMBIIMX CBOE Ha-
3BaHME C MOMEHTa OpraHu3aluy, BblmycTHiIa 4601 ropHoro MHKE€Hepa TEXHOJOTa-
oOorarutens. bypubie coOpITHsI XX BeKa OTPa3HIMCh M Ha BBITYCKaxX Kadeapsl.

BeInmyck nH:KeHepOB-000raTuTeNIei 0 Nepuoaam

Fomer Tleprox JTensHoCTh Beimyck, Beero, uen.
Mepuosa, Jiet yei./ron

1923-1933 | CraHoBieHue 10 3 30

1934-1940 | Wunpycrpuanu3amus 7 25 170

1941-1951 | Boiina u 10 11 111
MOCJIEBOCHHBIE T'OJIBI

1952-1958 | Beiciine HHKEHEPHBIE 7 80 555
kypcsl (BUK)

1959-1991 | CraGunbHoe pa3BHUTHE 33 64 2048

1992-2021 | Hossle ycnoBus 29 58 1687
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[TonroroBka MHKXEHEPOB-O0OOTaTUTENEH CETOTHS BEACTCS 10 y4eOHOMY IIIaHy, CO-
JeprkameMy 16 crienuaibHBIX AUCIMIUINH, YUTaeMbIX Kadenpoi. [Ipemonarores kiac-
cH4eckue Kypchl: «/lpobienne, n3MeapueHne, TPOXOYeHUE», «I paBUTalMOHHBIE METO-
JIb1 00OTaIeHHsD, « MarHUTHBIE U SNIEKTPHYECKUE METOBI 000TaIleHUs, «DroTamusy,
«IIpoekrupoBanne oboraruTenbHbIX Gadpuk» u T. 1. Kpome TpaauIoOHHBIX BEAyTCs
U MHHOBaLMOHHBIE: «H(DOpMaIMOHHBIE Mpolecchl odoramieHus», «I uapoxumuye-
CKue Tpoueccsl odorameHus», «OnpodoBaHre MUHEPAILHOTO ChIpbs», «Teopus pas-
JeJICHUS MUHEPAJIoBY, « TeopHst HHKEHEPHOTO 3KCIIepuMeHTay, « KoMmmbioTepHbIe pac-
4yeTel B obOorameHun», «MccnemoBanue pyn Ha o0oratuMocTb», «CoOBpeMEHHBIE
oOorarutenbHbIe (HaOPUKI».

Oparment nabopatopun kadeapst B 1937 roxy.
VY oTcamo4yHOI MalInHBI

IIpenoxaBarenn kadeapsl TBOPUECKHU MOAXOAAT K MPOLECCY MOATOTOBKHU CHEHANH-
CTOB, YTO TO3BOJISIET UM YUTATh TPAJULMOHHBIE KYPChI, COMPOBOXKAASl UX aBTOPCKUM
B3IVISIIOM U OLIEHKaMHM, & WHHOBAllMOHHBIE Kypchl CHOPMHUPOBAHBI UMH ITOJHOCTBIO.
Kadenpa Boimyctuna 16 yueOHUKoB u yueOHBIX nocoduii: Mopo3zoe FO. I1. Ilpoexmu-
posanue oboeamumenvuvix padpux. 4. 1. Cocmas npoexma u nopsook npoekmuposa-
HUs: Hayy. monoepaghus. Examepunoype: YITY, 2009. 304 c.; llenesun A. E. Maenum-
Hble U dnekmpuyeckue memoovl obocaujenus: yueb. nocooue. Examepunoype: VITY,
2015. 159 c.; Loinun E. @. Ungopmayuonnvie memoost 0bo2auerus noie3Hblx UCKo-
naemuix: yueb. nocooue. Examepunoype: YITY, 2015. 206 c.; Konmynog A. B. [uopo-
Xumuieckue memoosl 0002auyeHus noJe3HbIX UcCKonaemuix. Boiuenrauusanue pyo: yueo.
nocooue. Examepunoype: YITY, 2016. 148 c. u ap.

Ha ceropnsimnuii nenp naGoparopust kKadeapbl COAEPKUT: YYacTOK APOOJICHUS;
YYaCTOK M3MENBYEHHUS; YIaCTOK MPOOOMIOATOTOBKH; YUAaCTOK MEKTPUUECKUX U ITHEB-
MaTU4eCKUX METOAOB 00OTAIeHNUs; YIaCTOK aHAJTUTUKU C PEHTTEHO(IYOPECIIEHTHBIM
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PeHTreHo(IyopeceHTHbIH aHAITU3aTOP U Mpecc s TabIeTOK

I'mppoxummueckas 1abopaTopus
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anHanuzaropoM (PDA); yyacTok THAPOXMMHYECKOTO OOOTAIICHMS; MAIIMHHBIA 3a
(c TaKMMU yCTaHOBKaMH, KaK cenaparop peHTreHO(IyopeCeHTHBIN, KOHIICHTPaliOH-
HBII CTOJI, OTCaZ0uHasi MalliHa, BUHTOBOH CemapaTop W IILUII03, LIEHTPOOCKHbIH cera-
parop, MarHUTHBIE CETapaToOphbl U aHAJIU3aTOPbI, (IOTAIMOHHBIE MAIIWHBI U AP.).

B npornecce n3yveHus IMCUUIUIMH CTYAESHTHI OCBaWBAIOT PadOTy Ha BceM J1aboparop-
HOM 00OpYJOBaHUH U K MSTOMY KypCy IMOJXOSAT K BBIMOJHEHHIO CAMOCTOSITETILHON pa-
0OTBI IO MCCIIEJOBAaHUIO HA 00OTaTUMOCTh U BBIITYCKHOW KBaJM(PUKAIMOHHOHN PabOTHI.

(DJ'IOTaI_[I/IOHHLIe MalllHbI

3a roxsl cymiecTBOBaHuUs Ha Kadeape padoTtanu cnenuanuctel: M. @. Optun — 3a-
Beaytommii B 1921-1953 roaer, A. I1. Jluomunos — 3aBenyrommii B 1953—1971 romsr,
npodeccopa H. I. Tiopenkos, I. I. Uysnos, b. H. Kpasen; nouentst B. C. Ko3nos,
II. A. SApyrun, B. M. Apamkesuy, M. H. benos, A. C. Boneros, 1. M. Kenuna,
B. U. Menxux, U. I. Tapuesckas, E. Il. Anexcangposa, M. lO. IloTeuiunug,
9. 3. Uranos, H. ®. Mepunog, C. I. Komnes; crapmue npenogasarenu U. A. Tapde-
HoB, I. H. IlaraGyrounoB, M. B. IlerpoBa; accuctentsl E. B. T'aBpuiosa,
@. T. LpinuH.

CoBpeMeHHBII cocTaB Kadeapsl: JOKTOp TexHuueckux Hayk B. 3. Ko3un — 3aBeny-
rouuit; 0. I1. Mopo3zor — podeccop, n-p TexH. Hayk; E. @. [pimuu — npodeccop,
no-p texH. Hayk; A. E. [leneBun — mpodeccop, n-p texH. Hayk; A. B. Konrynos —
JOLIEHT, KaH[. TexH. Hayk; T. FO. OBUMHHMKOBA — TOLIEHT, KaH[. TexH. HayK; E. A. bek-
YypHHa — JIOLEHT, KaHJ. TexH. Hayk; W. X. XaMuIynuH — TOLEHT, KaHIl. TeXH. HayK;
K. A. BonoBo3oB — cT. npenogasareiib; M. B. AkCceHbIOIIKIHA — 3aBeyIoMIas 1Jabopa-
TOPHEH.

C 1996 rona xadenpa exeroHO MPOBOTUT HAYYHO-TEXHHUYECKYIO KOH(DEPEHIHIO
«Hay4Hble OCHOBBI U MpaKTUKa MepepabOTKU Py U TEXHOTEHHOTO CHIPhs», Ha KOTO-
PYI0 IpEACTaBISIOT JOKIaabl oboratutenn Poccun u 3apy6eskns. Kaxpiii rox mocry-
naeT okojo 100 10KIa0B U BHITyCKAIOTCS TPYABI 10 MaTepraiaM KOH(pEepeHIINH.
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Kadenpa OITN B 1980 roxy (cnesa nampaso):
nepBbii psig — nou. I I Yysros; mon. U. M. Kenuna; ct. npenonasarens Y. A. ITapdenos; 3aBenyromuii kadenpoit
B. 3. Kozun; yue6nsiit mactep B. 1. Tpodumos; gou. A. B. Boneros;
Bropoil psng — goun. H. @. Mepunos; nou. E. ®. Ilpmun; 3aBenyromas nadoparopueir W. JI. BopTHuKOBa;
nou. W. I. Tapuesckas; nou. b. H. Kpasew; nou. O. IT. Mopo3os;
Tpetuid pan — cr. npenomasarens C. I. Komnes; umxenep JI. B. EbceeBa; umxenHep H. M. Tioromesa;
nou. E. I1. Anexcanznposa; nabopant JI. A. Loit; umxenep E. H. Kypranos;
yerBepThlii psn — wmmkeHep E. JI. Errpadosa; mabopant JI. A. Cepkopa; mmxenep H. B. AximoctnHa;
na6opant B. JI. aensrumua; sabopant JI. C. I'peBuuna; umkenep JI. A. Unucrikosa;
1B psin — uikeHep B. S1. Tloranos; mmxenep B. J1. Amymxus; nmkeHep A. B. Benoxpsurerkui; mmkerep 0. I Ocumries

Kadenpa OITN B 2021 roay (cieBa HampaBo):
cuaar — gou. A. B. Konrynos; npod. E. ®. Lpmun; npod. 0. I1. Mopo3os; 3aBenyroumii kadenpoit B. 3. Kozun;
3aBenyromas naboparopueii M. B. Akcenstonkuna; npod. A. E. [leneBum;
crostT — jion. T. }O. Opunnnunkona; unxenep C. C. 3aBpsiioB; cT. npenogasarens K. A. BogoBo30B; HayuHbIH COTPYTHUK
A. C. Komues; umxenep I1. M. ITenbkos; noi. Y. X. Xamunynun; urxkenep I1. C. Bonkos; urxenep T. H. J{3uBakoBckas



ISSN 0536-1028 «H36ecmust 8y306. Tophwiil scyprany, Ne 3, 2021 121

Taxke kadenpa MpUHUMAET JeNeraToB MpH NpoBeAcHWUU [IIakCHHCKHX YTECHWH,
ydacTBoBasia B pabore MexIyHaponHoro KoHrpecca mo oboramenuto IMPC 2018
B Mockse.

[IpenoaaBarenu peryaspHO MyONUKYIOT CTaTbl U MOHOTpaduu, OMHU U3 MOCTen-
HUX U3JIAaHHBIX paboT: [foinun E. @. Oboecawenue 8 cmadusx pyoonoo2omosKu. HayH.
monoepagus. Examepunoype: YITY, 2015. 303 c.; Moposos FO. I1., Bexuypuna E. A.,
Xamuoynun Y. X. Teopus u npakmuxa uzeieyenus moHKOOUCHEPCHbIX YACUY yeem-
HbIX U O1a20poOHbIX Memannos. Examepunbype: ®opm Juanoe-Ucems, 2017. 103 c.;
Kosun B. 3. Onpobosanue munepanvbrHo2o cuipbs. Hayy. MoHocpagus. Examepunbype:
VITY, 2011. 316 c.; Kosun B. 3. Togeapmuiii bananc obocamumenvhbix padOpux: Hayu.
monoepagus. Examepunodype: YITY, 2014. 113 c.

Brimyckauku kadeapsl paboTaroT 1o Beeil crpane. OHU COCTABISIOT 3HAYUTEIb-
Hyl0 4acTb TexHosoroB-oboraruteneii OAO  «YpanmexanoOp», VYIMK,
OAO «VYpanacbect», 3@ «Hopunbckuit HuKens», AO «HUUIIpoekracbect», Kopro-
paunn «Kazaxmeicy», Kaukanapckoro 'OKa, anmasneix ¢adpuk SxyTan u ap.

Brimyckauku nocemaior YITY Bo Bpems exxerofnsix Bcrped. Ha kadenpe xpanst-
csl aTbOOMBI, B KOTOpBIE 3aHECEHBl IMEHA BCEX BBIITYCKHUKOB C €€ OCHOBaHMUS JI0 Ce-
TOTHSIIHETO AHS ¢ (hoTorpadusiMi Ha MOMEHT BBIITYCKa M XapaKTEPUCTHKON yUeOBlI.

CoxpaHsis TpaJULIUU CBOUX NPEANICCTBEHHUKOB, KOJUIEKTUB Kadeapsl 00oraleHust
MOJIE3HBIX MCKOMIAeMBIX pa3BUBACT COBPEMEHHBIC HAIPaBJICHUS TOPHOTO Jelia U MOJ-
rOTaBJIMBaET HOBBIEC TIOKOJICHUS TOPHBIX HHKEHEPOB — MPO(eCCHOHATOB U BEICOKOKBA-
TUQHUIUPOBAHHBIX CHICIUAINCTOB.

Ioctymuna B penakuuio 11 mapra 2021 roga
Caeienns 00 aBTopax:

Ko3un Biagumup 3uHOBbEBHY — JOKTOP TEXHHYESCKUX HAYK, IPO(eccop, IeKaH TOPHO-MEXaHHIECKOTO
(akysbrera, 3aBeIyroiil Kadeapoil 000TaleH s TIONE3HBIX HCKOIIAEMBIX YPaIbCKOTO TOCYIapCTBEHHO-
ro roproro yauepcutera. E-mail: gmf.dek@ursmu.ru
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Celebrating the 100" Anniversary of UrSMU Mineral Processing Department

Vladimir Z. Kozin'
1 Ural State Mining University, Ekaterinburg, Russia.

Abstract

UrSMU Mineral Processing Department celebrates its 100" anniversary (1921-2021). During this
period the department trained 4,601 mineral processing engineers providing technical personnel for
concentrating mills all over the country. There are 2 Heroes of Socialist Labour, 21 Doctors of Science,
169 PhDs, 14 State Prize laureates, Heads of mining and processing works and concentrating mills among
the graduates of the department. Professors of the department prepared and published textbooks and
manuals for all the courses and developed new educational courses (“Information processing methods”,
“Hydrochemical processing methods”, “Mineral sampling”, “The theory of the mineral separation”,
“The theory of engineering experiment”, “Modern concentrating mills”, etc.). The laboratory of the
department is equipped with the full set of equipment allowing students to carry out experiments when
taking any course, as well as do individual studies on ore washability. The department holds an annual
international conference “Scientific basis and practice of ore and technogenic material treatment”.
The department received the delegates of the Plaksin Readings twice and took part in the International
Mineral Processing Congress 2018 in Moscow.

Keywords: mineral processing; mining institute; Mineral Processing Department;, UrSMU, mineral
processing engineer, Head of the Department; graduates.
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