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Changes in the amount of unfrozen water remaining in frozen wet soils are estimated theoretically for two
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BBEJAEHHNE

[Ipu remmiepatype nmske 273 K mportecc retepo-
TeHHOI KPUCTAJIU3AIUN BO/IbI Pa3BUBAETCS BO BCEX
[MOBEPXHOCTHBIX Teocepax 3eMJIN U BKITIOUAET TaKHe
KpymHOMacTabHbIe TPUPOHbIE STBICHUS, KaK 3a-
POK/IeHNEe KPUCTAJIOB JIbJa HA a9PO30JIbHBIX JaCTH-
1ax ¢ MmocjaeAyonum hopMupoBaHUEM TBEPIBIX aT-
MOC(EPHBIX 0Ca/IKOB, 3apPOXKAeHNE JIb/la Ha B3BEllleH-
HBIX B BOJIE YACTUI[AX U HA MIPEAMETAX Y MO6ePeKbsi
BOJIOEMOB U BOJIOTOKOB, CTAHOBJIEHNUE JIEZIOBOTO T10-
KpoBa Ha ux mnosepxHoctu [loaybes, 2000, 2014,
2015; Cemenosa u dp., 2010]. Jlast BepxHeii yacT Jiu-
Tocdepbl yMEPEHHBIX U CEBEPHBIX HITUPOT, I7le U3Me-
HEHUS TEPMUYECKOT0 PeXKUMa IIPOUCXOJAT PeryJisp-
HO, XapaKTEPHO OJTHO U3 MIUPOKO PACITIPOCTPAHEHHBIX,
HO U crenupUIecKUX MPOSIBJIEHUN reTepOoTeHHOM
KPUCTAJIIM3AIIMN BOJIbI, @ UMEHHO 3apPOsK/ICHUE KPUC-
TAJJIOB JIb/Ia B IOPOBOM IIPOCTPAHCTBE BIAr0CO/Ep-
JKAIUX TPYHTOB, T/l BO/Ia paciipeiesieHa (Juciepri-
poBama), B 06I1eM cIydae, BeCbMa HEPABHOMEPHO.

OTnnanTenbHas 0COOEHHOCTD TIPOIECca 3aMep-
3aHUs BOJIBI B TPYHTE KaK B AMCIIEPCHON cpeje 3a-
KJIIOYAETCSI B HEOJTHOBPEMEHHOCTH (Da30BOTO 1epexo-
na HyO naske B mpemenax 6JIM3KOPaCIONOKEHHDBIX
YY4aCTKOB €ro mopoBOTO mpoctpancTtsa |Aepseun,
1956; Anansn, 1973; Tonybes, 1986; Apa, 2014; An-
derson, 1967a,b; Lange, McKim, 1967; Wexl et al.,
2013; Zielke et al., 2016]. B pesyJibrate IpakTHIECKA
B 11060M 00beMe MEP3JIbIX U MIPOMEP3AIOIUX AUC-
nepcHbIX TPYHTOB 1pu TeMiiepatype (1) umke 273 K
BO3MOJKHO OJHOBPEMEHHOE TIPUCYTCTBUE BOIBI U
JIbJIA, T. €. B MEP3JIBIX U IPOMEP3AIOIIIX IPYHTAX CY-
ECTBYET HEKOTOPOE KOJIUIECTBO MIEPEOXIAKIEHHON
BO/IBI, KOTOPYIO TIPUHSTO HA3bIBATh “He3aMep3lnast
Bona” [/epsiezun, 1956; I'puzopvesa, 1957; Anansin,
1973; Hosuxoe u dp., 2016; Anderson, 1967a]. ®usnu-
yecKoe siBjieHune “HezaMmepalieil Bojbl” CBONCTBEHHO
HE TOJIbKO TIPUPOJIHBIM JUCIIEPCHBIM IPYHTAM, HO U
HCKYCCTBEHHBIM JMCIIEPCHBIM CPEaM, UCIO0JIb3Ye-
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3AKOHOMEPHOCTHU KPUCTAJIVIN3AIIMU BO/IbI I1PU [TPOMEP3AHUU /IUCIIEPCHDBIX TPYHTOB

MBIM B TIPOMBITIIEHHOCTH U CTPOUTENHCTBE B YCJIOBH-
SIX OTPHUIATETBHON TEMITEPATYPHI. Y CTAHOBJIEHNE 3a-
KOHOMEPHOCTEH 1 0COBGEHHOCTEH 9TOr0 ABJIEHUS U
MMOHUMAaHKe ero GU3MIECKON CYNTHOCTH TIPEICTABIIS-
0T He TOJIBKO MPeIMEeT HayYHOTO WHTepeca U 00Cy K-
JIEHMS KaK OJlHAa M3 OCHOBHBIX, TPEOYIOUIMX CBOETO
pelieHus mpobJieM TeOKPHOJIOrHH, HO U 3a4ady, CBsI-
3aHHYIO C MHKEHEPHBIM U XO3STHCTBEHHBIM UCTI0JIH30-
BaHUEM TPUPOJHBIX M MCKYCCTBEHHBIX JUCTIEPCHBIX
cpejl B yCJI0BUSX OTPUIIATETbHOM TeMitepatypbl [/e-
psieun, 1956; Hepcecosa, [{oimosuu, 1963; Anansin,
1973; Ocnoswi zeokpuonozuu, 1995, 1996; I'puzopues,
2013; Apa, 2014; Hosuxos u dp., 2016].

OCOBEHHOCTHU PACIHPEJEJIEHUA
N KPUCTAJVIM3AIIIHU BO/JbI B IIOPOBOM
IMPOCTPAHCTBE JJUCITEPCHBIX TPYHTOB

[ucnepcubim rpyHTam (0HA U3 CAMBIX PACIPO-
CTpPAHEHHBIX [UCIIEPCHBIX CPEJl B MOBEPXHOCTHOM
yacTu autocdeppl 3eMJin) CBOMCTBEHHO MHUPOKOE
paszHoobpasue pazMepoB, MOPGOJOTHH U IPOIUPO-
BAaHHOCTH (II€POXOBATOCTU) MOBEPXHOCTH CJIArafo-
X gacTtuil (puc. 1), KOTopble Pa3anvaioTcs TakKe
XUMUYECKUM, MUHEPATLHBIM COCTABOM U (DU3NIECKH-
MW CBOIICTBaAMU. JTO, B CBOIO OUEPE/Ih, IPEATIoIaraeT
pasjimure B CTETIEHU B3aUMOJEHCTBUS YaCcTHI] C BO-
N0, HarpUMep, B MX CMAaYMBAEMOCTH U, COOTBET-
CTBEHHO, BO3/ICHICTBUH Ha TIPOTIeCCH! (ha30BbIX Tepe-
xoz108B Boabl [Hepcecosa, Lvimosuy, 1963; Ioaybes,
1981, 2000, 2015; Anderson, 1967a,b; Wexl et al.,
2013; Zielke et al., 2016].

[Tporiecc kKpuCTANIU3AIIY BOIBI BO BJIArOCOIEP-
JKAMMX AUCIepcHbIX TpyHTax npu T < 273 K MoxHO
paccMaTpuBaTh Kak: a) 3aKOHOMEPHOE SBJICHUE 3a-
Mep3aHus BO/JIbI, 3AMOJTHAIONIEH BCe TTOPOBOE MPO-
CTPAHCTBO IPyHTa U o6pasytolieil B HeM coOCTBEH-
HYI0 MaTpuiLy; 6) TakKe 3aKOHOMEPHOE, HO U BEPOSIT-
HOCTHOE (B cJiydyae HEMOJHOTO BJIAroHaCHIIEHWS
TPYHTA) SBJIEHNE 3aMeP3aHNsI U30INPOBAHHBIX CKOII-
JIEHWH BOJIBI, 3aHUMATOIIIX HEKOTOPYIO YacTh €ro TMo-
POBOTO MMPOCTPAHCTBA B MECTAX HEMIOCPECTBEHHOTO
KOHTAKTa 3€PeH ¥ B HEOJHOPOAHOCTSX TIOBEPXHOCTH
3epen (cm. puc. 1). Ho u B ToM 1 B ipyrom cirydae pas-
BUTHE TIPOIIECCA OTPEIETSAETCS 0COOEHHOCTAMMU reTe-
POreHHOI KPUCTAIU3ANNY BObI KAK OHOTO U3 HAU-
6oJtee PaCIPOCTPAHEHHBIX TIPUPOJHBIX PACILIABOB.

B 3aBUCHMOCTH OT 0COGEHHOCTEN KOHTAKTUPO-
BaHUS YaCTUI[ PYHTA MEKY COOOU 1 UX B3aUMOIeii-
cTBUS ¢ Bozoit u baoM [Toaybes, 1981, 1986, 2000;
Buaxosa, 2013; Golubev, 1997] BO3MOKHBI IBa OCHOB-
HBIX BapuaHTa 3aposkaerus jbaa: (I) B oobeme 1mopo-
Boii Bozib; (11) Ha apoaMpoBaHHON TTOBEPXHOCTH MU-
Hepasnbubix yactuil [[OCT 2789-73, 1975].

1. Bapoarcdenue rwda npoucxooum 6 o6seme 6006t
U He 3aBUCUM OM CBOLICME U CMPOEHUSL YACMUY, ZPYH -
ma, m. e. MOMCEM Pearu308vl6amvCst Ha 10oom yoaie-
HUL OM UX NOBEPXHOCMU.

CoryacHO TeOpPeTHIECKNM TOJI0KEHNUSIM TOMO-
FEHHON KPUCTAJLTU3AINK BOBI (T. €. B 00beMe BOJIBI
MIPU OTCYTCTBUYM WHOPOJHBIX TEJ ), BOSHUKHOBEHUE
MUHHIMaJbHOTO PAaBHOBECHOTO KPUCTAJIA JbJA, CO-
crosimero u3 470 monekyn HyO u mverorero o6bem
15.32 HM3, uTO 9KBUBAJEHTHO cdepe AuaMeTpoM
3.08 HM, BO3MOIKHO JIMIIb TIPU MEePEOXTAKIEHUN
Boabl He MeHee ueM Ha 38 °C [loaybes, 1999, 2015].
JlanHble 0 3aMep3aHUN MEJTKUX KaIlesb BOIbI B ATMO-
chepe saunb npu Temieparype nuke —39 °C | Flet-
cher, 1970; Welti et al., 2014] noaTBeps;KAAIOT TEOPe-
THYECKOE TOJIOKEHIE 0 HEOOXOIUMOCTH TIIyOOKOTO
MePeoXJIaK/IeHIST BOABI U1 PeaTN3aliii TOMOTeHHO-
ro iportecca [Toaybes, 1981], BeencTBIEe Yero Takoi
MeXaHU3M 3aPOJKICHUS JIbjla B 00beMe IPYHTOBOMI
BOJIBI MTPEJICTABJISIETCST BEChbMa MAJIOBEPOSITHBIM.

Ecau 3aposkenve ibia B 00heMe BOJIBI BCe JKe
CYNTATh BO3MOKHBIM, TO BO3HUKIIINE KPUCTAILIBI OY-
IyT paspacraThbcs (B TOM YKCJIe B HAIPABIEHUN MU-
HEPAJIBHBIX YACTUIT), & UX POCT MOKET 3aKAaHUYNBATh-
CsI HEIIOCPEJICTBEHHO Y TTOBEPXHOCTU YACTUIL UJIH
Ha HEKOTOPOM yjajeHnuu ot uee. [lpu atom Gygem
[0JIATATh, YTO HEOAHOPOLHOCTH HA TOBEPXHOCTH MU-
HepaJbHbIX YACTUIl, HE3ABUCUMO OT UX pa3Mepa u
MOpd0JI0THH, TTePBOHAYAJIBHO 3AMOJHEHBI BOIOM
(puc. 2, a).

HeomHnopopHOCTH MOTYT UMETDH MPAaBUJIbHBIC
ouepTaHWs, ONpesessieMble CHMMETPHUENl BelecTBa
cyb6eTpata, T. e. oTBeyaTh (hopMe CTYNEeHH, TPEeXTIPaH-
HOTO yTIJIa WJIN TIeJH, & aKTUBUPYIOIee BO3/eHCTBIE
cy6erpara Ha (hasoBblil Iepexo/ BOIbI B KasK10il 13
HEOJIHOPOHOCTE! 3aBUCUT B TOM YUCJIE OT TMJIOIAIIH
B3auMoeiicTBI cyberpara ¢ Bonoii [Toaybes, 1981,
1986, 1999]. Ilpu nanpHeiieM TOHUKEHUH TeMITepa-
TYPBI BCSI BOJA, 3aKJII0YEHHAST B HEOTHOPOIHOCTSIX
[MOBEPXHOCTH YACTUII, UM YACTh BOJIBI B HUX, 3aMep-
3aer (cM. puc. 2, 6).

TepmoanHaMuyecKkue MOTEHITMABI TAKOH crcTe-
MBI B HcXOHOM (G,y) 1 KoHeuHOM (G) COCTOSTHUAX
COOTBETCTBYIOT

G() =S5 isVis +§ iwliw + kS iwVws + “mM (1)

G1= SisVis + RSi¥is T . (2)

W3amenenre TepMOINHAMUYECKOTO TIOTEHITNAIIA
cucTeMbl TIpu 1epexojie u3 cocrosauus (1) B (2) co-
CTaBJsIeT

AG:G1*GOZ

= kSizu (Yis - yms) - Stiim + N( M= l’lm)’ (3)

rjie k — 1mokasaresib M3MeHEeHUsI TIOIA/U B3AaUMO/Iei -
CTBUSA BOJBI (JIb/Ia) ¢ CyOCTPATOM B MUKPOHEOTHOPO/I-
HOCTsIX TIoBepxXHOCTH (3 > k> 1); W, W; — XUMHUYECKIE

noreHnuans Mosekyst HyO B KUAKOCTH U BO JIBALY; Sj,
S;,, — TUIOTIAJIN TTOBEPXHOCTEN pasziena req—cyocTpar

1 JIe/I—BOJIa COOTBETCTBEHHO; Yjs Vig, Yes — Y/AEJIbHBIE
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B.H.I'OJIYBEB U1 JIP.

Puc. 1. XapakrepHasi ynakoBka 3epeH (KBapll, IOJieBble IINAThl) BO BJA’KHOM JHCIEPCHOM IPYHTE U He-
OTHOPOJTHOCTH HA MX MOBEPXHOCTH (), CTSXKEHHS BOJbI MEK/Y KOHTAKTHPYIONIMMH 3epHaMu rpyHra (0),
pacroJioKeHne Kaneab KOHIEHCUPOBAHHOMN BJIATH W KPHCTAJUIOB Jib/[a HA cy6CcTpare, NPUypOYEHHOE K He-
OHOPOIHOCTSIM NoBepxHOCTH (8) (M-6 yBea. ot 20 1o 1200).

CBOGO/IHbIE 9HEPTUH TOBEPXHOCTEN pasjieia eq—cy6- Boipaxkenue (3) MOKHO 1IpeoOPa3oBaTh, BOC-
cTpar, jei—Boga u Boga—cyberpar; N — KOJMYECTBO — IOJIb30BaBILIUCH:

MOJIEKYJI BOJIbI B HEOJJHOPOJHOCTSIX TTOBEPXHOCTH a) ypasuenuem .M. @penxemnsi: (1; — pY,) =
cybeTpara. =~ MT/T,, rie h — yjenbHast sHeprust pasoBoro nepe-
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xo/1a Boia—Jyiest Ha Mosekyny; T, = 273 K; AT — Benu-
YUHA MTEPEOXJIAXKAEHUS BOIBI;

6) coornomenneM H. @uetuepa: (Y, — Yis) =
= MY;,, TI€ M — TOKA3ATeTb AKTUBAIINH JIbI000Pa30-
Banus [ @penxenv, 1945; Fletcher, 1970).

B coornomennn H. Diieryepa sHAYCHUS Y, U Vi
B GOJIBIIMHCTBE CIyYaeB HEU3BECTHBI, HO U3BECTHA
BeJIMYMHA Yy, paBHas 0.032 [ /M2 pu TemmepaType,
6uskoit 273 K. OueBuUIHBI TakKe IIpepesbHbIE
3HAUYEHUS TI0KA3aTe st akTUBAIIUHU J1b000Pa30OBaHIIs
—1 <m <1, TOCKOJIBbKY MIPHU 3aPOIKICHUY JIb/Ia B 00b-
eMe BOJIbl, T. €. [IPU OTCYTCTBUH cybOcTpara, 1oKasa-
TEJb AaKTUBAIMK JIb000pasoBanust m = —1, a B cuy-
qae, Korja cyocTpaToM siBaistetcs jied, m = 1, T. e. ero
nu3MeHeHust (hOPMaTBHO MOXOOHBI U3MEHEHUSAM MOKa-
3aTesid yrja CMauuBaHUS: COS O.

ITomaras, uTo Takoil MpoOIECC BO3MOKEH JIUIITH
nipu yeaosuu AG < (), u 3aMeHsIsT BBIPAKEHUST B KPY-
LIIBIX CKOOKAX (Y, — Vi) U (1 — Hy,) B ypaBHeHuw (3)
COOTBETCTBEHHO Ha my;,, 1 AMAT/T, 1ojryuuM COOTHO-
IeHne MeXy KOJTNIecTBOM MOJIEKYJT Bozibl N B He-
OJTHOPOJHOCTSIX TIOBEPXHOCTH M HEOOXOAMMBIM TTe-
peoxyaxienrieM Bojibl AT B HUX ¢ IIOKa3aTeseM aK-
TUBalMU JIbJA000pa30BaHus m U IoKas3aTejaeM k,
XapaKTepU3YyIOMNUM yBeJIudeHne MI0IMa[n B3auMo-
neiicTBUsT BOAbI (Jiba) ¢ cy6CTpaTOM B MUKPOHEO]I-
HOPOJIHOCTH:

NOAT/Ty) < ity (1 + ).

1

Ceuenne HEOIHOPOIHOCTH B TIEPBOM TIPUOJIHIKE-
HUU MOKHO TPUHSTH COOTBETCTBYIONIMM PABHOCTO-
POHHEMY TPEYTOJbHUKY, & POCTPAHCTBO, 3aHMMae-
MO€e MOJIEKYJIOH BOJbI, PaBHBIM V), UTO TTO3BOJISIET
nocJie mpeo6pasoBaHuil MOTYYHUTH CIEYIONIE BbIPa-
JKEHUs 17T KOJTMYECTBEHHON OTIeHKI:

V/IeTTBHOTO KOJINYeCcTBAa MOJIEKYJT BOABI N* B Xa-
paKTepHOIl HEOMHOPOAHOCTH, OTBEYAIOIIEH COCTOS-
Huto Ha puc. 1, a:

N'=S8,h"/(2V))), (4)

a

......................... 4":“’;’0"‘:’
0005 N0
LXAEKIRARRKESS
10.00% 095
00" '0’ o

(2
9%,

TeBeppnoe Teno

R XL
LI

Teeppooe Teno

Puc. 2. Bo3aMo:kHbIe BADHAHTHI COCTOSTHHS CHCTEMBI
“UHOpOHOE TeT0—BoAa—Jen”:

a — 11pu TeMuepatrype ~273 K 110BepXHOCTb JIbjia OCTaeTcs KBa-
3UIIIIOCKOI; 6 — TI0 Mepe TMOHMKEHNUST TEMIIEPATYPbI IPOUCXOIUT
paspacranue Jib/la B MUKPOHEO[HOPOJHOCTH [TOBEPXHOCTU
MHUHEPATbHBIX YACTHUIL.

U TIyOUHBI TAKON XapaKTePHON HEOXHOPOTHOCTH:
1" <y (1 + km) 2V, T/ LAT). (5)

11. Baposcdenue 1woa npoucxooum Hna no6epxHo-
CMu uacmuy, Zpynma, npuvem CoCmaeg, c6OUCmMea u
cmpoenue nosepXHOCmu Yacmuy, Onpeoeisiom Kax
MEPMUUECKULL PENCUM, MAK U TOKATU3AUUIO MECT 3a-
poxcoenus 1voa.

B arom ciyyae 3amep3aHue BOAbI IPOUCXOIUT
[IPY TeMIlepaType BbIlle TeMIIepaTypbl TOMOT€HHO
kpuctammusauu Bojbl (—38 °C), uro 06yca0BIeHO
AKTUBUPYIOIUM BO3AEHCTBUEM MMOBEPXHOCTHU Cy6-
cTpaTa Ha Ipollecc 3aMep3aHust BOAbI U (POPMUPO-
BaHue JIbJIa, T. €. IIPOLECCOM FeTePOreHHOr0 JIbI000-
pasosanust. CorsracHo cooTHomenuo H. Duetuepa
(M = (s ~ 722)/T1), BOBACHCTBIC cyGeTpaTa dop-
MaJIbHO MOJKeT ObITh OXapaKTepPU30BaHO MTOKa3aTe-
JIeM aKTUBALUK JIbZ000Pa30oBaHus, BeJIMUYNHA KOTO-
poro usmensiercst B npesiesiax —1 < m < 1 u 3aBucur
OT CTETIeHN COOTBETCTBHSI APAMETPOB KPUCTALINYE-
CKUX PEIIETOK cyOcTpara U Jibia, COOTHOIIEHMs 3Ha-
4YeHU ux MomyJell casura, Haanyus rpynn OH™ B
cocraBe cyOcTpaTa U pacipeieIeHusT 3apsiIOB Ha €Tr0
nosepxuoctu [Fletcher, 1970)].

Ha puc. 3 npuBeeHbl TeOpeTHYeCKe KpUBbIe
3aBUCUMOCTH TEMIIEPATYPbl KPUCTAILINZAIUN BObI
OT TIOKa3aTeJIst 1 Ha TJIaJKOH MOBEPXHOCTH TBEPAOTO
Tesla ¥ B HEOJJHOPOAHOCTSIX TUIIA CTYIIEHU, TPEXTPaH-
Horo yrua u menu [loaybes, 1981, 1986, 1999; Golu-
bev, 1997].

-1.0 -0.5 0 0.5 m
0 1 ] J

—10 -

4a

—20 -

-30 -

-40-
T,°C
Puc. 3. TeopeTnueckasi 3aBUCHMOCTH TeMIIEPATY PBI
I‘eTepOl"eHHOﬁ KpHUCTAJUIU3allU1 BO/IbI T (HpI/I CKOpo-
ctu kpuctamzamuu / = 1 cm~3.¢1) or nokazarens
aKTUBallunu JIbZ[OOﬁpaSOBaHl/Iﬂ cy6CTpaTa m:
1 — Ha WIeaJIbHO TJIAJIKOM yYacTKe oBepxXHocTH; 2—4 — B MU-

KPOHEOHOPOIHOCTSIX MMOBEPXHOCTH ThMA crynenu (2), Tpex-
rpanHoro yria (3) u menu (4, 4a).

23



B.H.I'OJIYBEB U1 JIP.

JIlnana3oHbl nepeoxJakaeHus
KareJb BO/bI Ha TOBEPXHOCTH CyOCTPATOB

Marepuan Temneparypa Ilokasarennb
3aMep3aHus akTuBaImu (m)
Buorur -1.5..-16.9 0.45...0.50
['nric (cenenut) -8.8..-26.7 0.05...0.10
I'panut -6.7..—19.5 0.30...0.40
Kasbiur -6.9..-29.4 0.00...0.05
Ksapig -7.8..-25.6 0.10...0.15
MUKPOKINH -9.0..-24.8 0.15...0.20
Mpamop -5.0..-24.4 0.15...0.20
MyckoBuT -1.0..—14.8 0.50...0.55
Porosas oOMarka -11.2..-19.3 0.25...0.30
JlpeBecuna (cocHa) -0.3..-0.9 0.80...0.90
Cranb -2.5..-19.5 0.30...0.35

CormacHo puc. 3, TeMiiepaTypa BO3HUKHOBEHUS
JIbJIa B HEOJTHOPOJHOCTSIX MMOBEPXHOCTH JIOJIKHA T10-
Beimathed 10 0 °C mpu m = 1 u moHWXKATHCS JI0
-39 °C upum = —1, cocraiss npu m = 0 B HEOHO-
POIHOCTHU THTIA CTYTIeHU npuMepHo —24 °C, a B He-
OZTHOPOJTHOCTH THIa Tpexrpanuoro yriaa —18 °C.
B ciyyae BOBHMKHOBEHMSI 3apO/IbIIIa KPUCTAJLIA JIh/IA
B TJIA/IKOCTEHHO TTOPE NJTH TPEIINHE, I0CTATOUHO Y3-
KOi1, 4TOOBI JIFOOBIE [[BE €TI0 TPOTUBOIOJIOKHbIE TPAHU
MOTJT KOHTAaKTUPOBATh CO CTEHKAMHU 3TOM MOPHI, He-
00X0UMOE TIePeOXIaKIeHue BOJAbl OKa3bIBAETCs
HauMeHbIUM (cM. puc. 3, kpusbie 4, 4a) [Toaybes,
1981, 1986, 1999].

B TabJmiile npuBeaeHbl AMAa30Hbl TOPOTOBBIX
MePEOXJIAKIEHUI KaIlesIb BOJIbI HA ITOBEPXHOCTH Pas-
JIMYHBIX CyOCTPATOB, COIJIACHO KOTOPHIM 3HAYEHMU S
MOKa3aTesIst aKTUBAIMK M 3TUX CyOCTPATOB JIeKaT B
unrtepsase 0 < m < 0.9 [Toaybes, 1981, 1999; Go-
lubev, 1997].

[Toce cobCcTBEHHO Jibjla HAUOOJIbIIEH aKTUBU-
pyonieil criocoOHOCTbIO 06J1aaeT APeBecuHa, 3aTeM
UJYT MUHEPAJIbI TPYIIbI CJIFO/, @ OOJBITHHCTBO MU-
HepaJIoB U METa/LJIOB XapaKTepU3yIoTcs 6oJiee HU3KHU-
MU 3HaUeHusIMu m. Takoe pacrpeiesieHue TPyI uc-
CJIeIOBAaHHBIX MATEPUAJIOB TI0 IITKAJIE TOKA3aTeJd aK-
TUBAIIUU /M COTJIACYETCS C OCHOBHBIMU MOJIOKEHUSIMI
teopun snurtakcuu [loaybes, 1999, 2015; Fletcher,
1970; Golubev, 1997|. B yactHOCTH, JIsI APEBECUHDBI
Bbicokue 3Hadenuss m = 0.8—0.9 00ycIoBIeHbI HAIU-
yrem rpynn OH™, n30aeKTpryeckuM XapakTepoM
MMOBEPXHOCTU U HU3KUMU 3HAYEHUSIMHU MOJLYJIsI YTIPY-
roctu. JlonmoJHUTEeTbHOU TPUUMHON CPAaBHUTEIBHO
MaJIOTO TIEePEOXTAKICHUS BOJBI MIPHU 3aPOKIACHUN
JIbJIa Ha [PEBECUHE MOKET CJIYKUTD TaK:Ke BHICOKAS
KOHIIEHTPAIIUST HEOHOPOJAHOCTEN THIIA IIeJN Ha ee
MTOBEPXHOCTH.

Cornacuo [Mossop, 1956; Fletcher, 1970], na
€CTeCTBEHHO 9POAMPOBAHHOMN MJIN MEXaHUYECKHU 06-
paboTaHHOII MOBEPXHOCTH TBEPIOIO TeJa paciipee-
JieHHe HeOAHOPOAHOCTEN 110 pasMepaM MOKeT ObITh
0XapaKTEePU30BAHO ypaBHEHUEM JOTapu(pMUIeCKH
HOPMAaJIbHOTO THIIa, KOTOPOE MOKET ObITh MOJEPHU-
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suposano [loaybes, 1981, 1999, 2015; Golubev, 1997]
JUISE CITydast IMCIEPCHBIX CPeJl U TIPUCYTCTBUS Ha 110-
BEPXHOCTH TBEPIOTO TeJIa HEOAHOPOIHOCTEN pasHO
KoH(bUTYpaIIH:

n; = Ayr’exp [-ba® (In 2)?], (6)

rie A — KoJm4ecTBO HEOHOPOIHOCTEH MITHIMAJIbHO-
rO pa3Mepa, COOTBETCTBYIOIIETO CPEHEMY 3HAUEHUIO
Iepuo/a peleTky Benectsa cyocTpara Ry = 0.5 Hm; y,
r — nokasaresiu (popMbI M pazMepa 4acTHUIl TPYHTa;
b — xoabduIMeHT, onpeeaseMblii KoHUryparuei
HEOJTHOPOJIHOCTH; @ — TI0KAa3aTesb IEePOXOBATOCTH
(9pOIMPOBAHHOCTHU ) TIOBEPXHOCTU (17151 MUHEPAJIbHbBIX
gactun a = 0.2-0.8); Z = R/R, — HOpPMUPOBAHHBII
MoKasaTeJib pazMmepa HeogHopoaHOCTH (R — pasmep
HeosiHOpoaHOoCcTH, HM). Corsacuo (6), maske Ha 3ep-
KaJIbHO TOJIMPOBaHHOM moBepxHOCTH (a = 1.15) Ha
maomaau 1 em? MoskeT HaxoauThes 10 107 HeoxHOPOI-
HocTeil THIa cTynenu, nopsaka 10° HeogHOpoaHOCTElH
TUIA TpexrpaHHoro yraa u a0 10° neogHopoanocteii
TUIIA IeJIU, Pa3Mep KOTOPBIX MOYKET U3MEHSITBCS OT
0.125 10 10° um3. YMenbluenye nokasaress @ BeleT
K BO3PAaCTaHWIO KOHIIEHTPAIUK BCEX HEOTHOPOIHO-
creit, mpudem 60Jiee MHTEHCUBHO BO3PACTAET KOJTHYe-
CTBO HEOIHOPOAHOCTEN TUIIA IIeJU U TPEXTPAHHOTO
yrJIa.

HeoHOpOAHOCTH MTOBEPXHOCTH, XapaKTEPHBII
pasmep (riy6uHa) KOTOpbIX i > A", GyyT 3am0THEHbI
JIbJOM, TOT/IA Kak npu i < h° TepMoaMHAMMYECKU
ornpaBiaHHbIM Oy/IeT IPUCYTCTBUE BOJBI B KUIAKOM
cocrosiayn. COTJIacHO IaHHBIM, IIPUBEICHHBIM B Tab-
Jure, st 6ONBIIMHCTBA MTPUPOTHBIX MUHEPAIOB
m =0.3—0.5. [ToxcTapisist COOTBETCTBYONINE YUCIEH-
HbIEe 3HAYEHWS B ypaBHeHMe (5) U MpUHUMAast TOKa3a-
TeJIb U3MEHEHUS TIIONA/IN B3aUMO/IEMCTBUS BOJIBI
(7p1a) € cy6eTpaToM B MUKPOHEOLHOPOTHOCTSIX TI0-
BEPXHOCTH k = 2, [10JIy4UM

h™= (1079 /AT) cm.

Takum 06pasoM, BO BCEX HEOAHOPOAHOCTSIX €
h" <107 cm nipu Temnepatype —1 °C GyeT HaXOAUTh-
ca TepeoxIakeHHast Boja, KOJIUIeCTBO KOTOPOii
ONPE/IENISIETCST UCXO/ISI U3 OOIIEro KOJMYecTBa HEOI-
HOPOJHOCTEH COOTBETCTBYIONIUX Pa3MEPOB.

JlorapudmMuyeckn HopMaIbHOE pactpeesieHne
HEOJHOPOAHOCTEN 110 pagMepam MpeoaraeT st
HEO/IHOPOJIHOCTEH THTIA CTYTIeH!

m, = A exp [-3a*(In(h/hg))’],

TIie 1, — YUCJIO HEOTHOPOAHOCTEH TAHHOTO Pa3Mepa;
A=10'2 cm 2 — yncso HeogHOPOAHOCTEI! HA eAMHULIE
[OBEPXHOCTH cyOcTpara ¢ pasMepoM, COOTBETCTBYIO-
TIIIM TIEPUO/TY KPUCTAILINYECKON pereTku Ay = 0.5 HM;
a — TIoKa3aTeJb MEPOXOBATOCTH (IPOAMPOBAHHOCTH)
MTOBEPXHOCTH (/17151 €CTECTBEHHBIX CKOJIOB MUHEPAJIOB
cpeznnee sHadenue a = 0.6); A — pasmep HEOIXHOPOJ-
Hocreit. O6beM BOJbI, 3aKIIOYEHHON B HEOLHOPOIHO-
CTHU THUIIA CTYIIEHH, UMeIoleli riyOuHy A v JIMHeiHY 10
nporsikenHocTsb nopsaka 10k, Gyner pasen V), = 10A3,
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a00111e€e KOJIMIECTBO BOABI (), HAXOSTIENCST B HEOTHO-
POIHOCTSIX JIAHHOTO pa3Mepa, COCTABUT

Q= Vymy, = 10303 exp [-3a® (In(h/hy))?].  (7)

Teopernueckast 3aBucumoctb (7) KoJudecTBa
BOJIBI, COIep KaIeiicsT B HEOTHOPOAHOCTSIX 33/IaHHOTO
pasmepa Ha eIMHUYHOI IIJI0IIA TOBEPXHOCTH JIUC-
KPeTHON MUHepaIbHOM 4aCTHUIIbI, OT pa3Mepa HeOTHO-
POIHOCTEH 1 KPUTHIECKIIe 3HAUYEHUST TEMIIEPATYPHI,
HUZKE KOTOPBIX HEOJHOPOTHOCTH COOTBETCTBYIOTIETO
pasmepa J0JKHBI OBITDH 3AMOTHEHbI JIHIOM, TIPUBEIE-
HBI Ha puc. 4.

O0611ee KOJIMUECTBO MepeoxaaKaeHHON (Hesa-
Mepaieit) Boabl Ha 1 cm? mosepxHoctu cyberpara,
3aKJTIOUEHHON B HEOAHOPOIHOCTSX PA3IIMIHOTO Pas-
Mepa, PABHO

Q= Z Z()thh = Z Zth-

CyMMapHOe YNCI0 HEOTHOPOIHOCTEN Z Zo nh)
CPaBHUTEIHLHO MaJI0O MEHSIETCS TIPY M3MEHEHNN JTHa-
[a3oHa 3HAYECHWIT /i, U B IIEPBOM NPUOIMIKEHUU JJIsT
BCETO HCCJIEyEMOTO INANA30HA T0JIATAETCST PABHBIM
10'2 cm 2. CrremoBarenbHO, U3MEHEHIE KOJTMYeCTBA
He3aMep3Ieil BOAbI Ha TTIOBEPXHOCTH TBEPAOTO Tea
(Qy,) 1pK U3MEHEHUU TeMIIePaTyPbl CUCTEMBI B IIeP-
BYIO ouepeib OyzleT OIPeNeNsAThLCS pa3MepaMu Heo/l-
HOPOHOCTEMN, COEP/KAIIIX He3aMeP3IIYIO BOLY IPH
JAHHOI TeMIlepaType. 3aBUCHUMOCTb CyMMapHOTO KO-
JINYECTBA BOJBI, 3aKIIOUYEHHON B HEOJHOPOIHOCTIX
¢ pasMepoM OT hy 0 A, onyueHHas B pPe3yJbTaTe
cyMMUpOBanus 3Hadenuil Q,, Takxe IpuBejeHa Ha
puc. 4. TTosydeHHbIe TeOpeTHYECKNE OLEHKU YyJI0-
BJIETBOPUTENLHO COTJIACYIOTCS C TAHHBIMU IKCIIEPH-
MEHTaJbHBIX ONpeeJeHnil KoJndecTBa He3aMeps-
1Tt BOIBI Ha MMOBEPXHOCTH PA3JUIHBIX MATEPHAJIOB,
HaurHas ¢ paboT cepeAnHbl IPOILIOrO CTOJIETH U 10
Hacrosiee Bpems [Aepsieun, 1956; I'puzopvesa, 1957;
Anansn, 1973; Ocnoswl zeoxkpuonozuu, 1995, 1996; Io-
aybes, 1999, 2000, 2015; I'puzopves, 2013; Apa, 2014,
Anderson, 1967a,b; Lange, McKim, 1967].

3AKJIOYEHUE

1. Bojia Bo BilaroHeHachIIIEHHBIX AUCITEPCHBIX
cpejlax pacrpejiesiena B Bujie MaKPOCKOILIeHuH (Me-
HUCKOBBIX CTSKEHUH ) B MeCTaX HEIOCPEICTBEHHOTO
KOHTaKTa YaCTHII, & TAKKE MUKPOCKOTIJIEHUH B TIEPO-
XOBATOCTSIX 9POAUPOBAHHON MOBEPXHOCTH YACTHII,
YTO IIO3BOJISIET IIPEJIIOJIaraTh HaJarudue 60JIbIIOro KO-
JINYECTBA He KOHTAKTUPYIOIINX MEK LY COO0MH MUKPO-
CKOTLIIEHUH BO/IbI, HE TTOCTYAUPYsT (GOpMUPOBAHUE
mieHKn (“CBsI3aHHON” BOJIBI) HA BCE MOBEPXHOCTH
YACTHUIL INCTIEPCHON CPEJIBI.

2. Pazinuus 06beMOB BOJIbI B IIpe/ieiaX OTAe ] b-
HBIX MaKpPO- I MUKPOCKOTLJIEHUH, a TaKKe Pa3InumsT
BO B3aMMO/JEHCTBUU YACTHUIL TPYHTa € BOLOI, 00y-
CJIOBJIEHHBIE X COCTAaBOM W CBOWMCTBAMHU, TIPETIONA-
railoT HEOJHOBPEMEHHOCTh KPUCTAJIU3AIIUN BOJIbI
B 9TUX CKOIJIEHUSX M, COOTBETCTBEHHO, CUIBHYTO

EQh

10—7 -
1078
1072

M3/CM2

O— 10—104

V,

107114 @

10’12 T T T T T T T T T T 1
10 50 100 150 200 250 300 350 400 450 h, H™m

-40 -20 -10 -4 -3 T,°C

Puc. 4. KomruecTBo He3amepaeii Bosb ), B MUKPO-
HEOIHOPOTHOCTSIX IOBEPXHOCTH CyOCTpaTa ¢ pasme-
POM /; 1 cyMMapHoOe KOJIM4eCTBO He3aMep31Ieil BO/bI

BO BCEX HEOTHOPOIHOCTSIX OT /i 10 /; (Z % Q, ) .

Huwxusas nenmneiinas mkaja — TeMIepaTypa 3aMep3aHisl BObL
(°C) B HEOAHOPOAHOCTSIX pasmepa h; cormacto dopmye (7).

(B 0611eM carydae 06PATHO MPOTOPIIUOHATBHYIO TTe-
PEOXJIAKACHUIO) 3aBUCUMOCTb MHTEHCUBHOCTH (a-
30BOTO Iepexojia BOJbI B JieJl OT BEJIMYNHBI I€PEOX-
JIAXKJIEHUS, 4TO COTJIACYeTCs ¢ OMyOTMKOBAHHBIMU
JKCIIEPUMEHTAJILHBIMU JIAHHBIMU O COJIEPIKAHUU TIie-

o 9

peoxnaxkaeHHON (“He3aMep3iiieir” ) BOALI B IUCTIEPC-
HBIX Cpe/iaX P OTPUTIATETHHON TeMIIepaType.
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