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JLJist OlleHKU M3MEHEHUs ra30lPOHUIIAEMOCTH MEP3JIbIX MeCUaHbIX 0OPA3IOB B YCJIOBUIX JAUCCOIUAIIUK
MOPOBOTO TH/[PATA IIPU OTPUIATEILHO TEMITIEPATYPE MPOBELEHO CIIEIHATHHOE IKCIIEPUMEHTATHHOE MOJIETIPO-
BaHme., DKCIEPUMEHTHI BBITTOJHEHBI Ha OPUTHHATIBHOW YCTAHOBKE, MO3BOJISIIONIEN TTOTyYaTh MEP3JIble MCKYC-
CTBEHHO I'MIPATOHACHINIEHHBIE OOPA3IBI U OIEHUBATH UX Ta30MPOHUIAEMOCTh MIPU CTaOUILHON (hasze Thapara
MeTaHa B MTOPOBOM ITPOCTPAHCTBE U B YCJIOBUSIX HCCOIMAIIMN OPOBOTO THAPATa. B X0/€ OMBITOB MOJTyYeHb!
9KCIEPUMEHTAIbHbBIE JIAHHbBIE TI0 Fa30IIPOHUIIAEMOCTH MEP3JIbIX THIPATOHACHIIEHHBIX TIECKOB MTPU PA3THYHBIX
TepMOGAPHUECKUX YCJIOBUSX. BBISIBJIEHO, UTO B IPOIECCE AUCCOIUALIUK TOPOBOTO MHAPATA TIPU OTPUIATEBHBIX
temmepatypax (—5..—3 °C) u gaBrennn Huxke paHoBectoro (0.1 MIla) mpoHUIIaeMOCTh MEP3JIBIX TIECUAHBIX
MOPO/] MOBBIIIAETCS B 3aBUCUMOCTH OT UX MHJIPATO- U JIbJIOHACHIIIIEHHOCTH.

Tasonponuyaemocmy, mepsivie necuanvie nopodbl, 2a308vle 2UOPAMbL, ZUOPAMOHACHIUEHHOCTID, OUCCOUUAUUSL
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DISSOCIATION OF GAS HYDRATES IN FROZEN SANDS:
EFFECT ON GAS PERMEABILITY
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Special experiments have been carried out to assess gas permeability variations associated with dissociation
of pore hydrate in frozen sand samples at negative temperatures. The experiments were run on an originally
designed system using frozen samples artificially saturated with methane hydrate which either remained stable
or dissociated upon pressure drop. The measurements under different pressures and temperatures showed that
the sand samples became more permeable to gas as pore hydrate dissociated at a pressure below equilibrium
(0.1 MPa) and temperatures of —5 to —3 °C. The magnitude of the gas permeability increase varied depending

on initial hydrate and ice saturation of the samples.

Gas permeability, frozen sand, gas hydrate, hydrate saturation, dissociation of gas hydrates, self-preseroation

BBEJEHHNE

l'azoBble ruppaTbl — KJaTpaTHbie COEUHEHUST
BO/IbI ¥ IPUPOHBIX TA30B C HU3KON MOJIEKYJISIPHON
Maccoil (Harmpumep, MeTaH ), KOTOpble B TPUPOIHBIX
YCJIOBUSIX 0OPA3yOTCs 1 CYIIECTBYIOT B IOHHBIX OT-
JIOKEHUSIX M B 00JIACTSIX PACIPOCTPAHEHUST MHOTO-
JIETHEMEPBJIBIX TIOPOJT TTPU HU3KUX TeMIIepaTypax u
TTOBBINIIEHHBIX JIaBiaeHusx | Memomun, Axywes, 1992;
Natural Gas Hydrate..., 2000]. IIpuMeHUTENBHO K
KPUOJINTO30HE BEPXHSISI TPAHUIIA CYITIECTBOBAHUS Ta-
30BBIX TH/IPATOB HAXOAUTCSI, KAK IPABUJIO, B TOJIIIAX
MEP3JIbIX OPOJI, TOT/a KAK HUKHSIS TPAHUIIA OTTyCKa-
eTcst HuzKe 00JIaCTy PacipocTPaHEHUsT MHOTOJIETHE-
Mep3JibiX 1opo. [loaTomy B oTiinune OT MepP3JIbIX
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MOPOJT THAPATOCOAEPIKAIINE TTOPOIABI MOTYT CyIIle-
CTBOBATDb KaK IIPU OTPUIATEJIbHBIX, TaK 1 IIPU I1OJIO-
sxutenbHbIX (110 [lenbenio) temmeparypax. [Iporec-
CBI IUCCOTMAIIUHT TIPUPOJHBIX TA30THAPATOB B 00J1a-
CTSIX PACIIPOCTPAHEHUS] MHOTOJIETHEMEP3JIBIX MTOPOJL
TP BOBHUKHOBEHWHN HEPAaBHOBECHBIX yC]IOBl/If/,I (CHI/I-
JKEHUE JIABJICHWS U TIOBBINIIEHIE TeEMIIEPATYPh ) Ha T10-
JIOILBE 30HbI CTA0MIBHOCTU Ta30IUAPATOB U €€ KPOB-
JIM TIPOTEKAIOT To-paznomy. Ha moziornise mpu moJio-
SKUTEJIbHBIX TEMIIEPATyPax IMPOUCXOAUT OCTATOUHO
aKTUBHO pa3jiosKeHue TUApaTa Ha BOAY M ras, a Ha
KPOBJIE 30HbI CTAOUABHOCTHU IIPU OTPULATEIbHBIX
TeMIIepaTypax ra3oTHAPAT PaciiaaeTcst MeJIEHHO Ha



U3MEHEHUE I'A3OIIPOHUIIAEMOCTH MEP3JIbIX TH/I[PATOHACDIIIIEHHBIX IIECYAHDBIX [IOPO/]

ra3 u JieJl Wi MepeoXJTakIeHHYI0 BOLY, KOTOpas
ObICTPO MpeBpalaercs B Jiei. IIpu aToM mpoliece 1uc-
COIMAINN TIOPOBBIX TA30TUPATOB B MEP3JIBIX TTOPO-
Jlax BCJIEJCTBUE MPOosiBienus 3 dekra caMoOKOHCep-
BaIlMU BO BPEMEHM 3aTyXa€T, B Pe3yJibTaTe Ta3oTu/l-
PaThl B MEP3JIBIX TIOPO/IAX MOTYT JJIUTETHHOE BPEMS
COXPAHSATHCS BHE COBPEMEHHOI 30HbI UX TEPMO/INHA-
MUYECKOIT cTaOMILHOCTHU KaK PeJUKTOBbIe 00pa3oBa-
Hust [ Epwos u 0p., 1991; Chuvilin et al., 1998; Chuvi-
lin, Guryeva, 2008).

Taxum 06pa3oM, B TOJIIIAX MEP3JIBIX TOPOJ] Fa30-
ruparHbic 00pa3oBaHMUS MOTYT HAXOIUTHCS KaK B CO-
BPEMEHHON 30He CTaGMIBHOCTH Ta30TUIPATOB Ha TJIy-
6unax 150—200 M, Tax ¥ BbIIIE Hee B TAK Ha3bIBAEMO
30He MeTacTabUIbHOCTH, T/le PaHee CYIEeCTBOBAIN
GIATOTIPUSITHBIE YCTOBUS JI7IsT 0O0PA30BaHUsT TA30BbIX
ruzparoB. [Ipu TepMobGapuuecKux yCIOBUIX, XapaK-
TEPHBIX 1711 BEPXHUX TOPU3OHTOB MHOTOJICTHEMEP3-
JIBIX TOJIII, Ta30THApPaTHbie 0Opa30BaHUS MOTYT
MeJJIEHHO [HCCOIIMUPOBATD, IIPH 3TOM CBOICTBA
MEP3JIBIX TUAPATOCOAEPIKAIIUX TOPOJI, B YACTHOCTH
TETIIONPOBOITHOCTD, IIPOYHOCTD, TA30TIPOHUIIAEMOCTD,
OyILyT MEHSIThCH.

Ha ceromusiinmuii ieHb UMEIOTCST OTIeIbHBIE Pa-
GOTBI TI0 MCCIEOBAHUIO TEIIOMU3MIECKUX U MeXa-
HUYECKUX CBOWCTB MEP3JIBIX TUAPATOHACHIIIEHHBIX
MTOPOJI B YCJIOBUSIX CAMOKOHCEPBAIIUY THIPATA.

B paborax poccuiickux ucciegoBareseil 6bLIo
AKCTIEPUMEHTAIBHO TTOKA3aHO, YTO TEMJIOTPOBO-
JTHOCTD MEP3JIBIX THAPATOHACHITIEHHBIX TECYaHBIX 00-
PAa3IOB YBEJIUYMBAETCS B IIPOLIECCE AMCCOLUAIIIH T10-
posoro ruzpara | Yyeunun, byxanos, 2013; Bukhanoo
et al., 2008]. Tak, TenJIOMPOBOAHOCTb THAPATOCO-
JlepsKaIiero mecka 3a 55 4 npu temieparype —6 °C
yBesquuuiachk ot 0.6 1o 2.09 Br/(m-K), npu atom
JIOJIS BJIATH, HAXO/SIIENCS B TUPATHOM COCTOSTHUN,
ymenbimunach ¢ 0.43 1o 0.13.

OjiHa U3 nepBbIX paboT 110 OIIEHKE IPOYHOCTHBIX
XapaKTePUCTUK MEP3JIbIX THAPATOCOAEPIKANIUX TO-
pox Obiia poseera B cepeaune 1990-x rr. [ Ershov et
al., 1996]. VccaenoBanusi BHITOJIHSIIUCH [IPU TEMITe-
patype —6 °C u atmMochepHOM JIaBJIEHUH B YCJIOBUSX
nposiBiieHust ahheKTa CaMOKOHCEPBAIH. ABTOPaMH
OTMEYEHO, YTO KPATKOBPEMEHHAST TPOYHOCTH MEP3JI0-
rO TUIPATOCOEPIKAIIETO MTECKA 3HAYUTENBHO BBIIIE,
yeM MeP3JI0TO He COIePIKAIero rupaTa.

B crarbe [Li et al., 2016] 6bL7I0 paccMOTPEHO 13-
MeHeHe TPOYHOCTHBIX U Je(OpPMAIIMOHHBIX XapaK-
TEPUCTUK MOZIETTBHBIX JIBIOTH/IPATOCOIEPIKAIINX TITH-
HUCTBIX 00PasoB NP CHUKEHWH JaBJCHUS U TIPU
orrauBanu. [loydyeHHble JaHHbIE TTOKA3BIBAIOT, UTO
MeXaHnvyecKHue mapamMeTpbl MeP3JIbIX THIPATOCOIED-
JKarux 00pasIoB MIPU JaBJIEHUH, TPU KOTOPOM CYIIle-
cTByeT cTabuabHas (asa ruapata, BBIIIE, YeM TTPHU
JABJIEHNH HIKe paBHOBecHOro. OTMEUYeHO TaKIKe,
YTO [IPU OTTAMBAHUH TUPATOCOAEPIKAIIINX 00PA3IIOB
WX TIPOYHOCTH MOKET TIOHIIKATHCS B 2—2.5 pasa.

V3MeHeH e TIPOYHOCTHBIX XapaKTEPUCTUK MeEP3-
JIBIX TH/IPATOHACHIINEHHBIX MTOPOJL B YCJIOBUSIX CAMO-
KOHCEPBAINHU TTOPOBBIX TH/IPATOB PACCMOTPEHO B pa-
6ote [Qyeurun u dp., 2016]. B Xo/1e 9KCIIEPUMEHTOB
OBLJIO YCTAHOBJIEHO, YTO CHIKEHUE THAPATOHACHI-
IIEHHOCTU MEP3JIbIX 00Pa3LoB B YCIOBUAX AUCCOLIU-
alyu MOPOBOTO THUAPATA COMPOBOXKIAETCS YMEHbD-
HIEHUEM UX IPOYHOCTU, HECMOTPS HA TO 4TO 001ast
CTETIeHb 3aII0JIHEHUST TTOPOBOTO MTPOCTPAHCTBA U/Ipa-
TOM M JIBJIOM TPAaKTUYeCKHU He MeHsieTcst. Tak, yepes
150 4 nmocJse cbpoca gaBIeHMS MUAPATOHACHIIIEH-
HOCTb Mep3J10ro obpasia cHusuiaach 10 17 %. Ipu
3TOM TTPOYHOCTH TOHM3WIach B 1.3 paza. B nocieny-
forre 150 yacoB rUPaTOHACHIIIEHHOCTD B YCJIOBUSIX
CaMOKOHCEPBAIIUK TTPAKTUYECKH He MEHSIJIACh U CO-
craBua okoso 15 %. IIpouHOCTHOI mapamMeTp Tak:ke
CYIIECTBEHHO HE MU3MEHUJICSI.

Oco06blil nHTEpeC NpeAcTaBIsgeT u3ydeHne (Hujb-
TPAIMOHHBIX CBOMCTB MEP3JIbIX THIPATOHACKIIIEH-
HBIX TIOPOJ] B TIPOTIECCE AUCCOIHAIIIN TIOPOBOTO TH/I-
paTa, TaK KakK 3TU CBOMCTBA SABJSIIOTCS OCHOBHBIMU
[IPU UCCJIEIOBAHUN MUTPAIMK YTJIEBOOPOIOB B TOJI-
111e MHOTOJIETHEMEPSJIBIX 110po/1. PaHee aBropaMu Obl-
JIO BBISIBJIEHO, UTO TIPU 3aMOPaKMBaHUY THAPATOHA-
CBIIEHHBIX 00Pa3I0B UX a30MPOHUIIAEMOCTb CHUKA-
eTcsd B HECKOJbKO pas [ Yyeunun, Ipebdenxun, 2015].
IT10 00YCIOBJIEHO BLIMEP3aHUEM OCTATOYHON MOPO-
BOI1 BJIaru, a TaksKe JAOIOJTHUTEIbLHBIM THAPaTooOpa-
30BaHMEeM TP (ha3oBbIX Mepexo/ax Boga—ien. OaHa-
KO B3aMMOCBS$I3b MEK/IY THIPATOCOAEPKAHMEM H TTPO-
HUTAEMOCTHIO B MEP3JIBIX TIOPOIaX B ITPOIECCE TUCCO-
[[HAIUHU [TOPOBOTO THPaTa He ObljIa yCTaHOBJICHA.

Jlust olleHKY U3MeHEeHUsI Ta30TIPOHUIIAEMOCTHI
MEpP3JIBbIX [IeCYaHbIX 00PA3LIOB B YCIOBUAX AMCCOLIA-
1MUY TOPOBOTO TH/IpaTa MPH OTPHUIIATETHHON TeMITepa-
Type OBLIO MPOBEIECHO CIIEIUATBHOE dKCIIEPUMEH-
TaJbHOE MOJIEJINPOBAHME.

METOJUKA NCCIENJOBAHUA
TA3OIIPOHUINAEMOCTH

[l MiccefoBaHMST Ta30MPOHUIIAEMOCTH MeP3-
JIBIX THIPATOCOEPIKAIIMX TECKOB UCIIOJIb30BaHa Me-
TOJMKa, paspaboTaHHas aBTOPAMU COBMECTHO C CO-
TpyaHuKamu komranuu [lmroMbepske st THAPATO-
cozepxariux nopos [ Qyeunun, [pebenxun, 2015]. dta
METO/IMKa OCHOBaHA Ha M3ydeHUH (bUJIbTPALUK ra3a
yepes obpasel] IPyHTa Ha CIelUaJbHON DKCIEpu-
MEHTATbHOHN yCTAaHOBKE, MTO3BOJISIONIEN CO3/1aBATh U
HOJIIEPKUBATh HEOOXOAMMBbIE TEPMODapUYECKUE yC-
JIOBUS JIJIsI MCKYCCTBEHHOTO 3aMOpaKUBaHUS U
TUAPATOHACKIIEHWST TpyHTa. MeToanKa BKIoUaia
MOJTOTOBKY 0Opasiia TPyHTa 3alaHHO BJIAaKHOCTH,
3aMOpasKMBaHle, HACBIIIEHE MeP3JIoro obpasiia ra-
30M-TruparoobpasoBaresieM (METAHOM) B CIIELIAAJIb-
HOM KepHozepsKaTe/ie, FupaToHaChIIeHUe, IPOBejie-
HI€ UCITBITAHNH Ha Ta30TTPOHNUIIAEMOCTD TTPU PA3INY-
HBIX JABJEHUIX rasa u TeMreparypax u o6paboTky
AKCIEPUMEHTAIBHBIX JAHHBIX.
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Puc. 1. Cxema sKcniepEMEHTANBHOI YCTAHOBKH M0 H3MEPEHUIO ra30NPOHUIAEMOCTH TPYHTOBBIX 06Pas3IOB.

K1-K3 — memOpanHble KaalaHbl CUCTeMbI Iogaun rasa; K4 — mapoBoii kiamad rugpasindeckoii cucremsl; P1, P2 — pecusepbl
cuctembl nogaun raza; [[1-/13 — natunku nasnenus; IM — natuuk auddepennmanbnoro gasaenus; H — rugpasiandecknii Hacoc
¢ MacsistHbIM pesepByapom; K/I — keprozepskatens; T1, T2 — naTumku temmepaTypbl.

[t u3ydeHust ra3onpoOHUIIAEMOCTH JIbJI0- U TH/T-
paTocoepIKaInX TOPOJ UCII0Ib30BATACh IKCIIEPH-
MeHTa/IbHasl yCTaHOBKa, paspaborannas OO0 “Dxo-
TFeocIIpom” (puc. 1). YcranoBka mo3BoJISIET CO3/1a-
BaTh 3ajlaHHble TepMobapuUYeCcKUe YCIOBUS B
o6pasifax rpyHTOB B MIMPOKOM JHATTa30HE TeMITepa-
Typ (ot —15 10 +30 °C) u paBnenuii (zo 100 Gap).

MetoauKa 9KCIIepUMEHTA BKJIIOYATA [TOITOTOB-
Ky MEP3JIOr0 THAPATOHACHIIIIEHHOTO 0OpasIia u ornpe-
JleJIeHUe eTo Ta30TIPOHUIIAEMOCTH TIPU CTAGUIBHOT
(baze rumpara MeTaHa u B YCIOBUSIX TUCCOIIUAIIIH T10-
poBoro ruzipata. Buauase ObLI IPUTOTOBJIEH TPYHTO-
BbIIT 00pasell ¢ 3alaHHOI BIaKHOCTBIO. J[Jist 3TOTO
BO3/IYIIHO-CYXYIO HABECKY TPYHTA THIATEIHHO TIepe-
MEIITUBAJIH C BOJON U BBIIEPKUBAJIH B TEUEHIIE TTOJTY-
gaca JIJisi paBHOMePHOTO Biaronacsiitenus. [locie
ATOTO BIAKHBIN IPYHT MOMENIATN B PE3NHOBYIO MaH-
JKeTy IUaMeTPOM 3 CM C TIOCJIOIHBIM YIIIOTHEHNEM
(nnuna obpasua 3—4 cm). 3arem obpaselr HoMelIaIi
B KEPHOJIEPKATEh YCTAHOBKH, I/Ie OH OOKUMAJTICSI
(1o nasienus 60 Gap), HACBIIIAICA TUAPATOM MeTaHa
U 3aMOPaKMBAJICA. B Xoze aKcrepiuMeHTa OCyIecT-
BJISLJIACH 3AIIMCh TEMIIEPATYPBI U IABJIEHUs B KEPHO-
neps;karee.

N3mepenue ra3onpoHUIIAeMOCTH MeP3JI0TO Ha-
CHITNEHHOTO TUPATOM MeTaHa 06pasiia B yCTaHOBKE
MPOBOJIMJIV TIPU JIaBJIEHUH BBIIIE PABHOBECHOTO (60-
Jiee 25 6ap), a TakKe Ha CTAJUU TUCCOIUAIINU TIOPO-
BOTO TUIpaTa MocJje CHUKEHMS Ta30BOTO JIABJICHUS B
KepHoJep:kaTeJsie 10 aTMochepHoro. VIsmMepenns ra-
30IPOHMIIAEMOCTH HA CTA[UU TUCCOIMAIINY Ta30BbIX
CUIPATOB IIPOU3BOJIUJIN TIEPUOINIECKU B TEUEHIE
2-3 cytok. B xone nuamepenuii Ta30npoHUIIAEMOCTH
TeMIepaTypa B 06pasiax mojepRuBagach paBHOIl
—5°C, aTakxe —3 °C (o6pasern Ts-4). ITocie okonua-
Hus PUIAbBTPAIMOHHOTO KCIIEPUMEHTA IPYHTOBBII
06pa3ert M3BJIEKATI U3 KEPHOAEPIKATES 1 OTIPees-
JIN KOHEYHbIe 3HAUEHNUS BIAKHOCTHU ¥ Ta30CO/IeprKa-
HUs 1151 o0pasia.
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[TapameTpbl 3a110JIHEHNS TTIOP THAPATOM U JIbIOM
B XOJI€ 9KCIIEPUMEHTA PACCUUTHIBAIUCH C UCTIOJIH30-
BanueMm PVT-merona [Memodw...., 2004; Yyeunrun,
T'ypvesa, 2009]. Bouiu paccyuTanbl ciaenyionue oc-
HOBHBIE TTAPAMETPBI.

Koagppuyuenm euopamnocmu (K, n.e.) — pons
[IOPOBOII BOJIbI, IEpelIe/iiei B Tupar, ot 001ero Ko-
JIN4ecTBa BOJbl B 0Opasile:

W,
K, =—%
7w

rie W), — KOJIMYeCTBO BJIATH, Mepere/ el B ruapar
(% 1o oTHOIIIEHIIO K Macce cyxoro obpasia); W — Be-
coBas BJIaKHOCTH 00pasia, %.

Cmenenv 3anoanenus nop 2udpamom, uiu 2uopa-
monacviuennocmn (Sy):

pmy
mp,n

S, = 100,

rjie p — MJIOTHOCTDh IPYHTa, I/cM%; p;, — MIOTHOCTH
ruapaTa, I/cM>; m — Macca rpyHTa, T; m;, — Macca r'uj-
para, T; 7 — IIOPUCTOCTD, JI.€.

Cmenenv 3anoinenust nop iv0oM, Ui Ib00HACHL-
wennocmo (S;):

g - (W—Wh)pd 100 %
! 0.92n
e p; — MJIOTHOCTD CKeJleTa TPYHTA.

ITpu pacueTax mapaMeTpoOB THIPATOCOIEPKAHNS
TPYHTOB UCIIOJTH30BAJIACH CJIeAyIonas hopMysa ruf-
para merana: CH,-5.9H,0.

Koagppuyuenm agpgpexmuesnoii 2asonponuyaemoc-
mu (K;) Mep3JIoro ruipaTocogepsKallero rpyHTa pac-
CUNTHIBaJICS U3 ANDIepeHNNaIbHOTO YPaBHEHUS
MaccollepeHoca rasa, IeTajJbHO OIIMCAHHOTO paHee
[ Qyeunun, Ipebenxun, 2015]:

_ nLVip, (pu) _plk)
Spio (pf -p3 )t1

’

)



U3SMEHEHUE I'A3OIIPOHUIIAEMOCTH MEP3JIbIX TH/I[PATOHACDBIIIIEHHDBIX IIECYAHDBIX IIOPO/]

r7ie 1| — IMHAMUJYecKasd BI3KOCTh ra3a, [la-c; L — qiannaa
00pasiia, cM; S — IIolaLb IOIePevHoOro cedeHns 00-
pasua, cm?%; V, — o6bem pecuBepa, cM>; p,— JaBIeHUE
nepes 06pasIioM B MOMEHT BpeMeHH ¢, 6ap; py— laB-
JieH e ociie 06pasiia B MOMEHT BpeMeH ¢y, 6ap; pqo —
JlaBJieHue nepej 00pasioM B Ha4aJbHbI MOMEHT, Oap;
1, — JaBJeHue mepex 006pasioM B KOHEYHBIH MO-
MEHT, 6ap.

XAPAKTEPUCTUKA
OBBEKTA NCCJIENJOBAHUA

B kauectBe 06beKTa MCCIEMOBAHNS OBIIN HC-
MOJIb30BAHbI TIeCYaHble 06PA3IHI HAPYIIEHHOTO CJI0-
JKEHUsI, OTOOPAaHHbBIE B TOJIIE MEP3JIBIX TTOPOJ MOP-
ckoro renesuca (mQs) B npegenax IOxno-Tam-
6eiiCKOTO Ta30KOHIEHCATHOTO MECTOPOKIECHUST Ha
n-ose SIman (ry6una or6opa 36—46 m):

Pasmep dppaxnun, mm 1.0-0.5 0.5-0.25 0.25-0.1 0.1-0.05
Cocras o6pasia 0.2 29.1 62.3 8.4
MECJIKO3EPpHUCTOTO

recka, %

I'panynoMeTpuyecKnii COCTaB OMPENEsICs CH-
TOBBIM METOJIOM, MIUHEPATBHBIH COCTaB — METOJIOM
pentrenosckoi nudpakromerpun. [lecok mesmkosep-
HUCTBIN XapaKTepusoBajcs npeobiaganueM Gpak-
mu ¢ pasmepom dactutt 0.25-0.10 mm (62.3 %). On
cOCTOsITT TipenmMyinecTBenHo u3 kBapua (93.7 %).
Cpenu Ipyrux MUHEPAJIOB B TIECKE COIEPKATICH aJTh-
6ur 5.1 % u oproknas 1.2 %. IlnoTHOCTH TBEPAOIL
KOMIIOHEHTbhI MEJTKO3EPHICTOrO TIeCKA COCTABJISAIA
2.69 r/CM3, a 3aconentoctsb — 0.06 %. Ynenbuas mo-
BepxHOCTb 1ecka 0.24 m%/r. luamerp o6pasios mec-
YAHBIX TOPOJL B 9KCIIEPUMEHTATbHBIX UCCAEI0BAHUSIX
pasen 30 MM, aumna 25—40 MM (Tabir. 1).

Vcxo/Hast BeCOBast BAAKHOCTD MECYaHBIX 00pas-
IIOB 3ajlaBasiach B mpenesax ot 6 go 18 %, mpu arom
MOPHUCTOCTH 00pasiioB coctassiia 0.40.

TA3OIIPOHUINAEMOCTD MEP3JIbIX
TNIPATOHACBIIIEHHBIX OBPA3IIOB IIECKA
MMPU CTABUJIBHOM ®A3E TIJIPATA
1 B YCJIOBHUAX TNCCONMAIINHN
IIOPOBOTI'O TUAPATA

[71s1 olleHKY BIMSTHUS TUCCOIUAINY TOPOBOTO
rUApaTa Ha MPOHUIAEMOCTb MEP3JBIX THAPATOCO-
JIEPIKAIUX TTOPO/] OBIIIN IPUTOTOBJIEHBI TIeCYaHblie 00-
pasiibl ¢ Pa3HBIM THAPATO- W JbIOCOAEPKAHUEM.
B Tabu1. 2 1ipejicTaBieHbl JAHHBIE 110 THPATO- U JIbJ0-
COJIEPIKAHUIO TIeCUAaHbIX 0OPA3IOB M WX Ta30IPOHU-
[[AEMOCTH TP JIaBJIEHUH BbIIe PABHOBECHOTO (boJiee
25 6ap).

B 3aBrcHMOCTH OT MCXOTHOM BJIQYKHOCTH H YCJIO-
BUil THPaTO0OPA30BaHUsI THAPATOHACHIIIIEHHOCTh
MEp3JIBIX MecYaHbIX 00Pa3IOB MPU JaBJICHUHU BBIIIE
paBHOBECHOTO u3MeHstnach ot 32.9 mo 65.4 %. llpu
ATOM OCTATOYHAs, HE Mepelle/inas B TuApaT Bjara
TIPY 3aMOPAKUBAHWY Tiepexonia B jesl. CreneHb 3a-
HOJIHEHUSI TTOP JIBIOM JIJIst 00PA3I[0B U3MEHSIACH OT
2.3 % nuisgt o6pasna ¢ BaaxkHocTbio 6.7 % 10 34.7 % pis
ob6pastia ¢ BraxkHoctbio 13 %. CymmapHast HachIIeH-
HOCTH ITOPOBOTO MPOCTPAHCTBA JBAOM U THAPATOM
JIJIsT UCCJIEIOBAHHBIX 00pasIoB MeHsIach ot 35.2 %
Juts Mastosaazknoro oopasua (Ts-3) 10 94.5 % nist 06-
pasiia ¢ HayaJIbHOM BIaskHOCTD 17.8 %. ['azonponuria-
€MOCTh MEP3JIBIX IIPATOHACKIIIEHHBIX 0OPa3IoB B
YCJIOBUSAX CYIIECTBOBAHUS CTaOUIBHON (has3bl rujpa-
Ta Oblaa HU3KOM. Tak, i/ MaJoBIaKHOTO 0Opasia
(Ts-3) 3HaueHue razonpoHUIIAEMOCTH COCTABUJIO
1.0 m/l. C yBenmyeHneM TUIPATO- U JIbJOHACHIIICH-
HOCTH Ta30IIPOHUIIAEMOCTb YMEHbBIIIAIACH, TIPU 9TOM B
o0pasiie ¢ BBICOKO CTENEeHbIO 3aTI0JIHEHIS TT0P TH/I-
parom u JbgoM (Ts-1) oHa OblLIa HUKe Ipejesna u3-
Mepenuii puabrparmonnoit ycranosku (0.01 m/1).

WccnenoBanie mpoHUIIAEMOCTH MEP3JIBIX THPA-
TOHACHIEHHBIX 00PA3IIOB MECKA B YCJIOBUSX [IHCCO-

TaGauna 1. XapakTepucTHKH 00pa310B MEJKO3€EPHUCTOTO IeCKa
OGpaselr Jlnuna, mm | lmamerp, MM | Biasknocts, % | [LtoTHOCTD rpyHTa, r/cm3| Ilnornocts ckestera |Ilopucrocts n, 1i.e.
Ts-1 29 30 17.8 1.88 1.62 0.40
Ts-2 35 30 10.3 1.72 1.62 0.40
Ts-3 31 30 6.7 1.66 1.62 0.40
Ts-4 40 30 13.0 1.87 1.62 0.40
Tab6auma 2. XapaKTepUCTUKY MEP3JIbIX IHAPATOHACHIIEHHBIX IIECYaHbIX 00Pa3IoB
U MX Ta30MPOHHIIAeMOCTh NpHU Temiepatype —5 °C u 1aBieHUH BbIlle PAaBHOBECHOTO
CrereHb 3aroJHEHNs TIOD, Y% .
OGpaser | Mcxoanast BIaKHOCTD, % Koadpduument yb(beK}?BHOH
TBIOM THApaTOM razornponunaemocty K, m/[
Ts-1 17.8 29.1 65.4 <0.01
Ts-2 10.3 4.9 63.8 0.03
Ts-3 6.7 2.3 329 1.00
Ts-4 13.0 34.7 41.8 0.02
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Tab6numa 3. I3MeHeHHe ra30MpoOHUIIAEMOCTH
Mep3JIbIX THAPATOCOAEPKANMX 06Pas3I0B
BO BPEMEHH MPH CHIKEHNH Ta30BOTO 1aBI€HUS
1o armocdepuoro npu —3 °C

Tazonponuiaemoctsb o6pasua, M/|
Bpewms, u
Ts-1 Ts-2 Ts-3 Ts-4%*
0* <0.01 0.03 1.00 0.02
1 <0.01 0.10 1.04 0.3
4 <0.01 0.10 1.08 0.5
6 <0.01 0.50 1.14 0.5
24 0.03 1.00 1.30 0.6
48 0.06 1.10 1.40 0.7
60 0.06 1.10 1.40 0.7

* Ta301POHUIIAEMOCTH MEP3JIBIX THIPATOHACHIIIEHHBIX
06pasIoB PH JIABJIEHUY BbIIIIE PABHOBECHOTO.
** Jloist o6pasua Ts-4 npu Temmneparype —3 °C.

IIAAIIIN TTOPOBOTO THAPATA TTPOUCXOIUIIO TTPH (DUKCH-
POBAaHHOI OTPUIIATEIHHON TeMIIEPaType, B OCHOBHOM
mpu —5 °C. Tlocsie CHUKeHUsT IaBJIeHUsT B GapoKamepe
¢ 006pas1oM 10 aTMOC(HEPHOro U3MEPEHUS Ta30IIPO-
HUI[aEMOCTHU BBHITTOJIHSAIUCH Yepe3 OnpeieIeHHbIe
poMeKyTKH BpeMenu. [Torydertbie gjanubie 1o ra-
30IPOHUIIAEMOCTH 0OPA3IIOB IIPeCTaBIeHbl B TabJL. 3.

B xo/1€e aKcriepuMenTa ObLIO T0IYyYeHO, YTO Ta30-
HPOHUIAEMOCTb MEP3JIbIX TUAPATOCOAEPKAIINX 00-
PasIloB BO BpeMeHU yBeanunBanach. st 06pasiios ¢
HavyaJbHOU BJaakHOCTBIO 6.7, 10.3 11 13 % nosbinenne
MIPOHUIIAEMOCTU (PUKCUPOBATIOCH y:Ke uepe3 1 4 1mo-
ciie copoca JaBjieHus. Y BeJudeHue IPOHUIAeMOCTH
00pasioB HAGJIIJAN0Ch B TE€YEHHUE IIEPBbIX ABYX CY-
TOK HaOJII0JIeHMI, Jajiee OHA IPAKTUYECKH He MeHs-
Jach 1 Obla GJM3Ka K MCXOHBIM 3HAYEHUSM IIPO-
HUIIAEMOCTU Mep3JIblX 00pasiloB 10 THAPATOHACHI-
menns. Kak Bugno na puc. 2, mpu 60Jjiee BHICOKO
temieparype (—3 °C) crabunnsanus 3Ha4eHUIT Ta30-
HPOHUIIAEMOCTH MPOUCXOAUT ObicTpee (uepes 4 4
npoTuB 6 4 B akcriepumente 1pu —5 °C).

104
140AA A Q Q
X
"Ef b |
XD)
0.1{1
* *
% *
001 T T T 1
0 20 40 60 80
t,4
®Ts-1 OTs-2 ATs-3 XTs-4

Puc. 2. iameHeHne ra3onpoHnaeMocTu K, Mep3Jibix
rugparocoaep:;kamux oopasuos (Ts-1, Ts-2, Ts-3,
Ts-4) B npoiecce AUCCOIHUAINH TIOPOBBIX THAPATOB.
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st o6pasua Ts-1 ¢ BBICOKOI BECOBOM BJIAKHO-
cthio (17.8 %) mepBbie 6 YacOB Ta30MPOHUIAEMOCTh
9KCIIEPUMEHTAIBHO He OIpe/e/isilach, IIPU 9TOM 06-
I1ast HACBIIIIEHHOCTH TTIOPOBOTO TIPOCTPAHCTBA TH/IPa-
TOM ¥ JIBZIOM cocTaBJistia 94.5 %, uepe3 24 1 ra3ormpo-
Huraemoctb coctasuiia 0.03 m/l, a mocie 48 u ee 3Ha-
yenue He ipesbimano 0.06 M/ 1 ganee He MeHSATOCH.
W3meHenne ra30MpOHUIIAEMOCTH MEP3JIBIX THAPATO-
cojiepsKalux 00pasloB P JaBAeHIN HUKE PABHO-
BECHOTO CBSI3aHO C IPOIECCAMU AUCCOITUAIUH TTOPO-
BBIX TH/IPAaTOB. Kak 10oKa3bIBAlOT paHee BbIIOJHEH-
Hble 9KCIIEPUMEHTHI 110 U3YUYEHHUIO JMCCOMUATIUN
MOPOBBIX Ia30TUIPATOB B MEP3JIbIX Topojax | Chuvi-
lin, Guryeva, 2008; Chuvilin et al., 2011], akTuBHas
JIUCCOTHUAIINST Ta30TU/IPATOB IPOUCXOUT B TIEPBbIE
Yachl MOCTIEe CHYKEHUST JIaBJIEHNs ra3a HIUsKe PABHO-
BECHOT0, jlajiee MHTEHCUBHOCTD JIMCCOIMAIIUU [TOPO-
BBIX I'M/[PATOB CHUKAETCST BILIOTH JIO TIOJTHOTO 3aTyXa-
nust. Habmoaemoe B 9KcIieprMeHTax MOBBIIIEHHE /10
[OCTOSIHHOTO 3HAYEHUST Fa30IPOHUIIAEMOCTH 00bsIC-
HSIETCSI 3aTyXaHUEM IIPOIECCa JUCCOIMAIINN TTIOPOBO-
ro rujipata, CBsI3aHHOro ¢ 9 HEKTOM caMOKOHCepBa-
IIUM FAa30BbIX IUPATOB IIPU OTPUIATETbHBIX TEMIIE-
parypax. Taxk, s obpasua Ts-4 ruapatocojepskanue
3a nepBble 2 yaca JUCCOIMAINN DU TeMIlepaType
—3 °C cHmsnioch moutn B 2 pasa — ¢ 25 g0 14 %, na-
Jiee TIPOTIece 3aTyXaJl, 3a cJeaylonre 9 yacos rujpa-
TOCO/IEPIKAHIE TOHUBIIOCH /10 2.4 % U K KOHILY 9KC-
nepumenTta coctasisiio 1.9 %. CBs3b usmenens ra-
30IIPOHUIIAEMOCTH C COJIep/KaHUEM ra3orujpara
MO’KHO IIPOCJIEUTD Ha puc. 3. BuaHo, uto razomnpo-
HUI[AEMOCTb BO3pacTaeT B HauOOJIbIleil CTerneHu Ipy
CHUIKEHWU THU/[PATOHACHIIIIEHHOCTU B [uara3one 40—
25 %. Ha npumepe o6pasia Ts-4 6bLI0 TOTyYeHO, YTO
ra3onpoOHUIIAEMOCTD B IIPOIECCE TUCCOIUAIMHT JIH-
HEHHO 3aBUCHUT OT THPATOHACHINIEHHOCTH (CM.
puc. 3).

CrepoBaTesibHO, ra3orujpaTHas KOMIIOHEHTA B
ITOPOBOM IIPOCTPAHCTBE MEP3JIBIX MTOPOJI OKA3bIBAET
GOoJIbIIOE BIMAHIE HA IPOHULIAEMOCTD, HECMOTPS Ha

0.8
L 4
0.6 -
o =_0.0161x +0.6981
E& 0.4 R2=0.9845
X
0.2
O T T T T 1
50 40 30 20 10 0

Sh, %

Puc. 3. 3aBucumocts razonponnnaemoctu K, or
TH/IPATOHACHIIEHHOCTH ), B MEP3JIOM TH/[PATOHACHI-
menHoM oGpasie necka (Ts-4) B yCIOBUSX AUCCO-
muaiuu noposoro ruzapara (¢t = -3 °C, p = 0.1 MIla).
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Puc. 4. Mopenp uaMeHeHHs IPU OTPHUIIATENbHBIX TemmepaTypax (—3...—3 °C) nopo3anojHsomux KOMIo-
HEHTOB B M€P3JIOM THIPATOCOIEPIKALIEM TPYHTE MPH CHUKEHUH JIaBJIEHUS Ta3a HIKEe PAaBHOBECHOTO:

a — B yCJIOBUSX cTabUIbHOIT (hasbl ruapaTa (faBjeHre BbIle PABHOBECHOTO0); 6 — B HAYaJIbHBIN 9Tl IOC/Ie CHUKEHUS JaBJICHUS
HUZKe PABHOBECHOTO; 6 — [IPU JABJI€HUU HUKE PABHOBECHOTO B YCJOBHAX METaCTaOMIbHOCTH. BEpXHUI PUCYHOK — cXeMa IOpbl,
HIDKHAN — (a3bl BOIBI HA TOBEPXHOCTHU YACTHUIL. 7 — YaCTHIILI TPYHTA; 2 — cBsI3aHHAasd (He3aMmepalias Boja); 3 — yen 1; 4 — ruapart;

5 —nex 2; 6 —ras.

TO, 4TO 00IIAsT HATIOJHEHHOCTD TIOPOBOTO MTPOCTPAH-
CTBa B MpoOIecce Mepexo/ia TUApaTa B Jejl MEHSIeTCS
cnabo. TTo-BUANMOMY, 9TO CBA3aHO C Pa3JIUYHBIMU
MeXaHu3MaMi (DOPMUPOBAHMS THIPATA U JIbJA B T10-
pax, a TakKe C ONpe/leJIEHHBIMU CTPYKTYPHBIMU 13-
MEHEHUSIMNI, KOTOPbIe TPOUCXO/ISAT B MEP3JION MTOPOJIe
TIPY ANCCOIUAIINH TTOPOBOTO TU/IpaTa.

B ucxonnom cocroganuu (1Ipu aBJeHUU Ta3a
BblIlle PABHOBECHOI'O) ITOPOBLII rU/paT B MEP3JI0M
TUPATOCOEPIKAIEM 06pasile ¢ OJHON CTOPOHBI KOH-
TaKTUPYET ¢ JeagHol daszoit (e 1), a ¢ gpyroit — ¢
razoBoii (puc. 4).

B nepBbIit MOMEHT TOCJIE CHUKEHUS Ta30BOTO
JIABJICHUS HUKE PABHOBECHOTO B TOPOBOM TIPOCTPaH-
CTBe IPOUCXO/IUT PA3JI0KEHNE ra30TH/paTa ¢ IoBepx-
HOCTH Ha Ta3 1 Bofy. IIpu aToM 06pasyiomasicst Boaa
Ha MOBEPXHOCTH Ta30TUAPATHOTO BKIOUEHUS 3aMep-
3aet U (hopMUPYeT ITJIEHKY JibJa (Je]] 2) BOKPYT TH/I-
pata, YTO TPUBOJIUT K 3aTYXaHWIO MPOIlecca INCCOIH-
allUy U IIepexo/ly OCTaTOYHOI'O 'Mjpara B MeTacTa-
OGUIBHOE COCTOSTHUE. YUUTBIBASA, YTO TIPU TIEPEXO/IE
MIOPOBOTO I'UIpaTa yepes KUJAKyIo Ga3y BoJbl B Jiejl
U3MEHAOTCS yaeabHbie 06beMbl a3 (rujgpara u
JIbJIA), 4 TAKIKe POUCXOAAT CTPYKTYPHbIE Tpeobpa-
30BaHN, TPOHUIIAEMOCTb MEP3JIOT0 THAPATOCOIEP-
JKAIero TpyHTa yBeanduBaercs (puc. 5).

Pacuersl mokasanu, 4To B Ipoliecce AUCCOINA-
[[UU TIOPOBOTO TUAPaTa CBOOOIHOE (3aHATOE TA30M)
MOPOBOE TIPOCTPAHCTBO IPYHTOBOTO 0Opasiia yBeu-

qua0ch Ha 8.9 %, Mpu 3TOM 3aBUCUMOCTD TIPOHUIIAE-
MOCTHU OT yBEJUUYEHUST CBOOOHOTO OPOBOTO MPO-
CTPAHCTBA TaKXe HOCUT JUHEWHBIN XapakTep (cM.
puc. 5). 13 BbinosiHeHHBIX paHee uccaegaoBannii [ Yy-
euaun, Ipebenxun, 2015; Qyeuaun u dp., 2016] creny-
€T, 9TO TIPU OTIPEeJTEHHBIX CTEMEHSX 3aIT0THEHUSI
Op JIEASTHON ¥ THIPATHOM KOMIIOHEHTaMU He3HAYH-
TelbHOE YMEHbIeHNEe CBOGOIHOTO MOPOBOTO MPO-
CTPAHCTBA MOPOJI MOKET BBI3BIBATH PE3KOE CHUKEHIE
UX ITPOHUIAEMOCTHU. B yCJIOBUSIX TUCCOIUAIINT TIOPO-
BOTO TH/IPaTa, KOTOPOE COTIPOBOK/IAETCS YBEJTUUECHNU -
eM 00beMa CBOGOIHOTO IIOPOBOTO IIPOCTPAHCTBA, HTO
MPUBOJIUT K TIOBBIIIEHIIO TA30ITPOHUIIAEMOCTH, B Pe-

0.8
0.6 *
(=)
2 04
xo:
y =0.0634x + 0.067
0.2 R?=0.9251
T T T T 1
0 2 4 6 8 10
ds, %

Puc. 5. 3aBucumocts razonponnnaemoctu K, meps-
Joro ruipatocoiepskaniero necka (Ts-4) ot yBemu-
YyeHusi CBOOOHOrO MOPOBOro npocrpancrea (dS) B
npolecce nepexoja NOPOBOTo r'HAPAaTa B Jies.
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3yJbTaTe 4€Tr0 paHee IMPaKTUYECKN HE IIPOHUIlaeMbIe
MEP3JIble TUPATOCOAEPIKANIINE TIOPOJADBI MOTYT CTAHO-
BUTHCA IPOHUI[AEMbBIMU.

SARJIIOYEHUE

Paspaborana MeTOJMKaA 9KCIEPUMEHTATbHON
OTIEHKH Ta30TPOHUIIAEMOCTH MEP3JIbIX TIOPOJL B yCJIO-
BUSIX INCCOIMAIIUU TTOPOBOTO THPATA. JKCIIEPUMEH-
TaJIbHO YCTAHOBJIEHO TIOBBIIIIEHHE Ta30TTPOHUIIAEMO-
CTH MEP3JIBIX THIPATOCOAEPKAIIIX TTOPO/I, CBSI3AHHOE
¢ JIMCCOIMAINEN TOPOBOTO TUPATA TIPU CHUKEHUH
ra3oBOTO JIaBJeHUU HUKe paBHOBecHOTO. [lokazano
BJIMSTHUE HAYATHHOTO THIPATO- U JIHIOCOMEPIKAHUS
Ha TOBBINIEHNE TA30TTPOHUIIAEMOCTH TIPU HEPABHO-
BecHbIX yeaoBusx (¢t = —5, -3 °C, p = 0.1 Mlla). {us
necyanoro odpasia ¢ HeBBICOKOM CyMMapHOH cTelre-
HDBIO 3AII0OJTHEHUS TTOP JIbJIOM U ThaparoM (35 %) raso-
[POHUIIAEMOCTb BO BPEMSI dKCIIEPUMEHTA U3MeEHU-
Jack MeHee yeM B 1.5 pasa. [ oOpasia ¢ IOBBIIIEeH-
HOIl CyMMapHOU CTeTeHbIO 3a1T0JIHeHUS TTop (0KOJI0
69 %) rasonpoHUIAEMOCTDb BBIPOC/IA BO BpeMeHU 60-
Jiee 4eM Ha opsaznok. [ o6pasiia ¢ BBICOKOI rugpa-
TO- M JIBJOHACHIIIEHHOCTBIO (0K0JI0 95 %), KOTOPBIiT
ObLI B UCXOHOM COCTOSIHUU TIPAKTUYECKU HE IPOHU-
naembiM (Menee 0.01 m/l), B ipoitecce auccormanuu
MOPOBOTO THpaTa 3aUKCUPOBaHA ra3onpoHUIIae-
MocTb 10 0.06 M/[. TTosryueHHBIE PE3yabTATHI YKA3bI-
BafOT Ha BO3MOKHOCTD ITOBBINIEHHUST Ta30TTPOHUTIAE-
MOCTHU MEeP3JIbIX TIOPOJL TIPY JUCCOITUAIINYT BHYTPH-
MEP3JIOTHBIX Fa30rMPATHBIX 00PA30BAHMIL.

Paboma evinoanena npu gunancosoii noodepoc-
ke PHD (epanm 16-17-00051) u PO DU (npoexm
Ne 17-05-00995).
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