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MATEMATNYECKOE MOJIEJIMPOBAHIUE
B3ATTIOJIHEHM S TPEIIMHBI MATMOIT!

A. A. Paguonos

Pemaercs 3aata o 3amosiHeHnn o0pa30BaBIIeics: HaJI MarMaTHIeCKO KaMepoil BEPTUKAJIBLHON TPEIuHbI
C y4eToM HaJU4Msl ra30BOi moaymiu. PaccMaTpuBaioTCss 3aBUCUMOCTD ITOIO IPOIECCa OT JIBYX Iapa-
METPOB — MAacCChI Ta3a B ra30BOH MOMYIIKE W BI3KOCTH paciuiaBa. [lokazaHa BO3MOKHOCTD PEATH3aIIAN
K0J1e0aTeIbHBIX PEXKUMOB T€UEHUs PACILIABA B TPEIIUHE.

KiroueBblie ciioBa: MmareMaTU4ecKoe MOZeJInpoBaHue, MarMaTu4decKuit paciljiaB, 3all0JITHEHNE TPEIUHDBI.

O6paszoBanue JaeK U yBeIMIeHNe UX JINHBI paccMorpero B pabore [9]. Tam npexamosara-
€TCsl, UTO PACKPBIBAIOIIASICS TPEIMHA MTHOBEHHO 3aII0JIHAETCA MarMoii. B neiictBuTeibHOCTH,
OCODEHHO MPHU HAJMYIUU MUKPOTPEIIUH B IOPOE, BPEMS PACKPBITHsI OTHOCUTEIHHO OOJIBITON
TPEIUHBI MOXKET ObITh CYIIeCTBEHHO MEHbIIe, YeM BpeMs 3allo/HeHusl ee Marmoii. IIpu sTom
[IPOUCXOIUT JIera3alinsd MarMbl U IIyCTYIONLYIO O0JIACTh TPEIUHBI 3aIOJHSET Ta3, HAJTTINe
KOTOPOI'0 MOXKET 3HAYMTE/IbHO IOBJIMATL Ha JBUYKEHME Marmbl. B Hacrosieir pabore pera-
eTcsl 3ajlava O 3al0JTHEHNHU BEPTUKAJIBHON TPENUHBI C YIETOM HAJIMYUS Ta30BOI MOJIYIIKHA, U
paccMaTpuBaIOTCA BO3MOXKHBIE PEXKUMBI 3TOTO MPOIECCA.

PaccmarpuBaerca BingHEe ABYX TapaMeTpOB — HadYaJbHOW MacCChbl ra3a B Ta30BOH IIO-
JYIIKEe U BA3KOCTA MArMaTUYeCKOro paciliaBa, M3MEHEHUEe KOTOPLIX OIpeJiesisieT yCJOBUS,
PN KOTOPBIX BEPOSITHO JaJibHelllllee pacTpeCKUBaHUE 3€MHOM KOPBI U MPOJABUKEHNE MarMbl
K MOBEPXHOCTHU 3EMJIU.

1. Maremarun4yeckasi MOJeJb

PaccmaTpuBasicst oIHIMAIOIIUICS BEPTUKAIBHO CTOI0 MarMaTHIeCKOIo PACILIaBa, 3aI10JI-
HAOIMUNA y2Ke CYIIECTBYIOIIYIO TPEIIUHY, U BBOAWUJIACh BEPTUKAJIbHAS KOOPDAMHATA 2 MEHAIO-
masicss or 0 go 1 BHyTpu 3Toro croiba. OHa CBsI3aHa C BEPTUKAJILHONU KOOPIUHATON Z Me-
Hsttorieiicss or 0 710 BBICOTBI TPEIIMHBI, Ha4YaJ0 KOTOPOI COBMAIAJIO C TOUYKOM COIPSI?KEHUs
TPEIIUHBI 1 MarMaTU4eCKON KaMephl, CJIeAYIONNM COOTHOIIICHUEM:

Z = h(t)z,
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!PaGora BeIIOIHEHA B paMKax TeMbl « MaTeMaTHdecKoe MO INPOBAHIE TeO(DU3MIECKIX IPOLECCOB BY/IKa-
HUYecKuXx 1eHTpoB llenTrpanbroro Kaskasas, mporpamma dyHaMenTaabHbix ucciaenopanniit OH3 PAH «pas-
BUTHE TEXHOJIOIMII MOHUTOPUHTA, SKOCUCTEMHOE MOJIEJUPOBAHUE U MIPOTHO3UPOBAHUE TIPU U3yYEHUH MPUPO/I-
HBIX PECYDPCOB B yCJIOBUSIX APUJIHOIO KJIUMATA».
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rie h(t) — BoicoTa cTosibGa Marmbl. IIpu TakoM 1peobpa3soBaHUK KOODJIUHAT YaCTHAS IPOU3-
BOsiHAsI 110 BpeMeHu or dbyukimu f(t, Z(t)) npunuMaer BuI:

Of(1,Z(1) _ 91(t.2) , = 9f(t2) dh(t)
ot ot ' n(t) 0z dt

a [MPOM3BOJHAS 110 KOOP/IMHATE OT ITOH (DYHKIIUN:

oft,Z(t)) 1 af(t,z).

0z h(t) 0z

YpaBHeHUE JIBUYKEHUST TPUBOIUIOCH K Oe3pa3mMepHoMy Bujy. Iljist 3T0ro ObLIN BBEICHBI
caesytonue 6e3pasMepHble lepeMeHHble (IITPUXOM OTMeYeHbl Pa3MepHbIe [lepeMeHHble, Hy-
JIeM — UX MAacIITadbl).

/
st moTHOCTH P = %6’ ph — HadaJbHAsI IUIOTHOCTH MarMbl. J1jisi BEpTHKAIBLHON KOOD/iu-

_ 2 / ’
HaTHL 2 = 7 rae Zp — BbICOTa TPELIUHEL, do — XapaKTepHas IUpUHA Tpenunbl. JImsa gas-

JIEHUsI Ta3a ¥ MarMbl COOTBETCTBEHHO Py = / , D= p/ , TJie |y — JINTOCTATHIECKOE JIABJICHHE
/
Ha TyIyObuHe 3ajeranus Kamepbl. [l BI3KOCTH paciuiaBa [ = —,, No — BIBKOCTDb HCXOJIHOM
/ 4,5 5,5 B
~ - — Ho

marmel (p ~ 10%° + 10>° Ila-c) [1, 3, 7|; mast ckopocru Vj, = V’ Vi, = P macirab
22

CKOPOCTH; JIJIsl BpEMeHU t = t, , e t = lf—, — mMacmTad Bpemenu. MacitabHolt BeJTMInHON
0

MacCCBI ra3a My, KOTopasi HaXOAUTCsl B 00pa30BaBIIeHCsl TPeIluHe, IPUHIMAJIACh Macca pac-
TBOPEHHBIX JIETYINX B MarMaTHIeCKOM pacIliaBe, 3aHIMAIOeM 00beM PaBHBII OIHOI TpeTn
00beMa, TPEIUHDI.

CKOpOCTh MOJHUMAOIIETOCS CTOJIOA MarMbl Vj, HaxXO[uUIach U3 PelleHns] ypaBHEHHS Tepe-
HOCA UMITYJIbCA, 3allUCAHHOIO JIJIs CTOJI0A MArMaTHYeCcKOro paciliaBa (Bce BEJMYUHBI, KPOMe
6e3pasMepHBbIX TapaMeTPOB, 3aBUCSIT TOJBKO OT BPEMEHH t):

avy (Vi)?
dt + h

A
- —Equ — Eg — MMV, (1)

¢ HavYaJIbHBIM ycjioBueM Vp, = 0.
Perterine onpenensior ciiemyromue 6e3pa3MepHbIe MapaMeTPh:

p z/2 g/ Z/S 212
Eu= 20 /(2)’ Eg = —/20, Ar = SVERTIR O/ ,
Plors 7 pod'o
rjge ¢ — yCKOpeHue CBOOOIHOIO HaJleHus, Op = Pgt — Po 1epenaz JaBICHUsT MEXKJy Ia30M,

HaXOSAIIIMCST HAJT CTOJIOOM MArMaTHIeCKOro PacIjiaBa U JTaB/IeHHeM B MarMaTUIeCKOM Odare,
A — Ge3pa3MepHasl BEJIUYINHA, 3aBUCSIIAsT OT (DOPMbI TPEIIUHBI, B CJIydae IMUJINHIPUICCKON
Tpemunel A = 8. JlaBiieHne raza pg; HaJ[ CTOJIO0M MarMbl 3aBUCHT OT BBICOTHI h(t) i HAXOuTCS
13 BBIpaKeHUsl, ITOIYIeHHOr0 U3 ypaBHeHus cocTtogunsa Mengeneea — Kiaiimepona

moR’ T(’) m
Pgt = >
72
mdy 2y 1 —h
r7Ie M — MACCa ra3a, BbIJIEJUBIIASCS IIPH JIETa3allii MarMbl B MOMEHT 00Pa30BaHUS TPEIINHBI.
IIpeamosarasoch, 9TO TPEIIUHY 3AIIOJHAIOT APl BOIBI C XapaKTEPUCTUKAMU, B3ATBHIMU ITPU
remreparype 1250°C u pasienun 120 MIla.
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Beicora h(t) cronba MarmMbl HAXO/MJIACH HHTEIPUPOBAHKEM [0 BPEMEHH IMOJIYYEHHON U3
ypasaenus (1) ckopocru nogbema Vi, ¢ HauaabHbIM yeaosueM h = 0,01.

[Iporece norbema paciiaBa BBULY OOJIBIIONH CKOPOCTH MOXKHO CUATATH aiMabaTUIeCKUM.
Temieparypa MarmMaTu4ecKoro pacijiaBa MEHSIeTCS IIPH 9TOM HM3-3a €ro JIera3alii U KpPH-
crajummsaiun. MaccoBoe cojiep:KaHue pacTBOPEHHOl razoobpasnoii dhassl ¢(p, T') 3aBucut or
JTaBJIEHUs, KOTOPOE€ B MOMEHT O0OPa30BaHUsI TPEIUHBI CKAYKOOOPA3HO HaIaeT OT 3HAUEHUS
MaBJIeHUs] B MarMaTUYecKoil Kamepe MpaKTUIecKW 1o HyJd. lIpenmosaramocsk, 9To Marma-
TUYIECKU PaCILIaB JIEra3upyeTcs HEe TOJbKO B IMPUIOBEPXHOCTHOM CJIO€, HO U B JOCTATOYHO
60JIbIIIOM O0'beMe BHYTPHU OdYara, HMPUJIEraloleM K [TOBEPXHOCTHU MO 0Opa30BaBIIeics Tpe-
muaoit |1, 2, 4]. Ilpu usmeneHnn remiiepaTypbl paciiiaBa BO BPEMsl IObeMa [IPOMCXOJUT
TaK»Ke BbIJIeJIeHe TBepioil da3bl B BUJIe KPUCTAJJIOB, YTO, HECOMHEHHO, BJIUSET HA TeMIle-
paTypy paciiaBa M, COOTBETCTBEHHO, Ha ero BsaA3KoCTb [4]. OHako B 1epBOM Mpub/IMKEeHUN
MOYKHO IIPEJIIIOJIaraTh TeMIIEPATyPy U, CIeJ0BaTeIbHO, BI3KOCTh IIOJHNMAIONIET0CS PACILIaBa
HEU3MEHHBIMU, U pellaTh U30TEPMUUECKYIO 33J1ady. 1akas CUTyalldsl MOXKET OBbITh CBI3aHa
C HE3HAYHUTEJbHBIMU IIEPeraaMi TEMIEPATYDPbl U COJEPYKAHUS JIETYINX 0 BBICOTE CTOJIOA
MarMbl B TPEITUHE.

Ypasaenue (1) pemanoch YUCIEHHO METOOM KOHEYHBIX PA3HOCTEll, HCIOIb30BAJIACH CXe-
ma Pynre — KyrTa BTOpOro nopsiika TodHocTu. B pacdyerax n3ydasioch MOCTYILIEHUE MarMa-
THYECKOT0 PACIIABA B IUJINHJIPUYECKYIO TPEIIUHY, 00PA30BABIIYIOCSd B BEPXHEH 4acTh Mar-
Marudeckoii kamepsl Ha riryoune 4000 M. [Ipumensiiach nieHTpaibHAA CXeMa BTOPOTO MOPSIKA
TOYHOCTH 110 BPEMEHU C HPOCThIME uTepaisivmu Hporona [6].

MarmaTudeckuii paciijiaB pacCMAaTPUBAJICS KAaK HBIOTOHOBCKAsT YKUJKOCTD, IIJIOTHOCTD U
BSI3KOCTb ITOJIATAJINCH TIOCTOSAHHBIMY U BBIOMPaJINCh B nHTEpBaJse yciaosuit T = 600° — 1000°C
u p = 100 — 400 MITa. [TnoTHOCT MArMATHYECKOIO pacIulaBa [IPUHMMAJACh PABHOH p(, =
2200 (xr/m3), BaskocTh ucxoHol Marmbl jufy ~ 1045 < 1055 (ITa-c), nauaabHOe cojieprKanme
aeryuanx (co = 0,05). Tpemuna npenosnaraiach 3amnoHeHHOI ra3oBoii da3oii, Temiieparypa
KOTODPOUl paBHsIETCS TeMIlepaType Marmbl. PacdeT HadumHaICs B MOMEHT, KOTJa PACILJIaB yiKe
sanoaHm 1% BBICOTHI 00pa30BaBIIEicsl TPEIIUHBL. BbICOTa TPEIMHbI TPUHUMAJIACH PABHOM
2y, = 100 M, a paguyc dj = 20 M. Macca raza m B TpelHe HaJ| HOJHAMAIONUMCS CTOJIO0M
MarMaTUIecKOro PacijiaBa CUNTAIACh HEM3MEHHON M paBHON Ha4YaIbHON Macce ra3a, BbIJe-
JIUBIIIEHCA TIpU Jera3alii MarMbl B MOMEHT 0Opa30BaHUs TPENIMHBI. BTOpBIM mapaMeTpoM,
BXOJISAIIMM B Ge3pa3MepHble KOMILIEKChI ypaBHeHusl (1), siBJIsieTcsi BI3KOCTh MAarMaTHIeCKOTO
pacruiasa p(p, T'), Koropast IPUHUMAJIACH HEU3MEHHON U PABHOII BS3KOCTH PACILIABA B MOMEHT
00pa3oBaHusT TPENTUHBI.

Ha nmxwueit rpanuiie pacueTHoil objiacTu, depe3 KOTOPYIO paciliaB BTEKaeT B Hee, JaB-
JICHWE 33/IaBAJIOCh TIOCTOSHHBIM. bBe3pasMepHoe 3HAUEHUE TABJIEHUS Py HA HUXKHEH I'DAHUIE
IPUHUMAJIOCH B 1,3 pa3a OOIBINM JIMTOCTATHIECKOTO.

2. Pe3ynbTaThel pacyeToB

Ctos6 MarMbl B TpeIIHE, TIOYTH 3aTlOJTHIB €€, COBEPINAeT 3aTyXaIolne KoaeOanus ¢ aM-
IUINTYION ¥ YaCTOTOM, 3aBUCIIIIUMA OT MACCHI ra3a B ra30BOH MOAYIIKe HaL Marmoiil. ['azoBast
MO/YINKa HE UCYe3aeT U JlaBjieHue ra3a B Heil kosebserca. Ilpu masoit macce raza m sTtu
KoJIeOaHUsT UMEIOT OOJIBIIYIO AMIUIUTY/LY, 9eM IIPHU OOJIBINNX 3HAYCHUSX STON Macchl. Xapak-
TepHas 3aBUCUMOCTD JIABJIEHUSI, OTHECEHHOTO K JINTOCTATUIECKOMY, OT BPEMEHHU IIPEJICTAB/IEHA
Ha puc. 1 (Bpemsi u3Mepsiercst B CeKyHiax). BuiHo, 94To naBiieHne B BepXHeil 9aCcTh TPEIUHbI
[IPU 3aIl0JIHEHUU ee MarMoil MOXKeT 3HAYUTE/bHO MPEBBICUTH JIMTOCTATUIECKOE. DTO ITPOUC-
XOJIUT B MOMEHT MaKCUMAJbHOI'O COJIM2KEHUsI MArMbl ¢ BEpXHEil rpanutieil Tperuubl. ['azoBas
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daza c:KUMaETCs, U IHEPIUs ITOIO CKATUS KOMIIEHCUPYET KUHETHIECKYIO SHEPIUIO JIBUYKE-
HUs CTOJI0A MArMaTUIeCKOr0 paciliaBa. B pe3yibrare pacijias, He JTOCTUTAs BePXHEH IPAHUITHI
TPENIUHDbI, OCTAHABJIUBAETCA U COBEpPINAET 3aTyxaloniue Kojaebanus. Cuita, JeficTByomas Ha
3JIEMEHT TIOBEPXHOCTHU PACILJIaBa CO CTOPOHBI I'a30BOI MOMYIITKN, B PABHOI CTEIEHU IIPUJIOXKe-
HA TaK)Ke W K BepXHeil TpaHuIle TPENHbl. Takue IyIbCcalnnn JIaBJIeHUusS B Ta30BOM HOJIYIIIKE,
BEPOATHO, (DUKCUPYIOTCS HA MOBEPXHOCTHU 3€MJIM B BHUJE ynpyrux BosH. [Ipm 3naunTesbHOM
BeJIMYMHe JaBJIeHUs B 'a30BOM IOJyIIIKe BO3MOXKHO JaJjbHelilllee pacTpecKuBaHue 3eMHONH KO-
PBI U [IPOJIBIKEHNE TPEIIWHBI K MOBepXHOCTH 3emJn. [locsie 3aTyxanust KojiebaHuil maBjieHme
B T'a30BOI MMOYIIIKE CTADUIN3UPYETCS U YCTAHABIMBACTCS 3HAYUEHNE, YPABHOBEITNBAIOIIEE COB-
MECTHO C BECOM CTOJiba MAarMbl JIaBJICHAE B MArMaTUIeCKOM Odare.

—_
S

S = N W A U AN N 0 O

0,5 0,7 0,9 1,1 1,3 1,5 1,7 1,9 bcex

Puc. 1. I3amenenne maBiennst B ra30BOi MOAYIIKE C TE€IEHNEM BPEMEHH TOCJIe 00PA30BAHNS TPEIUHBI IPU
m = 1,8 U BA3KOCTH PACILIaBa (i = 10°. BpeMst BHIPasKeHO B CEKYHIAX.

Ha puc. 2 npuBesnena 3aBUCHMOCTb MAKCUMAJILHOTO JTABJICHUS B Ta30BOI IOLYIIKE OT MaC-
ChbI ra3a B Heil, a Ha puc. 3 — 3aBUCHMOCTD YaCTOTHI KOJIeOAHUI TaBIeHNs B Ta30BO MOMLYIIKE
OT 9TOM Macchl. UeM MeHbIle HavdabHas Macca ra3a HaJ MarMoii, TeM OOJIbIllee MPEBBIIIeHe
JaBJIeHUsT HaJI JIMTOCTATUIECKUM HAOJIOIAETCA B Ta30BOH IOAYIIKE W C POCTOM HAYAIbHOMN
MacChl ra3a Jacrora Kostebanuil ysesmansaercs. Ilpu m < 1,2 u BA3KoCTH paciuiaBa fi, = 10°
MaKCUMaJIbHasT aMILIATY/1a KOJIeOaHWH TaBIeHNsT MOYKET [IPEBBIIIATE JIMTOCTATUIECKOE TaBJIe-
HIe B HECKOJIbKO ThICsTI pa3. I1o Bceit BeposiTHOCTH TaKue My IbCAIINK JAaBJIEHUsT B TPEIITHAX B
PeaIbHBIX YCJIOBHUSX HE HAOJIOMAIOTCS B CBSI3U C OOJIBINEH 1yBCTBUTE/IHLHOCTHIO MAJIOTO KOJIM-
JecTBa ra3a B Ia30BOii HOAYIIKE K (bopMe BepXHeil IpaHuIlbl TPEIUHLL. B 3T0ii cBsA3M ciaemxyer
3aMEeTHUTh, 9TO PHUC. 2 OTParkKaeT 3aBUCUMOCTb MaKCHMAaJbHO BO3MOXKHOW aMILIATY/IBI KOJIe-
OaHMit JaBJIEHUsT B Ta30BOM IMOYIIKE, U IIPU HAJMYNN HEPOBHOCTEH Ha BEpXHE IpaHUIle Ta
aMILnTya Oyaer 3nadnresbHO Menbine. [Ipu m < 0,3 kosiebanuii naB/ieHus HE BO3HUKA-
er. DTO CBSI3aHO C TEM, YTO TAKOH MaCChl ra3a HEIOCTATOYHO JJIsi OCTAHOBKHU JIBUKYIIEIOCS
cToJiba MarMaTu4eckoro paciiasa. C pocToM BS3KOCTU BPEMsl JOCTUXKEHUs] MArMaTUIeCKIM
pPacCIJIaBOM BepXHell ITPAHUIbI TPEIINHBI YBEJININBACTCA, & aMILIUTYAa IIyJIbCAIluil TaBIeHUs
yMeHblInaercs. IIpu 3HAUeHUsIX BA3KOCTH i, > 10% TpeHme O CTEHKN TPEIIMHBI CJIHUIIKOM Be-
JIMKO M KOJIeOaHU JTaBJIEHNs B Ta30BOM IMOIYIIKE He BO3SHUKAET.

B pesysibraTe BRIYUCINTEIBHBIX IKCIIEPUMEHTOB MOXKHO CIIE/IATH BBIBOJL O TOM, UYTO OJHUM
13 BO3MOXKHBIX MEXaHU3MOB M3BEPKEHUI MOXKET sIBISIThCA HaJIbHEIee pacKpbITHEe 00pasyo-
IIAXCST HAJ MarMaTUIecKOl KaMepou TPEeIIrH IPU HAJUYINU Ta30BOH MOAYIIKH. BeposTHOCTD
MIPOIOJIZKEHNS PACTPECKUBAHUS BO3PACTAET IPU HE3HAUUTEILHON JEra3aliii U OTHOCUTEILHO
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MaJIeHbKOI BA3KOCTH MarMaTUIE€CKOI'O paciiaBa. Taknm O6p330M, HanboJIee OIACHBIMHU C TOY-
KU1 3pEHUA ,ZL&.HI:HGI;'IHIGFO IPOJABUZKCHUA K ITOBEPXHOCTHU 3€MJIN CJICAYET IIPU3HATH MaJIOBA3SKUE
MarmMaTHu4IeCKue paclllaBblI.

P
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Puc. 2. 3aBucuMocTbh MaKCUMAJIBHOTO JIABJIEHUS B TA30BOM TOJIYIIIKE OT MACChI ra3a. [[puBeieHHBIE KPUBBIE
COOTBETCTBYIOT: 1 — BSI3KOCTH pacmiasa fy = 10°, 2 — BS3KOCTH pacIIaBa jify = 10%2°, 3 — Bs3KOCTH
paciiasa, iy = 10%°. TopusoHTaIbHAS IMHKS COOTBETCTBYET [ABJIEHHIO B MATMATHUECKOI KaMepe.
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Puc. 3. BaBucumocTs 9acTOTHI KOJIeOAHMI Ta30BOI MOMYINKNA OT MACCHI ra3a. [IpuBeseHHBIE KPUBBIE CO-
OTBETCTBYIOT: 1 — BsI3KOCTh pacmasa py = 10°, 2 — BABKOCTL paciiaBa fiy = 10>%%, 3 — Bs3KOCTH
pacmiaBa py = 1055 (B mocaemnenm ciywae npu m > 2 Kosebanusa ne nabmonarorcs). Jacrora BhIpasKeHa
B pa3MepHOM Buje 1/cek.

JlanbHeliliee pa3BUTHE [IPEICTABIEHHOI MaTEMATHIeCKO MOJEIN BO3MOXKHO TIOCPEICTBOM
GoJiee 1IOCTEeI0BaTEILHOIO yYeTa N3MEHEHNs BA3KOCTU paciliaBa, KOTOpas B IIPOIECCE O/ b-
eMa MarMbl MEHSIETCs B CBA3U C U3MEHEHUEM MacCOBOI KOHIIEHTPAIUN PACTBOPEHHBIX JIETYYNX
1 KPUCTAJJIN3AIUN paciiaBa. erazanus paciniaBa 1 00pa3oBaHUe Ta30BOil MOJLYIIIKI ITPOUC-
XOJIUT He MI'HOBEHHO, 9TO OOCTOATENHLCTBO TAKKe HEOOXOIMMO YIUTHIBATH. BO3MOXKHO TakKe,
YTO HEKOTOPOE BJIMSTHUE Ha MPOIECC 3aII0JTHEHUS TPEIINHBI OKAYKET ee TeoMeTpuyeckas hop-
Ma.
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