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AHHoTanusi. OOBEKT UCCIIEIOBAHMS — MACCHB TOPHBIX MOPOJ C Pa3IMYHBIMH (OPMaMH IOIEPEIHOTO CEIECHHS
BbIpaOOTKH. Llenpro paboTHl SIBISIETCS KOMIIBIOTEPHOE MOJEIMPOBAHHE HANPSHKEHHO-Ie(GOpPMUPOBAHHOTO
COCTOSIHHSI 1 00BbEMHOW MOBPEXKIAEMOCTH B OKPECTHOCTH FOPHOW BhIpaOOTKH. HeHapyeHHbIH TOpHbIH MacCcuB
eme 10 oOpa3oBaHus BBHIPAOOTKM 00JIaJaeT HavalbHBIM HAINPSKEHHO-Ie(OPMUPOBAHHBIM COCTOSIHHEM (I10]]
coOcTBeHHBIM BecoM). lloaToMy i ompeneneHus HanpsDKEHHO-Ae()OPMUPOBAHHOTO COCTOSHHS MaccHBa
¢ BBIPAOOTKOM ClieqyeT CHauajla pacCUUTaTh HAIPSDKEHHOE COCTOSIHUE MaccuBa O3 BEIPaOOTKH, a 3aTeM y4ecTh
€ro Kak IpeIHANpPsKEHHOE COCTOSIHUE IS MacCHBa C BbIpaOOTKOM. OlleHKa CTENEHH NTOBPEKAaEMOCTH MacCHBa
¢ BBIPAOOTKOM NPOBOJMIACHE HA OCHOBE MOJYYEHHBIX paclpesiefieHnii HampshkeHud u gedopmarmid. Pacuer
00BEMHOI TOBPEX/AEMOCTH TPOM3BOAMWICS C MOMOLIBIO MOJEIH Ae(hOPMHUPOBAHHOTO TBEPJAOTO Tena
c onacHbIM 00beMoM. OnacHbIi 00BEM €CTh OTpaHWUYCHHAs 00JacTh, II€ HANpsDKEHUS WM AedopMaruu
TIPEBBIMIAIOT YCTAHOBJICHHBIH MOpor. Pacder omacHeIX 00bEMOB W OOBEMHOW MOBPEXIAEMOCTH ITPOBOAMICS
B KOHeuHO-3NeMeHTHOM nakete ANSYS. [l sToro Oputa HanmcaHa nporpamma Ha sizbike APDL. [{ns xaxmoro
KOHEYHOTO 3JIEMEHTa OBIJIO PACCUUTAHO OTHOLIEHHUE JICHCTBYIOIIMX M NPEAEIbHBIX AehopMaIiid. JIeMeHTHI,
JUI1 KOTOPBIX JAaHHOE OTHOIIEHHE INPEBBIMACT SIUHHIY, U OyAZyT 0Opa3oBBIBaTh OMAcCHBI 00BeM AJI BCEH
paccMaTpuBaeMoi MoJienH. B uTore uMeeM CIHCOK 3JIEMEHTOB, BXOJSIIUX B COCTAaB ONACHOTO 00bEMa, a TaKKe
€ro BeNMuuHY. Pa3paboTaHHBIM METOX OIEHKHM MOBPEXAAEMOCTH B OKPECTHOCTH ITOJ3€MHOH BBIPAOOTKH
YUUTBIBACT Pa3IuYHble (OPMBI CEUCHUS BBIPAOOTKHM WM TIyOMHBI ee 3aimeraHus. OOOCHOBaHAa aKTyaJIbHOCTb
MIPOBEACHUS HCCIEAOBAaHMS 30H BO3MOXHBIX pa3pylIeHHH C IpUMEHEHHEM MOJAEIH Ae(hOpMUPOBAHHOTO
TBEPJOTO TeJla C ONACHBIM 00BEMOM.

KiiloueBble ci10Ba: KOMIIBIOTEPHOE MOJEITUPOBAHUE, METOJ KOHEUHBIX JJEMEHTOB, HalpsKEHHO-
neGopMHupyeMOe COCTOSHHE, MOJENb Ae()OpPMUPOBAHHOTO TBEPIOro Tella C OMACHBIM O0BEMOM, OOBbEMHas
MTOBPEXIAEMOCTh, TOPHAsI BEIPa0OTKA.

KondaukT narepecoB. ABTOPHI 3asIBISIIOT 00 OTCYTCTBUM KOH(IMKTA HHTEPECOB.

s nurupoBanus. Illep6axos C.C., Illemer JI.A., Hacans O.A. KoMmmbroTepHOE MOAeIMpoBaHue 00bEMHOM
MOBPEKIAEMOCTH B OKPECTHOCTH TOpHO#T BeipaboTku. Jlokmaasr BIYUP. 2020; 18(7): 47-54.

47



JlokiiAnpl BI'YHP DokLaby BGUIR
T. 18, Ve 7 (2020) V. 18, No. 7 (2020)

COMPUTER MODELING OF VOLUMETRIC DAMAGEABILITY
IN THE MINE ROADWAY NEIGHBOURHOOD

SERGEI S. SHERBAKOV?*?, LIUDMILA A. SHEMET?, ALEH A. NASAN?

1 State Committee on Science and Technology (Minsk, Republic of Belarus)
2 Belarusian State University (Minsk, Republic of Belarus)

Submitted 9 September 2020
© Belarusian State University of Informatics and Radioelectronics, 2020

Abstract. The object of research is a rock massif with various cross-sectional shapes of roadway. The purpose
of work: computer modeling of stress-strain state and volumetric damageability in the neighbourhood of a mine
roadway. The undisturbed rock massif has an initial stress-strain state (under its own weight) before a mine
roadway is formed. Therefore, to determine the stress-strain state of the rock massif with the mine roadway,
we must first calculate the stress state of the rock massif without the roadway and then take it into account as
a pre-stressed state for the rock massif therewith. Damageability assessment of the rock massif with a mine
roadway was carried out based on the obtained distributions of stresses and strains. We calculated volumetric
damageability through the model of a deformed solid body with dangerous volume. Dangerous volume is
a limited area where stresses or strains exceed the predetermined threshold. Calculation of dangerous volumes
and integral damageability was carried out in the finite element package ANSYS. The program was written
in APDL. The ratios between the existing and limiting stresses was calculated for each finite element.
The elements for which this ratio exceeds unity will form a dangerous volume for the whole model. As a result,
we have an array of finite elements constituting the dangerous volume and its value. The developed method
for assessing damageability in the mine roadway neighbourhood takes into account various cross-sectional
shapes of the mine roadway and its depth. The relevance of studying possible destruction regions using
the model of a deformed solid body with dangerous volume was substantiated.

Keywords: computer modeling, finite element method, stress-strain state, model of a deformed solid body with
dangerous volume, volumetric damageability, mine roadway.
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BBenenune

Bonbimoe KOMMYECTBO HAYYHBIX WCCIEAOBAHWN TIOCBAIICHO OMNPEISICHUI0 M aHAIH3Y
C TIOMOTIIBIO KOMITBIOTEPHOTO KOHEYHO-3JIEMEHTHOTO MOJIEJTHPOBAHUS HaIpsKEHHO-
nedhopmupoBanHoro coctostaus (H/[C) pasnuaabix cucteM U 00beKTOB. B JaHHOM paboTe B KayecTBE
00bEKTa paccMaTpUBAETCsl MACCHB TOPHBIX mopoA. Ilpomeccsl pa3pymieHHs TOpHBIX MacCHUBOB IPH
BEJCHUU TMOA3€MHBIX pabOT HMMEIOT CIIOXKHBIA Xapakrep. Bo3Hukaer Oonbmuasi BEpOATHOCTD
o0pa3zoBaHHsl OCOOBIX YYacTKOB B KpOBIIE, TOYBEe M OOKkax BbIpaboTok. Ha 3Tmx y4acTkax MoryT
OJIHOBPEMEHHO II0 pa3HbIM HANpaBJIEHUSM JACUCTBOBATH CHXUMAIOLIUE U PACTITHUBAIOIINE
HanpspkeHusi. Takum 00pa3oM, MOKHO BBIICIHUTH MPEAIOIaraeMble 30HbI Pa3pyIICHUs B 3JEMEHTaX
BbIpaboOTKH. [1-5].

CymiecTByeT MHOXECTBO KPHUTEPHEB ISl OMpeeNieHUs] JaHHBIX 30H, OJHAKO 3ajada 00 HX
HMHTETPAJIbHOM OIIEHKE OCTAaeTCs J0 KOHIIA HEPEIIEHHOH. ABTOpaMH MpeIaracTcs OJMH U3 BApPHAHTOB
pelieHuss JaHHOW TpoOIeMbl € WCIONB30BAHUEM MOJIENN J1ehOPMHUPOBAHHOTO TBEPIOTO Telia
¢ omacHsIM o0beMoM [ 1, 2].
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KomnbsioTepHoe MoieiMpoBaHHe HATIPSKEHHO-1e()OPMHUPOBAHHOTO COCTOSIHHUS
00BbEeKTAa HCCJIeN0BAHUSA

B kadecTBe 00BEKTa MCCIICAOBAHUS PACCMATPUBAJICS MACCHB TOPHBIX MOPOJ] C BBIPAOOTKOIA.
Bbutn pa3paboTaHbl TP MOJEIH C PA3HOM TreoOMeTpHEil MOMEepPeYHOro CeueHus BRIPabOTKU (apodHasi,
IpAMOYTOJIbHAs W KPyTias), HO ¢ OJMHAKOBOM mmomansio Spr = 32,13 M?, Kak MokazaHo Ha puc. 1.
IeoMeTpuyecKne XapakTePHUCTHKM ¥ CBOMCTBA Marepuaia ObUIM TMPUHSATBI  CICTYIOIIAMH:
H=100-600m, R=3m, R¢=32mM, a= 6wm b=5355m g= 98wm/? p=2300xkr/m®

lim

E=1,75-10°ITa, v=0,28, O¢ye =-252MIla, 6" = 1,8 MIla.
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Puc. 1. PacyetHbie Moaean 00BEKTa UCCIICIOBAHMS C YI€TOM (DOPMBI MTOTIEPEYHOI0 CEUCHUS BBIPAOOTKHU:
a — apka; b — mpsmoyromnbHUK; ¢ — KpyT
Fig. 1. Design models of the research object, taking into account the shape of the cross-section
of the mining work: a — arch; b — rectangle; ¢ — circle

Henapy1ieHHbI TOpPHBIH MacCUB ellle JI0 0Opa3oBaHMs BbIPaOOTKH 00JalacT HaYaJlbHBIM
HJAC (mox cobctBerHbM BecoM). [Toatomy mist onpenenenus HAC maccuBa ¢ BBIpaOOTKOM clieayeT
cHayana paccuntath HJIC wmaccuBa 6e3 BbIpabOTKH (pHWC.2), a 3aTeéM Y4YecTb €ro Kak
NpeHANPSDKEHHOE COCTOSHUE JUIsi MacCHBa ¢ BeIpaboTkoii [1, 2].

R19.0

ANSYS I ANSYS
PLOT NO. 1 1

Puc. 2. PacnipeneneHue HanmpspkeHuit 1 qeopManuii B MaccuBe 6e3 BEIpaOOTKH: & — Oy; b — gy
Fig. 2. Distribution of stresses and strains in a rock massif without mine roadway: a — oy; b — gy

Pacuerst moneli HampspkeHWH W AedopManuii NPOBOAWIMCH [UIS Pa3iIMYHBIX TIIyOWH
3ajeraHus BIpaOOTKH. B wacTHOCTH, Ha puc. 3 mpeacTaBieHbl pe3yabTaTsl i rryouHsl H = 500 m.
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U3 PUCYHKAa BUAHO, YTO 3HAYCHUIA ;[e(bopMaqu/'I BOJIM3H KOHTYpa BLIpa60TKI/I HaMHOT' O 6OJ'II>]J_IC, = (2%
B CaMOM MacCCHBC Ha JOCTATOYHOM YJAJICHHUHU OT BI)Ipa6OTKI/I.

"

:
N o —

Puc. 3. Pacnpenenenue neopmaruii: a — &; b — gy; € — €int
Fig. 3. Distribution of strains: a — &; b — &y; ¢ — gint

[locne Toro, Kak MOJY4YEeHBl pPACHpPEACICHUS HANpsHKEHWH u nedopmanuii B MaccuBe
¢ BBIPaOOTKOM, MOJKHO NMPHUCTYIIATh K OLEHKE CTEIICHH MOBPEXAaEMOCTH MaccuBa. Pacuer oObeMHOI
MOBPEXKIAEMOCTH MPOU3BOJUIICS C TIOMOIIBIO MOJIETH Ae(h)OPMUPOBAHHOTO TBEPAOTO TeJa C OMACHBIM
obbemoM. OrmacHblii 00bEM eCTh OrpaHMYCHHas OO0JNAacTh, TJ€ HANpPSHKCHUS WK JedOopMallun
MPEBBIIAIOT yCTAHOBJIEHHBIH mopor. Kpome omacHoro oObemMa, B KayecTBE MHTETPAJIbHOTO

MOKa3aTesst COCTOSHHUs BBIPAOOTKM MOMKET TaKKe HCIIOJIb30BAaThCSA IMOBPEXKIAEMOCTh OIMACHOIO
obnema [1, 6-10].

PacueT 00beMHOIT MOBpERIAEMOCTH

OnpenesnieHre OMacHbIX 00beMOB Vi Kak MHOKECTB 3JIEMEHTAPHBIX 0OBEMOB Tella, B KOTOPBIX
JICHCTBYIOIME HAMPSDKCHUS HE MEHbIIE MPEACTbHBIX, a TakkKe (OpPMYJbl pacyeTra UX BEIUYUH
1 noBpexaaeMoctH Wi i SKBUBAJICHTHBIX HAIPsDKEHHUH B 001eM ciy4dae umerot Bua [1, 6, 8]:

V= dV /gy, >1dvVCy, |

q

q

= fdv, g=x,v,21,2,3,int,

vy, >l
Y, = f v, dv,
V21
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rae ‘I’; = 8:4 /Szm» g=x,Y,21,2,3,int;
dV — snemMeHTapHbIl 00BEM HArpy)KEHHOTO Tea;
Vi — pabounii 00beM Harpy>KEHHOTO Tela.

Pacuer omacHoro o0kemMa W €ro MOBPEXIAEMOCTH IPOBOAWICS B KOHEYHO-3JIEMEHTHOM
nakere ANSYS. Jlns sroro Obiia HammcaHa mporpamma Ha sizeike APDL [1, 2]. [Ins kaxmoro
KOHEYHOT'O 3JIEMEHTa OBIIO PACCYMTAHO OTHOIICHHE NEUCTBYIONINX U TPEAETIBHBIX Ae()OpMAaIIHii:

v, =g, /¢&".d= xy,int. )

DJeMeHTHI, Ul KOTOPBIX JaHHOE OTHOLICHHE MPEBBIMAET SIUHUILY, U OyIayT o0pa3oBHIBATH
OTIacCHBIN 00BEM /7S BCel paccMaTpUBaeMoi MoJieNd. B nTore uMeeM CIUCOK 3JIEMEHTOB, BXOISIINX
B COCTaB OMACHOI'0 00beMa, a TAKXKE €ro BEITHUHHY.

Jns kaxaoit paccMaTpuBaeMol TTyOHHBI 3aleTaHus BBIPAOOTKN OBUIH PACCUUTAHBI ONIACHBIC
wionfaau (onacHelii 00beM V B JByMEpHOH IOCTAHOBKE CTAHOBUTCS OMACHOHM IUIOMIAIBIO S).
Pesynbratel pacyeros mpu H = 500 M npencrapiensl Ha puc. 4. BugHo, 4To npu orieHKe JeOopMaItuii €y
OCHOBHAS 4aCTh TUIOMIAIU JIOKAIN3YeTCcs B pailoHe OOKOB BHIPAOOTKH, IPH OLIEHKE nedopMaruii gy —
TOJILKO HaJl KPOBJIEH U B TIOYBE, a IO IO Eint — BOKPYT BCETO KOHTYpPa BBIPAOOTKH.

ANSYS Au?VS Au%vs
( |
‘
4 5
g S

ANSYS ANSYS ANSYS

))

'

Ah?VS Al?v& AN?VS

c
o lim _ lim o lim
Puc. 4. Onacubie momam ais: a— ¥y =& /& :b— V¥, =&, /8" - c_w =g /el
N o lim _ lim . lim
Fig. 4. Dangerous areas for:a— ¥, =&, /&, ;b— V¥, =&, /8" - c_ v, =¢ /&
Ha puc. 5, 6 npeacraBieHbl 3aBUCHMOCTH ONACHOMN IUIOMIAAM W O0OBEMHOM MOBPEKIAEMOCTH
OT TIyOHMHBI 3ajieranus BoIpabOTKH. BUIHO, 4TO ¢ pocTOM TITyOMHBI 3alieraHusi BRIpaOOTKH OracHast
IJIOMIA b U TIOBPEXKIAEMOCTb YBEJIWYUBAIOTCS, BEIMUMHA OMACHOM IUIOIIATU JUIsl MPSMOYTOJIBHOM

(opMBI 3HAUMTENHLHO OOJIbIIE, YeM BEJIIMYKMHA OMACHOW IUIOMIAAM Uil apoOvYHOW M KPYIJoH ¢opm.
Kpusble umeroT cxoxyro ¢opMy, U Ha BCEX paccMaTpUBaeMbIX INIyOMHaX HauOolbliee 3HAYeHUE
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noBpexxaeMocTh V' mmeer st BRIpaOOTKH MPSIMOYTOJILHOW (hOpMBI, @ HAUMEHBIIIee — JIIsl KPYTIIOoH.
AHanu3 OmacHbIX IIOMIafeH MO nedOopMalusiM E€in MOKA3ad, YTO B CpPEJHEM BeIMYMHA OMAaCHON
IIIOMIAN KPYTJION BEIPaOOTKHA MEHBIIIE apOYHOM U MPAMOYToiabHOU Ha 9 11 17 % COOTBETCTBEHHO.
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Puc. 5. 3aBHCHMOCTH ONACHOM IUIOIIAAN OT TIIYOMHBI 3aJIeTaHusI BRIPAOOTKH IS
o lim _ lim _ lim
a_\vx_gx/sx ;b—wyiay/sy ;C_Wint_gint/sint
Fig. 5. The dependence of dangerous area on the depth of mine roadway work for:
o lim _ lim o lim
af\vx_gx/gx ;bf\vy_gy/gy ;Cf\vint_sint/gint
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Puc. 6. 3aBrucuMoOCTb 00BEMHON IMOBPEIKAACMOCTH OT FHY6I/IHBI 3aJIeTaHus BI)Ipa6OTKI/I JIIA:
o lim _ lim o lim
a*“’x_sx/gx ;b*\vy_gv/gy ;C*Wim_gim/g

int

Fig. 6. The dependence of integral damageability from the depth of mining work for:
im _ lim im
a_\VXZEX/Si ;b—wyigy/ay ;C—Wim:gim/‘Ef

int
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3akiarouenue

B pabGore Obpum mpencTaBIeHBI pPe3yJbTaTHl KOMIBIOTEpHOTO MozaenupoBanus HJIC
1 00beMHON TIOBPEXKTAEMOCTH B OKPECTHOCTH TOPHOH BBIPAOOTKH C Pa3IHYHON  (QopMoit
MOMEPEYHOTO CeyeHus1 (apoyHas, MpsSMOyroyibHasi, Kpyrinas). OueHka o0beMHON MOBPEKAaEMOCTH
MPOBOJMIIACH C TIOMOIIBIO MOJIENN 1e()OPMHUPOBAHHOTO TBEPIIOTO Tella C OMACHBIM O00BEMOM.
Pa3paboTaHHbI METO/ OLIEHKH MOBPEKIAEMOCTH B OKPECTHOCTH TOJ3EMHOM BBIPAOOTKH YUHTHIBACT
pasnuunble GOPMBI ceueHUs BHIpaOOTKH U TIIyOUHBI ee 3ajieraHusl. bpiio mokasaHo, 4To JJis rIyOuH
ot 100 no 600 M moBpexkgaEMOCTh Ul KPYTJION BBIPAOOTKM B CPEIHEM MEHBLIE MOBPEKIAEMOCTH
IUTS. TIPSIMOYTONIFHOW M apodyHoit Ha 9 1 17 % COOTBETCTBEHHO NMPH OLEHKE OMACHBIX 0OBEMOB IO
WHTEHCUBHOCTH JiehopMaIui.
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Bruax aBTopoB

IlepbakoB C.C. paszpaboTam METOIWKY IMOJACYETa OMACHOTO O0beMa H OO0BEMHOMN
MOBPEKIAEMOCTH B OKPECTHOCTH TOPHOH BBIPAOOTKH.
Ilemer JLA. co3mana KOMIBIOTEPHYIO TIPOrpaMMy JUIsi PAacyeTOB OMNACHBIX O0BEMOB

B OKPECTHOCTH TOPHOM BBIPaOOTKH.

Hacanp O.A. pazpaboTanm KOMIBIOTEPHYIO MOJENTh W BBIIOJHWI pacdeT HaIpsKeHHO-
1e(OPMUPOBAHHOTO COCTOSIHUSI TOPHOTO MACCHBa C BEIPAOOTKOH.
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