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KpromTo30Ha, Kak TOKa3bIBAIOT NCCIEA0BAHNS, AKKYMYJIHPYET 3HAYUTEIbHbIE 00HEMBI IIPUPOTHOTO ra3a
Kax B CBOOGOAHON (hopMe, TaK U B BHjie ra3oruaparos. MiamMenenue TepModapiuIecKux yCaoBUil razocoepskanieii
TOJIIIM MEP3JIBIX MOPOJL MOKET CONPOBOXK/ATLCS PA3IMIHBIMU Ta30{NHAMUYECKIMHI TIPOIECCAMH, KOTOPbIe
IIPUBOJAT K AKTUBHBIM Ta30BBIICICHISIM 13 BEPXHUX TOPU30HTOB MEP3JIOTEL. Bo BpeMs ak THBU3AIIH 9THX IIPO-
IIECCOB JIABJIEHNUE Ia3a B Ta30HACHIIEHHBIX TOPU3OHTAX MOKET OBITh PABHBIM U JIasKe MPEBBINIATD JaBICHUC
BBIIIEJIEKAIIX TTOPOJI, & TPAIMEHTHI JaBJEHUH MOTYT JIOCTUTATh 3HAYMTENHHON BEJTNYMHBI, KOTOPOH Oy/er
JIOCTATOYHO sl lepopMaliny Jb/Io- U IUAPATOCO/AEPIKAIINX [10POJl, BOSHUKHOBEHUsI (DUIBTPALMK Ta3a, ero
TPOHMKHOBEHMST 1 TIPOPBIBA B BHITITEIEKAIIIE CIION TTOPOL. {JIsT MOZIeTMPOBAHTIST TOAOOHBIX IPUPOHBIX YCIOBHI
aBropamu Oblia pa3paboTaHa OPUTHHAIBHAS TEXHOJIOTHS, KOTOPask BKJIIOYAJIA CO3/[aHIe CIIEeIUaTbHOTO KEPHO-
nepskatetst GUIbTPAITMOHHO YCTAHOBKY 1 Pa3paboTKy aJITOPUTMA IIPOBEIEHNsT TAOOPATOPHBIX UCTIBITAHIH Ha
CO3IAHIOM 000PYI0BAHUH. B X01€ METOANYECKIX OTIBITOB IIOKA3AHO, UTO IIPU (GPUKCHPOBAHHOM ra30BOM AaBJIe-
HuK 0KoJ10 2 MITa B HarpeBaeMOM HEITPOHUTIAEMOM JIbJIOHACBIIIIEHHOM IIeCYaHO-TITNHUCTOM 00pasiie huibTpa-
I¥sT Ta3a MOJKET BO3HUKATh B 00JIACTH BBICOKMX OTPHUIIATENBHBIX TEMIIEPATyp. MeTopnuecKie KCIepHMeHTbI
[0 U3YYEHUIO IMHAMUKH Ta30IPOHUIIAEMOCTH MEP3JIbIX U OTTAMBAIONINX HOPOJ B YCJIOBUSIX 0OPA3OBAHUS 1
JVICCOIMAIINI TOPOBBIX THAPATOB METAHA TIOKA3AJIN 3aKOHOMEPHbIE H3MEHEHNSI Ta30IPOHIIIAEMOCTH, 06YCIIO0B-
sernubie (hasoBbIMU Hepexopamu JieJ(BoIa)—THAPAT, & TAKKe CTPYKTYPHBIMH TPe0OPa3oBaHIsIMU IPYHTOB,
BBI3BAHHBIMU (DA30BBIMU ITEPEXOAMIUL.

Kantouesvie crosa: mepsivie nopoodol, 2udpamocooepycauiie nopoovl, SKCNePUMEHMATLHOE MOOCIUPOBA -
Hue, PUILMpPauus 2a3a, MemoouKa ucciedosanust, pazosvie NePexoovl, OMHOCUMENbHAS 0ePOPMAUUSL, CKOPOCHID
Ynpyeux 60H.
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Studies show that frozen rock strata can accumulate significant amounts of natural gas both in free form
and in the form of gas hydrates. Changes in the thermobaric conditions of gas-bearing permafrost can be
accompanied by various gas-dynamic processes that lead to active gas emissions from the upper horizons of
permafrost. During the activation of these processes, the gas pressure in gas-saturated horizons can be equal to
or even exceed the pressure of the overlying rocks, and pressure gradients can reach a significant value that will
be sufficient for deformation of ice- and hydrate-containing rocks, the occurrence of gas filtration, its permeation
and breakthrough into the overlying rock layers. To simulate such natural conditions, the authors developed an
original technology that included the creation of a special core holder for the filtration system and the development
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of an algorithm for conducting laboratory tests. In the course of methodological experiments, it was found that
at a constant gas pressure of approximately 2 MPa in a heated impermeable ice-saturated sandy clay sample, gas
filtration can occur in the region of high negative temperatures, below its thawing temperature. Methodological
experiments to study the changes in the gas permeability of frozen and thawing rocks under conditions of the
formation and dissociation of methane pore hydrates have shown regular changes in gas permeability due to ice
(water)—hydrate phase transitions and structural transformation of the soils caused by these phase transitions.

Keywords: frozen sediments, hydrate-bearing sediments, experimental modeling, gas filtration, research
methodology, phase transitions, relative deformation, elastic wave velocity.

BBEJAEHUNE

Kpuonutozona 3eMsu, XapaKTepU3yomasics
temmnepatypoii Huxke 0 °C, mpejcraBieHa cjaosMu
FOPHBIX TIOPOJI, KOTOPbIE PAZJINYAIOTCS He TOJIBKO 10
JIUTOJIOTUYECKOMY COCTaBYy, HO U TIO COZEP:KAHUIO
JIbZIA ¥ TIOPOBBIX (harronoB. HekoTopble TOPU30HTHI
MEP3JIBIX TOPOJI IPY HEBBICOKOI HACBIIIEHHOCTU UX
[IOPOBOTO TIPOCTPAHCTBA JIHIOM U JAPYTUMU 3ATIOJIHI-
TEJIIMU MOTYT OBITh TIOTEHIIMAIBHBIMI KOJLIEKTOPA-
MU TIPUPOHOTO Ta3a, 0COGEHHO €CJIU OHU OTPAHUYH-
BAIOTCS CJIAOOTIPOHUIIAEMBIMU OTJIOKEHUSIMHU.

Hakorutenne mpupoaHoro ra3a B TAKMX TOPU30H-
TaX MOTJIO TPOMCXONTH KaK B IIPOIleCce MHOTOJIETHE-
rO IIPOMEP3aHUs 32 CUET MEXAHU3MOB KPUOTEHHOTO
KOHIIEHTpUPOBaHus u oT:xkatus |Axyues, 2009,
Olefeldt et al., 2013; Kraev et al., 2017; Vasiliev et al.,
2022], Tak 1 3a cYeT MOATOKA IIyOMHHBIX Ta30B 110
TEKTOHUYECKUM PA3JIOMaM U 30HAM C IOBBIIIEHHON
nponutaemoctoio |Kysun, 1990; Aps, 1998; Bady,
2017,2018; Are, 2001; Chuvilin et al., 2020a; Lu et al.,
2020]. B 3aBUCHMOCTH OT TePMOOAPUYECKHX YCIOBUI
ra3 B KPUOJIUTO30HE MOXKET OBITh KaK B CBOOOIHOI
¢opwme, Tak 1 B BUjle Ta30BBIX TUAPATOB [ HMcmomun,
HAxywes, 1992; Yyeunun u dp., 1999; Puskuna u op.,
2006, Axywes, 2009]. llpu 3TOM BHYTPUMEP3JIOTHBIC
ra3oBbIe CKOTIJICHUS YaCTO HAXOJSATCS JIOCTATOYHO
6/1M3KO0 (B NEPBBIX JECATKAX METPOB) OT JHEBHOM I10-
BEPXHOCTHU, YTO MOJTBEPIKIAETCS Fa30IPOSIBJIEHUSIME
13 HeTJyOOKUX TOPU3OHTOB MPHU OYPEHUHU B KPUO-
sutosone [ Bydanyesa, 2006; Axywes, 2009; Chuvilin
et al., 2000; Kraev et al., 2019; Chuvilin et al., 2020a;
Yakusheo, 2023]. Bo3MOKHOCTD CYIIeCTBOBAHMS Ta-
KIX Ta30BBIX 3aJIEKEH CBsI3aHa C TIPAKTHYECKH HEITPO-
HUIIAEMBIMY JIbJIOHACBIIIEHHBIMU TIOPOJIAMU, KOTO-
pble, TIepEKPHIBAs UX CBEPXY, SIBJSIIOTCS CBOeoOpas-
HOIT Ta30BO#1 JIOBYIIKOM, 06/aaolieil J0CTaTOUHO
BBICOKOH 11pouHocThIO [Bady, 2017; Dvornikov et al.,
2019]. AxTrBHOE ra30BbIJIEJICHIE U3 HETTYOOKHX TO-
PU30HTOB MEP3JIOTHI MOKET OBITh CBS3aHO TAKIKE C
MOPOBBIMU Ta30TUAPATHBIMI 0OPA30BAHUSIMHU, HAXO-
JSATIMUCS B MeTacTabuIbHOM cocTostHru. VX dop-
MUPOBaHU€e MTPOUCXOIUJIO B MPOIILIOM, KOTa B TOJI-
Iax MOPOJL CYIECTBOBAIN OIarONPUSITHBIC YCJIOBUS,
a laTbHeast 1X COXpaHHOCTh Oblia 06ycI0BIEHA
reoJIOTUYeCKUM TIposiBIeHneM a(pdexrra caMOKoHCep-
Bal[U Ta30THPaTHBIX 0OPA30BAHUN B MEP3JIBIX TI0-
ponax [ Chuvilin et al., 2000; Yakushev, Chuvilin, 2000;
Chuwilin et al., 2018].
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[Tpu usmMeHeHUN TepMOOAPUYECKUX YCIOBUI
TOJIIIL MEP3JIbIX Ta30HACHIIEHHBIX TIOPOJI, KaK B IIPO-
1ecce aHTPOIIOIeHHOTO BO3/IEICTBIUS, TaK U 3a CUeT
€CTECTBEHHBIX IeOJUHAMUYECKUX MTPOIECCOB, MOTYT
BO3HHUKATh Ta30Bbl€ CKOIJICHUSI C TIOBBIIIEHHBIM I'a30-
BBIM JIaBJICHHEM. DTO MOKET IPUBECTH K IIPOPbIBAM
FOPU30HTOB MEP3JIbIX IOPO HAKOIMUBIIMMCS Ta30M,
K aKTUBHOI (DUJIbTPAI[MH ra3a [0 TAJIMKOBBIM 30HaM,
a TakyKe K ra3oBbIM BbIOpocaM B aTMOChEpPY, B TOM
yicsie ¢ 06pasoBaHUEM KPATePOB HA CYIIE U MOKMap-
KOB Ha mesbde apkTuyeckux Mopei [ bozosisnenckuil
u op., 2019; Xumenxoe u op., 2021; Kizyakoo et al.,
2017; Shakhova et al., 2019; Chuvilin et al., 2020a,b;
Semenov et al., 2020; Bogoyavlensky et al., 2022].

[Tpu M3y4eHUN ra3oMHaAMUIECKUX MTPOIECCOB B
MOPOIaX KPUOJUTO30HBI HEOOXOIUMO B IIEPBYIO OUe-
pelib UCCIIEA0BATh 3aBUCUMOCTD (DUIbTPAIIMOHHO-EM-
KOCTHBIX CBOWCTB MEP3JIBIX TIOPOJ] OT COJEPIKAHUS
JIbJIa, TA30TUAPATOB, JKUAKON (hasbl BOIBI, MX CTPYK-
TYPHO-TEKCTYPHbIX 0COOEHHOCTEH, a TAKIKE OT TEPMO-
GapuyecKUX YCJIOBUM, B KOTOPBIX OHU CYIIECTBYIOT.

IKCIEePUMEHTATBHOE MOJIEIMPOBAHNE SIBJISIETCS
Hanbosiee apGHEeKTUBHBIM METOAOM M3y4YeHUst (PUIbT-
PAlMOHHO-€MKOCTHBIX CBOWCTB HOPOJ, BKJIIOYast
JILJIO- U Ta30CofiepsKaline mopobl. ITOT METOJ TI0-
3BOJISIET C BHICOKOI TOYHOCTHIO KOHTPOJUPOBATD 13-
MEHEHHUE TePMODapUIeCKUX YCJTOBUH JIJIsT 00Pasiion
TOPHBIX TIOPOJL TPU HATTUYUH COOTBETCTBYIOIEr0 000-
PYIOBaHUSI.

Ha ceropnsiinmii JeHb cCpaBHUTENbHO HEOOIb-
I0€ KOJUYECTBO aBTOPOB 9KCIIEPUMEHTAILHO OIIpe-
JIEJISITA 3aBUCHMOCTD TPOHUI[AEMOCTH MEP3JIBIX T10-
POl OT JibJOHACBIeHHOCTH [Anansan u dp., 1972;
Cmapobuney, Mypozosa, 1985; Yyeunun u dp., 2016,
Chamberlain, Gow, 1979; Seyfried, Murdock, 1997;
Kneafsey et al., 2007; Wang et al., 2014; Chuvilin et
al., 2021]. B 6onbmuHcTBe paboT 9KCIEPUMEHTATb-
HOe MogeIMpoBatue GUIbTPALMU I'a3a B JIbJOCOAEP-
JKAIUX TOPOZaxX IPOBOAUIOCH IIPU JABJIEHIH, OI13-
KOM K aTMOC(hEepHOMY, IIPU 9TOM IIPAKTHUYECKHU He
VIEJISIIOCh BHUMAHUSI OTIEHKE BJIMSIHUST TepMOGap-
YecKnX (hakTopoB.

B orsmyie oT Jb0COAEPIKAIINX TIOPOJL, UCCIe-
JIOBAHUIO IIPOHKUIIAEMOCTH HIOPOJL, COIAEPIKAIINX I'a30-
BbI€ MM/[PATBI, IOCBAIIEHO 3HAYNTEIbHOE KOJIMYECTBO
pabor.

[IepBbie 3aBUCUMOCTH OTHOCUTEIBLHON IIPOHUTIA-
€MOCTH TIeCUaHOIT TIOPO/IBI TI0 Tasy OT KoahduiineHTa



IKCIHEPUMEHTAJIBHOE MOAEJIMPOBAHUE QU/IbTPALIMU IT'A3A B MEP3JIBIX U IT'H/IPATOCOAEPKALIIUX IIOPO/IAX

TUIPATOHACHIIEHHOCTU TTOPOBOTO MPOCTPAHCTBA
ObLTH TOTy9eHs! enfe B 70-X ToaX MPOIILIOTO BeKa
A.C. Cxansxo u A.B. besanocukosbim [HMcmomun,
Axywes, 1992]. B nanpheiiieM akcriepuMeHTAIbHYIO
OTIEHKY MMPOHUIIAEMOCTH THAPATOCOIEPKAIIUX TIOPO/I,
KaK MPUPOJHBIX, TAK U UCKYCCTBEHHO IIPUTOTOBJIEH-
HBIX, TPOBOJIUIIA MHOTHE HCcaepoBaTen [Jaiswal et
al., 2004; Minagawa et al., 2005; Kneafsey et al., 2007;
Johnson et al., 2011; Li et al., 2016, 2021; Wu et al.,
2018; Zhao et al., 2020; Lei et al., 2022; Cheng et al.,
2023]. B xojie 311X paboT GBIIN PACCMOTPEHBI Pas-
JINYHbIE ACTIEKTHI M3MEHEHWsI Ta30IIPOHUIIAEMOCTHI
CUIPATOHACHIIIEHHBIX TIOPOJL IPU HATPEBAHUY, CHU-
JKEHWH JaBJeHUs, 3aKkauke HHrHOUTOpoB. OMHaKO
MIPAKTIYECKH BCE MCCIIe0BATENN MOIETMPOBAJIHN YC-
JIOBUSI 3AJIETAHUST FA30BbIX TUPATOB B IPYHTOBBIX
TOPU30HTAX, XaPAKTEPUIYIOMUXCS TTOJOKUTEITHHOM
TeMIIepaTypoil.

Ha ocHoBe aKCTIepUMEHTANBHBIX JAHHBIX OBLI
[IPE/IJIOKEH PsI/l MATEMATUYECKUX MOJIeJIel JIJIst IPOo-
THO3WUPOBAHUS CHIKEHUS OTHOCUTEJILHOM POHUITA-
€MOCTH TOPOJI TPY THApaToHackiieHuu [Masuda et
al., 2002; Kleinberg et al., 2003; Minagawa et al., 2003;
Rezaee et al., 2012; Ruan et al., 2012; Dai, Seol, 2014;
Delli, Grozic, 2014; Daigle, 2016; Jin et al., 2016;
Hauge et al., 2016; Kang et al., 2016]. Oxnako cy-
IIECTBEHHBIM HEZIOCTATKOM TAKUX MO/IeJIEH SIBIISIETCSI
UX IIPUMEHUMOCTH TOJBKO K OIPeleIeHHbIM TUIIAM
IPYHTOB WJIN YCJIOBUII THAPATOOOPA30BAHNSI, & TAKIKE
HaJInure B HUX KOd(PUIIMEHTOB, KOTOPHIE JTOJKHBI
KOPPEKTUPOBATHCS BPYUYHYIO B KJKIOM KOHKPETHOM
CJIy4ae 1o 9KCIIePUMEHTATIbHBIM JAHHBIM.

DuibTpalnoOHHbIE UCIIBITAHUS Ha 00pa3Iax mo-
PO/, OTHOBPEMEHHO COJIEPIKAIIUX JieJ W TUAPAT, Ha-
YaThl HEIABHO, OZIHAKO K HACTOSIIIIEMY BPEMEHM TI0JTY -
YeHbl 9KCIIEPUMEHTAIbHbIE 3ABUCMOCTU M3MEHEHUsT
ra3olpOHUIIAEMOCTH KaK B IIpoliecce mepexojia mo-
poBoro Jibaa B ruapar | Yyeunun u op., 2020], Tak u B
YCJIOBUSX AMCCOIUAINN [TOPOBOTO THIpaTa B Mep3-
JIBIX THJIPATOHACHIMIEHHBIX 00pa3iax mpu OTpuila-
TeJbHOU TeMIlepaTrype Mpu HOHMKEHUN [aBIeHUs
HUsKe paBHoBecHOTO [ Chuvilin et al., 2021].

[t n3yueHns ra3o[uHAMUYECKUX TIPOIIECCOB,
BO3BHUKAIOIUX B BEPXHUX FOPU3OHTAX MHOTOJIETHE-
MEP3JIBIX MOPOJI, HEOOXOAUMO 9KCIIEPUMEHTATBHOE
MOJIEJIUPOBAHME TAaKUX YCJOBUIA, KOT/A JaBJIEHUE
rasa GyJIeT paBHAThCS VI TIPEBBIIIATD JABJICHIE BbI-
IIeJIEKAIUX TTOPOI.

B Hacrosiieii paboTe 1pejacTaBieHa OpUrnHab-
Hasi METOJINKA HKCIIEPUMEHTATbHOTO MOJIEUPOBa-
HUSI TIPOIIECCOB (DUIIbTPAIINY I'a3a B JIb/I0- U THPATO-
coJiepsKAINX TIOPOJAX TIPU PA3IMIHBIX TepMOobaprye-
ckux ycaosusix. Ha ocHoBe aT0ll METOIMKH 1poBejie-
HBI UCCIIe0BaHUsT PUIBTPAIIMOHHBIX CBONCTB TPYH-
TOBBIX 06PA3IOB B YCAOBUAX (Da30BBIX MEPEXOI0B
BOJIa—JIe[I-TU/IPAT C OIEHKOW UX JINHEHHBbIX eop-
Maluii 1 u3MepeHneM CKOPOCTEH aKyCTHIeCKUX
BOJTH.

¥YcoBepieHCTBOBaHHASI IKCIIEPUMEHTAIbHAS
YCTaHOBKA /IISl OeHKH (PUIIbTPAIMOHHBIX CBOWCTB
JIbJIO- ¥l THAPATOCO/IEP KANINX MOPOJT

IKCIepUMeHTATbHOE MOJIeTUpoBaHue (huibTpa-
MU TIOPOBBIX (DITIOU/IOB B TOPUCTBIX CPEIAX, KOTOPOe
COOTBETCTBYET IJIACTOBBIM YCJOBUSM, Yallle BCETO
MIPOBOJIAT B CHEIMAJIBHBIX YCTAHOBKAX BBICOKOTO /IaB-
JIEHUS HA NUJIVHAPUYECKUX KePHAX PA3JIMUHbIX T10-
poz. OpHAKO cepbe3HON TEXHUYECKOU mpodIeMoit
TIpU TTPOBE/ICHUN (DUITHTPAIMOHHBIX UCTBITAHUH SB-
JITeTCsI TepMeTU3aIust oOpasiia B KepHOIepIKaTee
TaKOH yCTaHOBKU. B GOIBITNHCTBE QUIIBTPAIIHOHHBIX
YCTaHOBOK /it (puKcaruu o6pasiia uCmoab3yoTes
PE3UHOBBIE MAHIKETHI, 8 OOKUM CO3AETCS 3a CUeT
YBEJUUEHUSI IaBJICHUST Macjia BOKPYT MaHKEThI ¢ 00-
pastiom. [TpuMepsl MOK0OHBIX YCTAHOBOK MPUBEACHBI
B [Uysunun u dp., 2020; Zhao et al., 2020; Chuvilin et
al., 2021; Wang et al., 2021; Lei et al., 2022]. Tlpu pa-
60Te Ha TAaKUX YCTAHOBKAX B YCJIOBUSAX MMOBBINIEHHOTO
JlaBJIeHU 324acTYIO IIPOUCXOJUT epopMalius MaH-
KT, TIPUBOJISTIAS K Pa3pPYIIEeHUT0 06Pa3IIoB HCCITEy-
€MBIX IIOPO/] € TIPOHUKHOBEHHEM MacJjia U3 TH/[PaBJIH-
YeCKOHM CUCTEMBI B ra30BYI0 JIMHUIO, YTO IPUBOJUT K
[IPEsKeBPEMEHHOMY IIPEKPAIIeHNI0 9KCIIEPUMEHTA U
PEMOHTY CaMOH YCTaHOBKH.

B cayuae uccienoBanus HeKOHCOJIUINPOBAH-
HBIX TOPHBIX TTOPO/] BO3MOKHO UCIIOJIb30BaHUE yCTa-
HOBOK KOMIIPECCOHHOTO CKaThsA He3 TPUMEHEHUsI
PE3MHOBBIX MAHIKET U BCECTOPOHHETO 00knMa. B Ta-
KWUX YCTAaHOBKAX FepPMETHYHOCTH 06pasiia J0CTUTraeT-
cs1 3a cueT GOKOBOTO pacIIupeHus odpasia moj aei-
CTBUEM OCEBOI HATPY3KH, & TAK)KE 3a CUET CMEP3aHUA
obpasiia co CTEHKaM¥ KEPHOEPKATEISL.

C yd4eToM CyIecTBYIOMUX MOAX0M0B K KOH-
CTPYKIMH (DUIABTPAIIMOHHBIX YCTAHOBOK, aBTOPAMHU
cosmectro ¢ OO0 “OkoTleoclIpom” Gblia paspa-
6oTaHa KOMIIPeCCUOHHAsT (PUIbTPAIIMOHHAS yCTa-
HOBKa, TP TIOMOTIIA KOTOPOH BO3MOKHO MOJIETUPO-
BaHWeE IJIACTOBBIX YCJIOBUI € BBICOKUMU TPAJMEHTA-
MW Ta30BOTO JaBJEHUS, Ja)ke B CIAydasixX, KOTIa
rasoBoe JiaBJjeHue OyeT PaBHSATHCS MU TPEBbIIIATh
MexaHudeckoe. /laHHas ycTaHOBKA MMO3BOJISIET CO3/Ia-
BaTh TeEPMOOApPUUECKHE YCIOBH B 00pasiiaX PyHTOB
B IIMPOKOM jauainazone rtemmeparyp (ot —15 go
+30 °C) u maBienuii (zo 10 MIIa), takum ob6pasom
obecrieunBas cozfanme mepernasa AaBJeHui Ha TOp-
nax obpasua a0 10 MIla (puc. 1).

OcHOBHBIM PabOUNM 3JIEMEHTOM (DHIIBTPAIOH-
HOM YCTaHOBKH SIBJISIETCS CIIEIIMAJIbHBIN KepHoIepKa-
TeJIb ¢ BHYTPEHHUM uamMeTpoM 40 MM, BBITIOJTHEHHbIH
u3 nosuMmepuHoro matepuana PEEK, B koTopblii mome-
maeTcs obpasel] TOPHOI MOPoAbl AAUHOK 10 120 MM
(cm. puc. 1). OceBoe gaBrenue Ha oOpasel] CO34aeTCs
MTOPIIHEM C TU/IPABJINYECKUM TIPUBOIOM, TOJIKJIIOYEH-
HBIM K TTHeBMoOTupaBindeckomy Hacocy (H), peru-
CTpaIys JJaBJeHNS TTPOU3BOIUTCS TaTYMKOM JIaBJie-
Hud /14, a nepemernenus — nupoBbIM UHIUKATOPOM
suHeltHbIx nepementenuii J[/1 (cm. puc. 1).

33



EM. YYBUJIMH U JIP.

|
|
|
|
|
|
KepHopepxatenb :
|
|
|
| |
v | aM | |
@ ’?(2 — K3 bk @ :
|
P1 P2 :
|
Bxop rasa '
—_— >x1 K1 DX K5 |
BbIxoz, l :
rasa
___________________________________ J
B
=——n a
[_Macno ] I s I - -
g Foooooreereeees -
MopueHb |

Puc. 1. Cxema HCHOIb3yeMOro 060py/I0BaHHS:

T T
Hep>ageioLias CTaﬂbl Monumep (PEEK)

A — obmias cxema GUIBTPAIMOHHON yeTanoBKY: 1 — KaumaTuyeckas kamepa Binder, 2 — 6asuion ¢ razom, 3 — AT (anasnoro-mud-
POBOIt TTpeobpasoBatenn), 4 — KOMIbIoTeP; b — BHEITHUIT BUL KePHOZEPIKATEIS B COOPAHHOM BUJIE; B — cXeMa KepHOIepIKaTels.

ITosicHernus cM. B TEKCTe.

Cucrema jiis udydenus (puIbTpaIUU ra3a TakKe
BKJIIOYAET JIBa ra30BbIX pecusepa obbemMom 150 cm3
(P1, P2) c noak/104eHHBIMU JaTYMKAMU JJaBJIeHU
(1, 12). KonTpoJsb nepenaza aaBjieHus Ha odpasie
ocyiecTsisgeTcs quddepeHIuagsbHbIM MAHOMETPOM
M, nis 3anmcy 3HaY€HUH TOPOBOTO JIABJICHUS TPU
OTKJIIOYEHHOH cucteMe (PUIbTPAIUH UCIIOTH3YETCS
natuuk pasienus [13. Onpenenenne koadduimenta
ra3onpoHUIaeMoCcT 00pasiia MPOU3BOAUTCS METO-
JIOM CITajia UMITYJIbCA, JIJI 9€TO0 MOCJIe TO/Iauy ra3a u3
6assoHa B TIEPBOM PECUBEPE CO3MAeTCsT U3OBITOK
nasienust (o 0.5 MIIa), a 3areM OTKpBIBa€TCS MEM-
Opanubiii kpan K2 u hukcupyercs: usMenenue aasJie-
uuii 11, 12, IM Bo Bpemenu. [Ipu uaydennu Hu3Ko-
MPOHMIIAEMBIX 00Pa3IOB KOd(MHUIIHEHT Ta30TPOHU-
[[AeMOCTH OTIPe/IeIIeTCs IIPY 3aKPBITOM Kiarmane K3
ULl CHUDKEHUsI BpeMeHu (DuIbTpaliuu ra3a. Y mpanJie-
nue kianmanamu K2 u K3 npousBoautcst yepes npo-
rpaMMYy 3alllCH U YIIPaBJEHUS, YCTAHOBJIEHHYIO Ha
KOMITBIOTED.

Bce natuvku gaBieHust TapupyioTcs ¢ TOYHO-
crbio 0.005 MIIa Bo BeceM auaniasone pabodmx gasjie-
HUIi ¢ UCTIOJIB30BAHNEM BBICOKOTOUHOTO II(POBOTO
manometrpa Crystall.
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B nopurne kepHoziepkaTess 1 B HEMOABUKHOM
TOPIIE YCTAHOBJIEHBI YIbTPA3BYKOBbIE TIPUEMHUK U
rereparop (A1, A2), obecrieunBarolie onpeaeaeHne
CKOPOCTEH NPOJOJbHBIX U HONEPEYHBbIX YIPYTUX
BoJit (cM. puc. 1, B). Takske B HENOABUIKHOM TOPILe
YCTAHOBJIEH TeMIIEPATYPHbBIN JATUUK, (PUKCUPYIOMIHIA
U3MeHeHne TEMTIEPATyPBI 00pasiia ¢ TOYHOCTHIO /10
0.1°C.

DuibTpalinoHHas yCTAHOBKA ITOMEIIAETCS B
KJmMaTnueckyio kamepy Binder MK240, rosBouistio-
NIYI0 TOIEPKUBATH TEMIIEPATYPY € TOYHOCTBIO 10
0.1 °C B mupokom nuanaszone temmeparyp (—40...
+180 °C).

METOJUKA
IKCIIEPUMEHTAJIbHOTO MOJAE/JINPOBAHUA

[t sKcnepuMeHToB Oblin pa3spaboTaHbl IPole-
JLYPBI IIPOBEJIEHNS] UCIIBITAHUIN, BKJIIOYAIONINE TPU
OCHOBHBIX 9Tama (puc. 2):

I. moAroTOBKA TPYHTOBBIX 06PA3IOB ¢ HEOHXOIU-
MBIMU TTAPAMETPAMHU BJIA)KHOCTHU /JIbUCTOCTH, ILJIOT-
HOCTH;

I1. coznanme HEOOXOMMMBIX MITACTOBBIX YCAOBHUIT
B 9KCIIEDMMEHTAIBHON yCTAHOBKE W IPOBEIEHUE
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’ MoaroToBUTENBHBLIN 3Tan \

MoaroToBka BAAXHOMO rpyHTa

s \\
"MopenvpoBaHue pasnniHbix (P, T)-
! YCNOBWI B MEP3JIbIX NOPOAAX

1

/
1

KoHconnpauus rpyHTa nog,
nasneHnem 0.5 MlMa

CTyneH4yaToe noBbILLEHNE
nasneHnsirazanpn 7<0°C

1 TemnepaTtype okosno 22 °C

!

[MoBbIWEHNE aaBneHns
BblLLIE PABHOBECHOIO
npuT<0°C

HarpesaHue obpasua

3amopaxmnBaHue obpasua
npu -5°C

!

CTynquaToe noBbllLeHne

HarpesaHue 1 oTTanBaHne
npv 4aBneHnn Bollle
paBHOBECHOIO

0CEeBOro AaBneHus

KoHeuHbIl aTan

3amopaxunBaHue

OnpepeneHne KOHEYHbIX

XapakTepucTuk

CHWXeHVe faBneHNst HxXe
paBHOBECHOIo

Puc. 2. OcHoBHbIE 3Tanbl NPOBeAeHUS PUIbTPATMOHHBIX HUCIIHITAHHIA.

(pUABTPAIIMOHHBIX UCITBITAHNI B YCJOBUSIX BBICOKUX
IPaJINEHTOB JIABJIECHUST,

IT1. 3aBepienue aKkcrnepuMenTa u oOpaboTKa
AKCIEPUMEHTATIBHBIX TaHHBIX.

Ha nmoaroroBurenbHoll cTagun (puiabTpannoH-
HBIX UCIIBITAHUN OCHOBHOM 3a/1aueil ABJIIETCS MOJTy-
YeHKe TPYHTOBOTO 00pasiia ¢ TpeOyeMbIMHU Xapak-
TEPUCTUKAMU BJIAKHOCTH, IJIOTHOCTH U JIBUCTOCTH.
Ha mavasbHOM 3Tare roTOBUTCS cyXasi HaBeCKa Uc-
CJIelyeMOTO TPYHTA C M3BECTHBIMM XapaKTePUCTHKA-
MU TPaHYJIOMETPUIECKOTO U MITHEPAJTbHOTO COCTaBA.
Hasee 3ajaercst HeOOX0OAMMAasT BJIAKHOCTD ITyTEM CMe-
IITUBAHNsI HABECKU TPYHTA C OMPeIeTIEHHBIM KOJIMYe-
CTBOM JIMCTUJLIMPOBAHHOM BOJIBI (11 TIECKOB) MJIN
JIEJITHOT KPOTTKY (/1S TAIMHUCTBIX TPYHTOB). 3aTeM
METOJIOM TTOCJONHOTO YIJIOTHEHUS] TPUTOTOBJIECHHAS
HaBecKa rpyHTa HaGUBaeTCs B KEPHOAEPKaTellb, KO-
TOPBIH asiee TOMEIIAETCST B KITUMATHUECKYIO KaMepy
U TIOJIKJTI0YAeTCs K yeTaHoBKe. B mporiecce 3aMopos-
K¥1 QUKCUPYIOTCST U3MEHEHMS JTMHBI 06pasiia ¢ mo-
MOTI[BIO CHCTEMBI PETUCTPAIIMY JIMHENHBIX lehopma-
I, YTO TIO3BOJISIET OTIEHUTh U3MeHEeHNEe HEKOTOPHIX
TPYHTOBBIX XapaKTEPUCTHUK.

Ha aramne co3manus mracTOBBIX YCJIOBUHN U TIPO-
BeZIeHUST (PUIIBTPAIIMOHHBIX UCTIBITAHUI BBIIEJISTIOTCST
JiBa HaripaBJeHust: 1) uccienoBanme Mepaibix 00pas-
[[OB MIPYU PA3JUUYHBIX TEPMOOAPUIECKUX YCIOBUSIX,
BKJIIOYAst MX OTTaWBaHUE ¥ MOCJEAYIONIee TTpoMep3a-
Hue; 2) uccjaeqoBaHie PYHTOBBIX 00PasIioB B yCJIO-
BUX 00pa3oBaHKs U PA3JI0KEHIS TOPOBBIX THAPATOB
MeTama.

B niepBoM cirydae ucciieioBanne Ta3onpoHuIae-
MOCTH MEP3JIbIX 00pas3IioB NPOBOJUTCS B 3aBUCHU-
MOCTH OT TepMOOAPUYECKUX YCIOBUN, TPYHTOBBIX

XapaKTEePUCTHK, B TOM YHCJIE COJCPKAHUS JIb/la U He-
3amepsiieil Bojipl. M3mepenue mpoHuIiaeMocT TpyH-
TOBBIX 00PA3I[OB TPOUCXO/INT B YCJIOBUSIX U3MEHEHST
JIABJICHVST, HATPEBAHUS U OXJIKIEHUS, TIPU KOHTPOJIE
nedopmaiuii 06pasioB 1 U3BMEHEHHIT UX TOPUCTOCTH.

Bo BTOpOM Cciyuae oleHKa ra3onpoHUIIaeMOCTH
IPYHTOBBIX 0OPA3I[OB BHITIOJHSIETCS IPU JTaBJICHUSIX
BBINIIE PABHOBECHOTO, KOT/Ia TPOUCXOSAT (ha30BbIe
repexo/ibl Jie/i(Bojia)—TupaT MeTaHa, a TaksKke B yc-
JIOBUSAX IMCCOIUAIIMY TIOPOBOTO TH[paTa MeTaHa B
MEep3JIBIX 00pasiax MpH MOHKEHUN JIABJICHIS HUKE
PaBHOBECHOTO, KOT/Ia Ha0JII0aeTCsT CaMOKOHCEepBa-
I[1s1 Ta30TUAPaTHBIX 06pasoBanuil (eM. puc. 2). B ka-
YecTBe THAPATOOOPA3YIONIEro ra3a B 9TUX (UIbTpa-
IIMOHHBIX UCIIBITAHUSX UCTIOJIB30BAJICS METAH C YUC-
tortoit >99.99 %.

Bo Bpem4 3akyo4nTeIbHOTO dTana GuIbTpalm-
OHHBIX UCIBITAHUH /IaBJIeHNE Ta3a MOCTENEHHO CHU-
’KaeTcst 1o aTMOC(hEPHOTO, lajiee MTOHMKAETCS 0CeBOe
JIaBJIeHIe Ha MeP3JIbIH 00pasell, KOTOPbIil M3BJIeKaeT-
ca u3 xkepHojepskaresist. [Tociie aToro Mepasbiii o6pa-
3€Il paCKaJIbIBAETCS B/IOJIb HA JIBE PABHbBIC YACTH JIJIS
BU3YaJbHOTO U3YUEHUS CTPYKTYPHO-TEKCTYPHBIX
0cOo0EHHOCTEl. 3aTeM IIPOU3BOAUTCS MOCAONHAS pas-
JIeJTKA 9TUX YacTel /11d onpeeieHs BAAXKHOCTH 10
Beell umte obpasiia.

B kauectBe 00bekTa nccaeoBaHusd B (DUIbTPA-
IIUOHHBIX HKCIIEPUMEHTAX UCITOJIH30BAHCH JIBA THUTIA
IpyHTa — IIPUPOJHBIN HAPYIIEHHOTO CJI0KEHUS U MO-
neabHbIN. TIpUpOAHDIA TPYHT GBI IPECTABIEH Ie-
cKoM 1, 0TOOPAHHBIM B MEPSJIBIX MOPCKUX OTJIOKEHU -
ax (mQ3) B npexnenax 0xHO-TamMbelicKOro Ta3soKoH-
JIEHCATHOTO MECTOPOsKAcHUs Ha SmMane (raybuHa
or6opa 36—46 M). MojieIbHBIN TPYHT COCTOSAT U3
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Tabauma 1. I'panynomeTpuyeckuii 1 MUHEPaJOTHYECKHIl COCTaB UCCIEeyeMbIX TPYHTOB
r Pacnpezeserine 1o pasmepy (Mu) actuir®, % HaumenoBanue no | Munepasnoruye-
PYHT ) o o
1.0-05 | 0.5-0.25 | 0.25-0.1 | 0.1-0.05 |0.05-0.001 | <0.001 |[[OCT25100-2020]|  cxnii coctas, %
TTecok 1 0.2 29.1 62.3 2.4 5.8 1.2 TTecok Meskuii Ksapit 74.1
Ans6ut 12.8
Oproxasz 10.0
[Tecok 2 0 3.1 84.8 10.8 1.3 0 [Tecok menkuit Ksapir >90
MonTt™mopusio- 0 0 0.2 0.1 46.2 53.5 Tnuna tsoxenas | MouTMOPUILIIOHUT
HUTOBAS TJIMHA >90

* Jlanmbie pacripenesenns gactuil pazmepom <0.001 mm ripuBejiensr coryiacHo kiaaccudukaiuu B.B. Oxoruna.

Ta6auna 2. OcCHOBHBIE XapPAKTE€PUCTUKH, I0JyYaeMble NPHU NPOoBeaeHnH GUIbTPALUOHHBIX IKCIIEPUMEHTOR

Xapakrepucruka OG6o3HaueHue Enunnia nsmepenus Mertomka
OrnocuresnbHas nedopMarus € €. [Ipynmosedenue, 2005]
ITopucrocTsb n %

BomoHachImeHHOCTD (CTENeHDb BIAKHOCTH ) Se %

JIb0HACHIIIEHHOCTD S; %

T'maparonackieHHOCTD S, % PVT-meTon
KoagpuienT rugpatHoctu K, €. [ Yysunun, Typvesa, 2009
CKOPOCTD IIPOIOJIBHBIX BOJIH v, M/c [FOCT 21153.7-75]
CKOpOCTD TTOTIEPEYHbIX BOJTH Vi M/c

Koaddunuent razonponunaeMocTu K, M/l [API RP 40, 1998]

CcMecH KBapIleBOTO mecka 2 ¢ jpobasieHueM 25 %
MOHTMOPUJJIOHUTOBOH IVIMHBI OT MAaCChI JIAHHOTO T1e-
cka. ['paryomerprueckuii 1 MUHEPaTOTHIeCKHIT CO-
CTaB TPYHTOB, UCIOJb30BAHHBIX B 9KCIIEPUMEHTAX,
npejcrasie B Tabr. 1.

B xone ¢pusnbTpaninOHHbBIX NCTIBITAHUH /17T TPYH-
TOBBIX 00PA3IOB ONPEIESIIIUCH U PACCYUTHIBAINCD
pasJyinyHble XapaKTePUCTUKHU, B TOM YHUCJIEe UX U3Me-
HeHue Bo BpeMeHH (Tabir. 2).

ITHU XapaKTEPUCTUKHU OMHUCHIBAIOT U3MEHEHUS
OTHOCUTEJIBHOI lehopMAIi TPYHTOBOTO 00pasiia,
€ro MOPHUCTOCTH, CTEIIEHN 3aITOJTHEHUS TOP BOJIOI,
JIBZIOM, TUIPATOM, & TaKyKe U3MEHEHMS aKyCTUYECKUX
napamerpos (V,/ V) 1 ra3onpoHnIiaeMocTu B Xo/1e
akcrepumenTa. [ToapobHbie pacueTHbie GOPMYJIBI He-
KOTOPBIX M3 3TUX XapPAaKTEPUCTUK TTPE/ICTABJICHDI B
pabotax [Yyeunun u op., 2020; Chuvilin et al., 2022].

Takum 06pa3oM, TTOSIBIIETCST BOBMOKHOCTD C TTI0-
MOIIbIO MOJIEPHU3UPOBAHHON (PUIBTPAIITMOHHOM
YCTAHOBKM He TOJBKO OIpeessTh Ta3olnpoHuIiae-
MOCTb MEP3JIbIX, TATBIX U THIPATOHACHITIIEHHBIX OT-
JIOSKEHUI, HO ¥ TTOJTyYaTh MH(MOPMAIIAIO O TMHEITHBIX
nehopMaIusax TPYHTOBBIX 06Pa3IoB B X0/Ie IKCIIepHU-
MEHTOB. ITO TO3BOJISIET ¢ GO BHICOKOT TOTHOCTBHIO
OTIPEIENIATH TIOPUCTOCTD U CTETIEHD 3ATTOJTHEHUS 1TOP
JIBJIOM, TUJIPATOM U He3aMmep3iieil Bonoil. Ckopoctu
VIPYTHUX BOJH TaKKe SBJISIOTCS KOCBEHHBIM TTPU3HA-
KOM, KOTOPBIH ITOMOTAeT OTCACKUBATD U3MCHEHUS B
o6pasite TpU yIJIOTHEHWH, TIPU HEPEXO/Ie KUIKOT
(baser BOABI B Jier MM TUPAT, @ TAKXKe COKpaIeHHe
WJIN yBeJIMUEHUE COJePKaHUs He3aMep3IIei BOJIbI
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MIPU U3MEHEHUU TEMIIEPATYPBI, TPU KOTOPOIT MPOwcC-
XOZAT (DUIIBTPAITMOHHBIE UCTTBITAHUS.
PaspaGoTasHblil a1ropuT™M GUIBTPALKMOHHBIX
UCTIBITAHUI TPYHTOBBIX 06Pa3Il0B MO3BOJISIET HKCTIE-
PUMEHTAIBHO MOJETUPOBATDH MUPOKUH AUATTA30H
TepMOGAPUIECKUX YCIOBHI, XaPAKTEPHBIX KAK JJIsT
MPUTOBEPXHOCTHOTO, TaK U JJist HoJee TaIyOUHHOTO
3aJIeTaHusT MEP3JIBIX U THPATOCOIEPIKAIINX TOPOI.

OIIEHKA ®MNJIbTPAIIUN IT'A3A
B MEP3JIbIX IIOPOJAX

B pamkax 1npoBejieHUsI METOAMYECKUX UCCIIe/0-
BaHMUI1 10 MOJIETTMPOBAHUIO (PUIBTPAIINN ra3a B MepP3-
JIBIX TIOPOJIaX MPU UX HATPEBAHUY OBLIO BBIIOJTHEHO
JlBa BKCIepuMeHTa. B kauecTBe 06bEKTa HCCIE0Ba-
HUS B 9KCIIEPUMEHTaX UCI0JIb30BaIaCh MOJleJIbHAS
MecYaHO-TJIMHUCTAsl CMECh, IPUTOTOBJEHHAS U3
KBapIeBoro mecka (1mecok 2) HapyHieHHoro cJio-
sxkeHus ¢ npeobaagaonein gpaknueit 0.1-0.5 MM
¢ 106aBKOI 4acTUIl MOHTMOPHUJLJIOHUTOBOMN TJIHBI
(25 %).

B nepBoM MeTomueckoM akcriepumerte M1 mo-
JIeJTUPOBAJINCH YCIOBYS, KOT/Ia BO3MOKEH Ia30BbIi
MPOPBIB Yepe3 MepaJibiii 06paszer mpu JaBleHUN
2 MIla, u ornennBasach KpUTUYECKAST TEMIIEPATYPA,
IIpU KOTOPOII BO3MOXKEH Takol mpopsiB. VMcxonnas
BecoBas BJAXKHOCTHh TPYHTA 3a/aBajiach PaBHOM
17.8 %. TlopuctocTh TPUTOTOBIEHHOTO 06pasia
cocraBusa 0.34 11pu MJIOTHOCTHU CKeJIeTa IPYHTA
1.76 r/cm3. B Mep3/ioM cocTosSHUU IPYHTOBBII 06pa-
3e1 UMeJT 00bEMHYTO JIBANCTOCTh OKOJIO 35 %.
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Iepen GUABTPAIIMOHHBIMU MCIIBITAHUSMU 00-
paserr 3amopaxuascs npu temmneparype —5 °C ¢
ocepoii Harpyskoii 0.5 MIla, 3aTem moaseprasics Ha-
rpesanuio 0 —3.4 °C ¢ BbIlepKMBAHUEM TIPU JIaH-
Holi Temmieparype B TeueHue 6 4. [ocsie aToro npo-
BOJIMJIOCDH CTyTIEHYATOE HATPYsKeHe 0Opasiia B ycJI0-
BUSIX OJTHOCTOPOHHETO CKATUS U TOHATHE IaBJICHUS
rasa 7io 3Hauenust oceBoro (2 MIla). Ha navaipHoii
CTaJIU 9KCIIEPUMEHTA TIPY YIIJIOTHEHUH B TIPOIecce
narpysenus P,, 1o 0.5 MlIla n nocsenyiomeit 3amo-
PO3Ke ¢ JIOTIOJIHUTEIbHBIM Harpyskeuuem g0 2 MIla
[IPOUCXO/INJIO HE3HAUUTEJIbHOE N3MEHEeHE OTHOCHU-
TeJIbHOI JIMHeHOi qedopMannn 06pasiia, KOTOpoe
ne mpesbimaio 0.02 %. B paxbHeiiniem 3aMOposKeH-
HBII 0Opasel BbIIEPKUBAJICS [IPU 3aJ[aHHBIX TEPMO-
GaprueCcKUX YCJIOBUSX B TeueHue 12 4, B X0/1€ KOTO-
PBIX TIPOU3BOIMIIOCH HAGTIOIEHIE 32 IABJIEHIEM Ta3a.
3a 9T0 BpeMst HCCeyeMblii 00paselr OCTaBaics He-
[IPOHUIIAEMBIM [IJIS TA33, TaK KaK He U3MEHSJIOCH JaB-
genue wa Bxozxe (Py) u Boixome (Py) uz obpasia
(puc. 3, a). [lasee HaUMHAIOCh MeJIJIEHHOE Harpe-
Bamnue obpasiia co ckopocTbio 0koso 0.1°C/u. B xoze
HarpeBaHUst OBLIIO YCTAHOBJIEHO, YTO TPHU JOCTH-
’KeHnn kputmdeckoit Temnepatypsl 1, = —0.3 °C Ha-
yaJscs mpoiiecc hbUIbTPANH Ta3a, KOTOPBIM TTPUBEN
K CHUJKEHUWIO IePBOHAYATIBHOTO Tepernaa ra3oBo-
ro JaBJeHus MeXKAy TopuaMu oOpasia Py u P, no
0.4 MIIa. B aT0T MOMEHT HaBJieHne Ha BXoje B 06pa-
3e1 (P;) cocrasiaino 1.16 MITa, a na Boixoge (Py) —
0.75 MIIa. IIpu atom GbL1a 3apuKCUPOBAHA OTHOCH-
tenbHasg gedopmanug € 10 0.23 % (cMm. puc. 3, 6).
Cremyer oTMETUTD, YTO (PUIBTPAIUS Tasa dyepes
Mep3JIblil 00pasel] Hauauach P KPUTHIECKON TeM-

) L
\ B

P,MMa; T, °C

—4 4

0 20 40 60 80
Bpewms, 4

1 —2

neparype, koropas Obiia Ha 0.1 °C Huzke Temiiepary-
PBI OTTauBaHus A fanuoro rpyura (1, = —0.2 °C).

ITOT MPOIIECC, TTIO-BUIUMOMY, CBSI3aH C PE3KUM
yBeJIMYEeHHEM COJePKaHUsl He3aMep3Iiell BOobl BOJIM-
31 TEMIIEPATYPbl OTTaMBaHUs. B 9TUX yCIOBUSIX Jie-
JSTHOI KOMIIOHEHT B MEP3JIOM IPYHTE IiepecTaet ObITh
€JITHBIM JKECTKUM IIEMEHTOM U TIOSIBJISIETCS BO3MOXK-
HOCTB (pusibTparuu (GJIOUI0B 3a CYET Mepepacipe-
JleJIeHUsT BOJIBI B TTOpaxX U (GOPMUPOBAHUS KaHATIOB
unprparnuu. C navanom guiabtpainuu pukcuposa-
JIMCh 3HAYKMTE/IbHbBIE JedOopMallUN YIJIOTHEHUS 06-
pasiia, a gajbHelinee npexkpaiiene GUabTpaIrum
raza 00ycCJIOBJIEHO YILIOTHEHHEM oOpasiia U 3aKyIo-
pUBaHUEM KaHAJIOB (DUIbTPAIUH.

Taxum 06pasoM, B Xojie skcrepuMenTa M1 6b110
BBISIBJIEHO, UTO (DUIBTPAIIUS Ta3a yepes JbJIOHACHI-
IIEHHBIN TPYHT TIPU TIE€PeTajie ra30BOro JaBJIeHnus Ha
TOpIax Mep3s10ro obpasua 10 2 MIIa Bo3aMoskHa JIUIIb
B 00J1aCTH BBICOKUX OTPUIATEIBHBIX TEMIIEPATYD,
OJIMBKUX K TeMIIepaType OTTaruBaHMsl, KOT/a MO/ Aeki-
CTBHEM Ta3a MPOUCXOJIUT OTKATHE BOJIbI, TOSBJISIO-
IIeiics TIpU TJIaBJIEHUHU TTIOPOBOTO JIbJIA, & TAKKE BO3-
HUKHOBEHHE OIPEIeJIEHHBIX CTPYKTYPHBIX Tpeobpa-
30BaHU, TPUBOISAINX K (hOPMUPOBAHUIO HEKOTOPHIX
KaHaIo0B (hUJIbTPAIMY T'a3a B OTTAUBAIOIIEH Opo/Ie.

B xo/e BTOpPOro MeTOINYECKOT0 SKCIIepUMeHTa
paccMaTpUBaJIOCh BIUSTHIE HaTpeBaHUs HA U3MeHe-
HUe ra3onpOHUIIAEMOCTU B MEP3JIoM 00pasiie ¢ MEHb-
1Ieil HayaJIbHOM BJIAsKHOCTBIO 110 CPaBHEHUIO ¢ 06pas-
oM B onbiTe M1. HavasnpHas BecoBas BJIaKHOCTD
obpasia M2 cocrasiisiia 16.5 % 1npu IJIOTHOCTU CKe-
nera 0.76 r/cm, nopucroctu 0.34 u 06beMHOIM JibuC-
TOCTH OK0JIO 32 %.
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Puc. 3. iamenenne TepMoGapHYECKUX YCIOBUIA B X0/[€ dKCIiepuMeHTa (a) U IPU JOCTHKEHUH PUIbTPAIMI

rasa B oopasue M1 (6).
1-P;2-Py3-T,4-P,;5 ¢
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Puc. 4. Bausinue noBbluleHus: OTPUIATENbHOI TEMIIEPATyPbl Ha H3MEHeHHe ragonponunaemoctu K, (a) n
cojiepskanue Hesamepaieii Boabt W B 06pasie M2 (6).

HauasnbHast cTaaus MOATOTOBKK 0Opasiia ¢ J0-
YIUIOTHEHUEM U 3aMOPO3KOI Obljia aHAIOTHYHA TIpe-
NBIYIIEMY 9KcIlepuMeHTy. [azompoHuIiaeMocThb
o6pasiia OIeHNBAIACK TIPH JIBYX OTPUIIATETLHBIX TEM-
neparypax (—3 u —1.5 °C). [Ipu nauapHO Temiepa-
Type —3 °C rasolpoHUIIAeMOCTh MEP3JI0ro obpasiia
cocrasisia 65.26 m/l. [locrenyromiuii Harpes ganHo-
ro obpasia 10 —1.5 °C npuses K IOBBIIIEHUIO Ta30-
npouutaemoctr (Ha 23 %) no 80.21 M/l (puc. 4, a).
Takske pu HarpeBe MPOU3BOIUIIACH OTICHKA U3MEHe-
HUSI CKOPOCTEN ITPOJI0JIBHBIX BOJIH. Bblylo ycTaHoBIIe-
HO, uTO Harpes ¢ —3 10 —1.5 °C npuBes K CHUKEHUIO
Vp ¢ 2630 1o 2420 m/c.

Jljtst yKa3aHHOTO IPyHTa OBLIO OIEHEHO COJep-
JKaHUe He3aMepaIllell BOJbI B NIMPOKOM MHTEPBaJe
orpuratenbubix temiepatyp (—10...—0.5 °C) moren-
LUOMETPUYECKUM MeTOLOM (CM. puc. 4, 6) [ Chuvilin et
al., 2022]. Ha ocHOBE 1OJIy4€HHbBIX PE3Y/IbTATOB MOK-
HO OTMETHUTb, 4T0 HarpeBauue oT —10 1o —0.5 °C mpu-
BOJIUT K 3HAUUTEJIbHOMY YBEJINYCHUIO He3aMep3Iiei
BOJIBI B HccieyeMom obpastie ¢ 6.6 1o 16 %. B quamna-
30He TeMIIepaTyp, NP1 KOTOPBIX c/ie/laHa olenKa K, 1
Vp, yBesmmaenune W, cocrasuiio ¢ 11 10 13 %.

Takum 06pa3oM, B IAHHOM KCIIEPUMEHTE POCT
ra30MPOHUIIAEMOCTH W CHUKEHWE CKOPOCTEN Mpo-
JIOJIbHBIX BOJIH ITPU HATPEBAHUU MEP3JIOTO 00pasia B
00J1aCTU OTPUIATEJNbHBIX TEMIIEPATYP CBI3aHBI C
YMEHBIIIEHNEM B TIOPOBOM TIPOCTPAHCTBE COMEPIKa-
HUS JIbjIa, OJIOKUPYIOIIETO KaHAJbI (DUIBTPAIIUH Ta3a.

HNCCJIEJOBAHUE ®UJIbTPAIIIUA I'A3A
B TUAPATOCOZAEPKANINX IIOPOJAX

Bb1u BBITTOTHEHBI METOIMYECKUE UCCIEI0BAHMS
10 OTl€HKE M3MEHEHUS Ta30TPOHUTIAEMOCTH TTIeCYAHO-
ro o6pasiia mpr 00pasoBaHUU U PasJIOKEHUHU TTOPOBO-
ro rugpata. OHU CONMPOBOXKIAINUCH OINpPE/IeIeHIEM
npedopManmii o6pasia, a TakKe U3MEPEeHUeM CKO-
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pocTeit TPoIoaBHBIX BOH B 06pasiie. st mpuro-
TOBJICHUsI 0OPa3Ila UCIIOIb30BAJICS TECYAHBII TPYHT
(1ecok 1), KOTOPBIN XapaKTepU30BaJICs HUZKOU CTe-
neHblo 3acosieHHoctn (He 6osee 0.05 %). BiraxkHocTh
rpyHTOBOTO 06pasiia 3aiana 14 %. Ha HauasbHOI cTa-
Y GUITBTPAIINOHHOTO 9KCIIEPUMEHTA HABECKA ITeCKa
€ 3a/IaHHOI BJIAKHOCTBIO MTOMEIAIAach B KEPHOEP-
JKaTeJb YCTAHOBKU ¥ YILIOTHSJIACH [IPH OCEBOM [[aB-
gennn 0.5 MIla u komuatHoit remmeparype. [Tomry-
YeHHBII TlecyaHblil 06paser MMeJI ILIOTHOCTD CKeJieTa
1.69 r/cm3 u opucrocts 0.36. IToTom o6pasel] 3aMo-
paxxmBasics mpu temmeparype —5 °C, mocje 4ero o
JIOTIOJIHUTETHHO YIIJIOTHSIJICS TIPU OCEBOM JIaBJIEHUHT
4.5 MTITa. B Mep3/10M COCTOSTHIY HACBIIIIEHHOCTD 06-
pasia JboM (S;) cocrasisiia 64 %.

TuapaToHachlleHe B Mep3JIoM 00pasiie Hauu-
Hasoch pu Temmepatype —5 “C 1 MeIeHHOl 3aKad-
ke oxyaxkgaeHHoro CH, 1o mocTu:keHus naBieHUs
3.5 MTITa. IIpu ganHOl TeMiieparype oOpaserr Bbiiep-
SKUBAJICST B TeUeHue 24 4 U Jlajiee IPOU3BOIIIICS €ro
narpes 0 +1 °C. [lonoxurenbHas TemmepaTypa
(+1 °C) nopep:xuBaiach B TeueHue 3 4, mocJie 4ero
ob6paserr samopaskuBascs pu —5 °C, u tuapaToobpa-
30BaHMeE MPOUCXO/INJIO TIPU ATON TeMIiepaType B Teue-
Hue 16 4.

Curenyromast CTaJust IKCIIEPUMEHTA XapaKTepH-
30BaJIach MJIABHBIM cHIZKeHueM Aasienus CH, B 06-
pasiie 10 aTMocdepHOTo TIpH (UKCUPOBAHHON TeMTIIe-
parype —5 °C, TIpu 9TOM OCYIIECTBISLIOCH HAOJII0/Ie-
HUe 32 KHHETUKO AMCCOIUAIIIY TIOPOBOTO TUpaTa C
MEePUOANICCKON OIIEHKOUN Ta30TMPOHUIIAEMOCTH HC-
cienyemoro obpasia. Ilocse 3aTyxaHnus mpoiiecca
JIACCOIUAIIMY TIOPOBOTO IMIpaTa IecuyaHblil o6paserr
U3BJIEKAJICS U3 KEPHOJEPKATEIS U OTIPENIEISIINCH KO-
HEYHBIE XapaKTePUCTHKHU.

Ha navaspHoM aTare akcriepuMeHTa, 1ocJie 3a-
MOPO3KHU U HArpPy:KeHUst 00pasiia, CKOPOCTU MTPOJI0JIb-
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Puc. 5. Iamenenne temneparypsi T 1 koaddunuenTa ruipaTHOCTU K;, BO BpeMeHH () ¥ 3aBUCUMOCTD ra30-
nponuiaemMoctu K, or crenenu nepexosa nopoBoii Bo/bl B ru/ipat (6) Ha CTaMK THAPATOHACHIIIEHUSI.

HBIX BOJIH cocTaBisiiim 3690 M/c, a razonponuiiae-
MOCTb HATPYKEHHOTO MEP3JI0TO 06pasiia 10 CTauu
ruipaToHackinieHns pasHa 281.46 m/l.

Crycrs 24 4 miocJie 3aKa4Ky MeTaHa B MEP3JIbIid
obpasertr 110 gassenust 3.5 MTIa mpu oCTOSTHHOM TeM-
neparype —5 "C oTMe4aIoch CHUXKEHIE Ta30TIPOHM-
1aemoctu B 2.6 pasa jio 3nauenunii 88.88 m/l npu 1e-
pexo/ie B THPAT 5 % OPOBOTO Jibja. Ha nanmom sta-
e OTHOCHUTEJIbHAST JIMHelHas gedopMalus obpasia
yBesnuuiach 10 0.6 %, a Vp HEMHOI0 CHU3UJIACh U
cocrasuia 3480 m/c. lanbHeiiniee narpesatue 00-
pasna o +1 °C mpuBesio K akTUBU3AIUU TIPOTIECCA
nepexoza MopoBoi BoAbl B ruzpar (puc. 5, tadir. 3).

B mepBwIii yac HarpeBaHUs CTEIEHb TTepPexoa
MTOPOBOI BO/IBI B TUIPAT YBEJUYUIACH TTPAKTUYCCKU
Ha TIOPSIIIOK, T. €. Koa(hDUIMEHT rUIPaTHOCTH COCTa-
Bui 0.38 (cm. puc. 5, a). OrranBanue Tak)Ke MPUBENO
K JIOTIOJTHUTELHOMY YILIOTHEHHIO 00pasia 1 K OTHO-
cutenbHoi gedopmanyu okoo 0.7 % (cm. Tabi. 3).
Jasee, IpU TUAPATOHACKIIIIEHUH TAJIOr0 06pasIa u
TocJie 3aMOPO3KU, K0a(hGUITUEHT TUAPATHOCTH U OT-
HOCHUTEbHasT ehopMaliist 0Opasiia MPaKTUIEeCKU He
Mensamch. [Ipu mepexozie mopoBoro Jbjia B BOY Ha-
Omiopanoch cumkenue V, na 32 %. Hekoropoe ysesn-
YeHVe THPATOHACKIIEHHOCTH 06pasiia B TAJIOM CO-
CTOSTHUU TIPAKTHYECKHU He MOBJMJIO0 HA 3HAUEHUE
CKOPOCTH MPOJIOJbHBIX BOJIH, KOTOPOE TIepe]l 3aMO-
po3Koii cocransiio 2340 m/c.

Ta6auna 3. I3MeHeHHe XapaKTEPUCTHK
HeCcYaHoro o0pasia BO BpeMeHH
B YCJIOBUSX I'HIPATOHACHIIIEHUS

Bpemsa,u| T,°C g, % K, n.e. Kg, M/ Vp, M/cC
0 -5.0 0 0 281.46 3690
18.7 -5.0 0.6 0.05 88.88 3480
22.6 0.7 0.69 0.34 38.60 2370
23.03 0.9 0.69 0.36 15.62 2320
23.2 0.9 0.69 0.38 10.85 2340
30.3 -5.0 0.73 0.41 11.21 3800

OrranBanue 0Opasiia MPUBEJIO K POCTY JIMHEN -
HBIX lehopMalnii ¥ AKTHBU3AIIH TIePEX0/1a TOPOBOH
BOJIBI B THUIPAT, YTO BBIPAKAJOCH B 3HAUUTEIHHOM
CHUKEHMHM rasolponuiaemoctu (cM. puc. 5, 6). Ilo-
cJie OTTauBaHust 0Opasiia Ta30IPOHUIIAEMOCT CHUBH-
Jach 710 38.6 M/l ipu K, = 0.34, nasee IpoOHUIIAeMOCTD
cHusuIach 6osiee yeM B 3 pasa u cocrasuia 10.85 m/]
pu K, = 0.38. [lanbueiilee 3aMopaxkuBanue ruipa-
TOHACBIIIEHHOTO 00pasiia MPAKTHUECKH HE TOBJIUSIO
Ha TTPOHUIIAEMOCTh. B KOHIIe aTana ruipaToHacChIIe-
HUST Ta30TPOHUIIAEMOCTH 00pasila IPu TeMIIepaType
-5 °C cocrasisina 11.21 m/l npu nepexome 41 % 1o-
POBOI1 BOIBI B TUAPAT, IIPU 9TOM CKOPOCTH TIPOJI0JIb-
HBIX BOJTH HEMHOTO yBEJIUYHUJIACH [0 CPABHEHUIO C
HavaJTbHBIMU 3HaUeHUSIMHU U cocTaBuaa 3800 M/c
(cm. Tabur. 3).

Ha caiemytoriem arare gaBjieHune rasa B Gapoka-
Mepe cHmkamu 1o atmocdeproro (0.1 MIla) u na-
6JIr0/1aJTM 32 XapaKTeprCTHKaMi 06pasiia B YCIOBUSX
JIUCCOIIMAIIUN TIOPOBOTO TUPATa MPU ITOCTOSIHHOMN
orpunaTebHOi Temiepatype —5 °C (1abur. 4).

Ha cramuu nucconmanum CKOPOCTh PA3I0KEHUS
MOPOBOTO THAPATa B MEP3JIOM MeCYaHOM oOpasiie

Tabauia 4. IsMeHeHne ra3onpoOHAIIAEMOCTH
U CKOPOCTH NPOIOJIbHBIX BOJH
B MEP3JIOM TH/[PATOHACHIIEHHOM IIECYaHOM 00pasiie
MPH UCCOIUAIMH TIOPOBOTO THAPATA

Bpewms, u K, ne. Kg, M/ Vp, M/c

0 0.41 37.58 3800
0.65 0.37 42.60 3890
1.32 0.35 49.38 3890
1.77 0.33 50.40 3890
3.72 0.31 45.03 3900
4.73 0.29 41.86 3900
2317 0.10 11.05 3800

[ITpumevanue. AtmochepHoe naBieHNE U TeMIIepa-
typa —5 °C.
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Puc. 6. I3amenenne koaddunuenra ruapatioctu K, Bo BpeMeHH (a) ¥ 3aBUCHMOCTD Ta30TPOHUI[AEMOCTH
K, ot K;, (6) B ruapaTocozep:kanem o6pasie B mpolecce Aucconuanuu npu remmeparype —3 °C u armo-

cepHOM 1aBJI€HHUH.

rMeJTa 9KCIIOHEHITMAIbHBIH XapakTep (puc. 6, a). Taxk,
B TeyeHUe TMePBOro yaca Koagp@uiimenT ruipaTHoc-
i cHusuicsa Ha 10 %, yepes 4 4 majzieHne COCTaBU-
Jo 25 %, a yepes cytku K, cuusuicst na 75 % u co-
craBui (.1.

ITpu sTOM 3a nepuoj HabMOKeHNN Koa( duiu-
€HT OTHOCHUTEJBHOW JUHEHHOU medopmaium He-
ckosibko yBesmuuBaics ¢ 0.73 mo 0.80 %, a nmopwuc-
TOCTH 06pa3iia MPaKTUYECKHN HE H3MEHIIIACh.

M3mepenust Ta30POHUIIAEMOCTH 06pasiia B Ipo-
ecce aucconuanuy mocie copoca masnenus CH, 1o
0.1 MIIa mokaszamnu, 4To B TeUeHUE TTEPBHIX JIBYX Ya-
coB (DUKCHPOBAJICI POCT TA30TIPOHNIIAEMOCTH (HA
34 %) ¢ 37.58 10 50.40 M/l (cMm. Tabu. 4). Yepes cyTiu
HabJoeHniT KOa(pDUIMEHT Ta30POHUIIAEMOCTH
cuusuiics B 4.6 pasza u cocrasua 11.05 m/ mpu ocra-
TOYHOH JioJie BOjbl B rujipaTHoil hopme (K) okoso
0.1 (cm. puc. 6, 6). IIpu 5TOM yKazaHHOE CHUMKEHNE
ra3onpoHUIIAEMOCTH TIPOUCXOIIIIO 110 9KCIIOHEHIIH -
anproil kpuBoi maunnas ¢ K, = 0.33. [Togo6mubrit
XapakTep U3MEHEHUS Ta30ITPOHUIIAEMOCTH B TIPOIleC-
ce JICCOIMAIIUH TIOPOBOTO MM/paTa MOKeET ObITh CBSI-
3aH, C OIHOI CTOPOHBI, C YBEJIMUYEHUEM MYCTOTHO-
CTH Mep3JIoro oOpasiia npu rmepexojie THApaTa B Jie/,
9TO 0COOEHHO TPOSIBJISIETCS] HA HAYAIBHON CTajuu
muccoruatuu | Chuvilin et al., 2021], a ¢ apyroit —
€ HEKOTOPBIM YIIJIOTHEHIEM TPYHTOBOTO 00pasiia Mo/
NefiCTBIEM OCEBOI HATPY3KH U CMBIKAHUEM MEXKIIO-
pOBBIX KaHaoB puiabTpanun. OIHAKO 3TO MPeAIo-
Jlo)KeHue TpebyeT JaJbHeHIIX UCCae0BaHni, Ha-
MpUMeEP, C UCIIOIH30BAHNEM MUKPOTOMOTpadmde-
CKUX HaGJIFOICH WA

BbIBO/Ibl

Paspaborana OpurHHAIbHASI METOUKA SKCIIEPH-
MEHTAJTbHOTO MOJIEJINPOBAHUS TIPOTEcCcOB (hUabTpa-
WY Ta3a B JIBJIO- W THAPATOCOAEPKAINX TTOPOIAX
[IPU Pa3JIMYHbBIX TeMIlepaTypax U JIaBJIeHUAX, KOTO-

40

pas BRJIIOYAET: CO3/[aHue CIIEeNNAIbHOTO KepHOIep-
JKaTeJist C OJIHOOCHBIM CyKaTreM 00pasIia i ¢ BO3MOJK-
HOCTBIO KOHTPOJIA €ro AeopMaluil, u3BMepeHus CKo-
pocTell aKyCTUYECKUX BOJIH, a Takke pabOThI pu
BBICOKUX TPAJIEHTaX Ira30BOTO JIaBJIEHUS; CO3/IaHNe
aJiropuT™a 1 0TpaboTKa Ha (bUIBTPAIIMOHHON ycTa-
HOBKE OIITUMAJIbHBIX YCJIOBUH [1POBe/IeHUs 9KCIIEePU-
MEHTa, MOJIEIUPYIONIUX MIUPOKUET AUATIa30H TIyOUH
3aJIeraHust Mep3JIbIX U TUAPATOCOAEPKAITNX TIOPOT U
BO3HMKAIOIINX [TE€PENAJIOB JIaBIeHUI.

PaspaboTaHiblil 9KCIIEPUMEHTATIbHbIN KOMILIEKC
[I03BOJIIET UCCIeI0BaTh (PUIbTpPaAIMOHHbBIE [TPOIIeC-
CBI B JTB/IO- ¥ TUJIPATOCO/IEPIKAIINX TPYHTAX B YCJIO-
BUsAX (Pa30BbIX MEPEXOJOB U CTPYKTYPHBIX Mpeodpa-
30BaHUM.

B pamkax MeToguuecKux uccae0BaHui OblIn
BBIIIOJIHEHBI PAOOTHI 10 OlleHKe (DUIbTpaliuu ra3a
B MEP3JIBIX TTOPO/IaX € PA3JINYHON HAYAIHHOH BJIAXK-
HOCTBIO (JIbJAUCTOCTBIO) B CIIEKTPE OTPULATENbHBIX
TeMmueparyp. bouio nokasano, 4To npu mepernae ra-
30BOT0 JIaBJIEHUA HA TOPI[AX MEP3JIOT0 TPYHTA OKOJIO
2 MITa usHavaabHO HEMTPOHUITAEMBIT MEP3JTBIN IPYHT
C BBICOKOI BJIQ)KHOCTBIO CTAHOBUTCS [IPOHUIIAEMbIM
[IPU BBICOKUX OTPUIATEIbHBIX TeMIIepaTypax, 6Jun3-
KX K TemitepaType ortauBanus. OuiabTpannoHibe
HCIBITAaHUS Ha [EeCYaHO-TIIMHICTOM 00pasiie ¢ He-
IIOJIHOH CTelleHbIO 3al10JIHEHUS 10D JIb/IOM II0Ka3aJIH,
YTO [PH MOBBIIIEHUH Temiteparypbr ot —3 10 —1.5 °C
HabJI0aeTcst POCT Ta3opoHUIaeMocT Ha 23 %, Ko-
TOPBIM CBSA3aH C yBeJWYEHUEM COJEP:KAaHUS He3a-
Mep3IITelt BOJBI U 0OCBOOOKIEHNEM KaHATIOB (HUIbTPa-
11U OTO JIbJIA.

[Ipu nccnepoBanny Ta30MPOHUIIAEMOCTH MEP3-
JIOTO TUJIPATOCOIEPIKAIIETO MTecKa B IIMKJIe OTTanBa-
HUS ¥ TPOMEP3aHUsl B YCJIOBUSAX THAPATOO6pa3oBa-
HUst OBLIO OTMEYEHO 3aKOHOMEPHOE €€ CHUIKEHUE
6osiee ueMm B 8 pas. [Ipu guccormanum mopoBoro ruj-
paTa MeTaHa B MEP3JIOM TlecKe TP OTPUIIATEIbHON
TeMIlepaType BbISABJICHO Pa3HOHAIIpaBJeHHOe U3Me-
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HEHME Ta30IIPOHUITaAEMOCTH BO BpEMEHI: BO3PACTaHUE
B HaYaJIbHOM IHEPpUO/ N IKCITOHEHIIMAJIbHOE CHUXKE-
HHE B lIa]IbHefIHIeM.

Paboma evinonnena npu unancosoi noooepiicke
PH®D (zpanmuvr Ne 22-77-00074, 22-67-00025).
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