TEODKOJIOTHA. HHXXEHEPHAA TEOJIOTHA. THAPOTEOJIOTHA. TEOKPHOJIOTHA, 2023, Ne 3, c. 56—64

YIK 551.4.012

INPUPOAHBIE N TEXHOIIPUPOIHBIE ITPOLIECCHI

OLEHKA USMEHEHUA ITPUPOJAHBIX PUCKOB B ITPEJIEJTAX
HPO3MOHHO-TEPMOKAPCTOBLIX PABHIH ITOJ JEVICTBUEM
KIMMATNYECKHNX TPEHIOB

© 2023 1.

A. C. Bukrtopos’*, B. H. Kanpaaosa!, M. B. Apxunosa!, T. B. Op.ios!

! Hnucmumym eeosxonoeuu um. E.M. Cepeeesa Poccuiickoii akademuu Hayk
Vaanckuii nepeynok, 13, cmp. 2, Mockea, 101000 Poccus

*E-mail: vic_as@mail.ru

IMocrynuna B pegakumio 05.09.2022 r.
ITocne nmopa6orku 04.11.2022 1.
[MpunsaTa k myonukamuu 21.11.2022 1.

AKTYaJTbHOCTb OLIEHKW PUCKa JUISI MHXEHEPHBIX COOPYKEHUIT B YCIOBUSIX OMACHBIX T€OJOTUYECKUX TPO-
LIECCOB OoTpenessieTcs Bce 6oJiee M3MEHSIIOIUMUCS MPUPOTHBIMU YCIOBUSIM B 30HAX MHOTOJIETHE Mep3-
JoThl. CTaTUCTUYECKUM MOAXOM K UCCISNOBAaHUIO COMPOBOXAACTCS ONPEASICHHBIMU TPYIHOCTSIMM, TaK
KaK HaKOTIJIEeHE CTaTUCTUKY TPeOyeT 3HAYUTEJIbHOTO BPEMEHM, 1 3TO BpeMsI 3a4acTylo CpPaBHHUMO CO Bpe-
MeHeM (hyHKIIMOHUPOBAHUSI coOopyKeHUs1. [T1aBHbI 1 HaubosIee TPYAHBIN 3Tal OLIEHKU PUCKa — OLIEHKa
BEPOSITHOCTHU TTOPaXKEHUST MHKEHEPHBIX COOPYKEHUI OTACHBIM Ire0JIOrn4eckKuM rpoieccoM. Llenbio nc-
CJIeIOBaHMS SIBJISLIOCH 0OOCHOBaHUE CIoco0a pellieHrs] TaHHOM 3aJaui Ha TePPUTOPUM SPO3MOHHO-TEP-
MOKapCTOBBIX PaBHUH JUISI IMHEMHBIX OOBEKTOB C MOMOIIBIO METOJOB MaTeMaTu4yeckoil Mopdoiaoruu
JanamadTa, KOTOPHI MTO3BOJISET MEPENTH K KOJIMIECTBEHHOM OlleHKe pyrcKa. [1py mpuMeHeHU METOIOB
MaremaTuyeckoit Mopdosnoruu nanaiadTa 1o0asi HEOAZHOPOIHAsSI TEPPUTOPUS NTPENBaAPUTEIbLHO pa3douBa-
€TCs Ha YJaCTKH, OMHOPOIHbBIE MO YCIOBUSIM ITPOTEKaHMS IMPOIeccoB. B 0CHOBE MeTOAMKM JIEXKUT pa3pa-
OoTaHHasi aBTOpaMU MOJIEb Pa3BUTHSI MOP(POIOTUYECKOI CTPYKTYPhl 3pO3MOHHO-TEPMOKAPCTOBOM paB-
HUHBI B YCJIOBUSIX aCHHXPOHHOTO CTapTa, peaiM3yIolasicsl 1o TaHHBIM SMIMPUYECKO MPOBEPKU B HAM-
OosblileM Yuciie ciyvyaeB. Mojeab MpuMeHsiach Ha 4 KJTIOYEeBBIX Y4aCTKaX, PacIloIOKEHHBIX B pa3HBIX
¢usuKo-reorpapMIECKIX YCIOBUSAX, HO UMEIOIINX MOP(OJOrnIecKylo omHOpoaHOCTh. I1o Marepuazam
KOCMHYECKOI CheMKH pa3HbIX CPOKOB MTPOBOIUIOCH eI (PUPOBaHNE TEPMOKAPCTOBBIX 03€p U XachIpe-

eB. CpenHsisl ILIOTHOCTb YMCJIa MOPAXKEH U1 Ha pa3HBIX yyacTkax Koneoiercst 0.00026 ron~! 1o 0.00104 ron !,

1

MPU 3TOM YETKO TeHAESHLIMU U3MEHEeHUSI BO BpeMeHU He HaOmonaercs. [1o KoJnmyecTBEeHHBIM 3KCTIEpU-
MEHTaJIbHBIM TaHHBIM Habonaercs nuddepeHIMpOBaHHOE M0 yJYacTKaM U3MEeHEHHUe pUcKa IMopakeHU i
JIMHEHBIX COOPYXKEHUI B TIpeliesiaXx 3pO3MOHHO-TEPMOKAPCTOBBIX PABHUH 3a TIOCJIeAHUE HECKOJIbKO Je-
CATKOB JIeT (46—56 ieT). BeposATHOCTb MOpakeHUsI IMHEHHBIX COOPYKEHU I 3HAYMMO U3MeHUIach (6—
9 pa3) Ha JuIllb ogHOM ydyacTke (SIHo-MHaurupckass HU3MEHHOCTh), YTO IMOATBEPXKAAET KPUTEPU XU-
kBanpat. Takast cuTyalysl HaGIomaeTcs Mpy IJIMHAX JMHEeHHBIX coopyXkeHuii 3—4 kM. OmHako Ha 00JIb-
1Ieil YaCTU KJIIOUEBbIX YUaCTKOB OTCYTCTBYET 3HAUYMMOE U3MEHEHUE BEPOSITHOCTH TTIOPaXKEHUsI, HECMOTPSI
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BBEAJEHUWE

OueHKa pHUCKa B YCJIOBUSIX pa3BUTHUsSI OIIACHBIX
T€OJIOTUIECKHUX TIPOIECCOB — OmHA M3 aKTyaJIbHBIX
3aJa4, OCOOEHHO OHa BaXXHa B OBICTPO M3MEHSIIO-
IIMXCS IIPUPOIHBIX YCIOBUSIX CEBEPHBIX PETMOHOB.
HawnbGoinee yacto mMepoif pucka SBISIETCSI OOIWH W3
cJIeIyIoIIUX apaMeTpoB [4]:

— BEPOSITHOCTH TOM WJIM MHOM CTENEHM ITopake-
HUSI MUHXXEHEPHOTO COOPYKEHMSI OITACHBIM I'€O0JIOTH-
YEeCKUM MPOIIECCOM,
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— CpedHMil pUCK — MaTeMaTU4YeCKOe OXMIaHUE
BEJIUYMHBLI MOpaxXeHWs1 (Hampumep, IUIOIIAOA WIIN
JIJIMHBI) WHXXEHEPHOTO COOPYKEHMSI OMACHBIM TeO-
JIOTUYECKUM TIPOLIECCOM,

— BEPOSITHOCTHOE pacripeieieHue BeJIMUYUHBI TT0-
pakeHUsI THXXEHEPHOTO COOPYXKEHUS OITAaCHBIM Ieo-
JIOTUYECKUM TIpolieccoM (0Oleil BeIUYMHBbI mopa-
JKEHUSI UHXEHEPHOTO COOPYKEHUS, BEJIMYUHbI MO-
paXeHUsl eAUHULIBI JJTMHBI U AP.).
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— HIpEacJIbHOC 3HAYCHUEC BCJIMYMHBI ITOPAXCHUS
NH>KCHEPHOIo COOPYXKXCHHA OIIaCHBIM TI€OJIOTUYC-
CKHUM ITPOLIECCOM.

O1leHKe pUCKa NOpaXkKeHUsI MHKEHEPHBIX COOPY-
KEHUN TOCBSIIEHO MHOTO HcclenoBaHuii [2, 4—7
n np.]. Kak nmpaBuio, olieHKa prcKa Hy:KHa B MO-
MEHT IIPOSKTUPOBAHMSI COOPYKECHUI, PACIIOIOXKEH-
HBIX Ha KOHKPETHOI TEPPUTOPUU U B KOHKPETHBIX
MPUPOIHBIX YCIOBUSIX. [Ipy CTaTUCTUUECKOM TTOAXO-
Jle UCcieaoBaTe b CTAIKUBAETCSl C OIpeneJeHHbIMU
npo6iieMaMU, MOCKOJBKY HAKOIUIEHHE CTAaTUCTUKU
TpeOyeT 3HAYMTEILHOTO BpPEMEHM, KOTOpOe 3aya-
CTYIO CPaBHUMO CO BpeMeHeM (PYHKIIMOHUPOBAHUSI
coopyxeHwusi. [JTaBHBIM M Haubojiee TPYOIHBIM 3Ta-
IOM OLIEHKM PHCKa SIBJISIETCS OLIEHKA BEPOSITHOCTHU
MOpaXXEHUSI WHKEHEPHBIX COOPYKCHUI OITaCHBIM
re0J0TMYECKUM MPOLIECCOM.

MBI MOMBITAIUCH Pa3BUTh U OOOCHOBATh COCOO0
pellleHrsI JaHHOM 3aa4yM Ha TEPPUTOPUU SPO3UOH-
HO-TEPMOKAPCTOBBIX paBHUH IJIs1 TMHEHHBIX 00BEK-
TOB C IIOMOIIbIO METOAOB MaTeMaTHU4eCKOil MOpdo-
JIOTUH JaHAadTa, IMO3BOJISTIONINX IIEPEUTH K KOJIM -
YECTBEHHOI OLIEHKE pUCKa.

IIpu wucnonb3oBaHUM TIpediaracMoro IIOaXoAa
3aja4ya OlLIEHKM pHCKa pellaeTcsl IS OMHOPOIHOTO
y4yacTKa, MO3TOMY MpPU IIPUMEHEHUN METOJIOB MaTe-
MaTudecKoi Mmopdonornu naHaniagra o0y Heox -
HOPOJHYIO TEPPUTOPUIO HAIO TIPEABAPUTEIHLHO pa3-
OUTb Ha YYACTKU, OMHOPOIHEIE MO YCIOBUSIM MPOTE-
KaHWSI IPOLIECCOB.

METOOINKA NCCIIEHJOBAHUMA

B ocHoOBy pelieHUsT 3amadu IIOJIOXKEeHa pa3pado-
TaHHAas aBTOpaMU MOJeJb pa3BUTUs MOpdOJIorhde-
CKOI CTPYKTYpPbl 3PO3MOHHO-TEPMOKAPCTOBOM paB-
HUHBI B YCJIOBUSIX aCUHXPOHHOTO CTapTa, pean3ylo-
IIasicsi MO JaHHBIM 3MIIMPUYECKON HPOBEPKH B
HauOobIIeM yucie ciaydaeB [9]. OHa ocHOBBIBaeTCS
Ha CJICIYIOIINX JOMYIICHUSIX:

1. BOBHUKHOBEHUSI TIEPBUYHBIX TEPMOKAPCTOBBIX
TTOHIDKEHU (04aroB) 3a HellepeceKaroIIecs OTpe3-
KA BpeMEHU M Ha HellepeceKalomMXcsl TUIoIaaKax
SIBJISIFOTCSI HE3aBUCUMBIMU CJIyJallHBIMU COOBITUSI-
MM; BEPOSTHOCTh BOSHMKHOBEHUS ITOHIKCHUS 3a-
BUCHT TOJIFKO OT BEJIMUMHBI OTPE3Ka BpeMEHU U pa3-

MEPOB ILIOIIAAKM. !

2. BO3HUKHOBEHHE TIEPBUYHBIX TEPMOKAPCTOBBIX
MMOHVXKEHUM HEe TPOMCXOAUT Ha TUIOIIAIN CYIIEeCTBY-
TOIIX TEPMOKAPCTOBBIX 03€P.

3. NaMeHeHue paaudyca BO3HUKIIETO TepMOKap-
CTOBOTO TOHWXKEHMST TIPEICTaBIACT COOOM ciaydaii-
HBII TIPOIIECC; OHO TMPOUCXOAUT HE3aBUCUMO OT
JIPYTUX 03€p, U er0 CKOPOCTh, HAXOMASICh MO BO3EI-

! an/I 9TOM )11 MaJIBIX TUIOIIAAOK M BDEMEHHBIX OTPE3KOB BEPOAT-
HOCTb BO3HUKHOBEHMS HECKOJIBbKMX MTOHWXXEHUI MHOTO MEHBIIIE,
YEM BEPOATHOCTb BOSHUKHOBCHUS OJHOI'O INMOHV2KCHUSA.

TEOBKOJIOTHA. UHXEHEPHA{A I'EOJIOTUA. TUAPOT'EOJIOIMA. TEOKPHUOJIOTIUA

CTBUEM CIIy9aifHBIX (paKTOPOB, IIPU 3TOM ITPOTOPII-
OHaJIbHA TUIOTHOCTM TEIJIOBBIX ITOTEPh Yepe3 OOKO-
BYIO IIOBEPXHOCTh O3E€PHOI KOTJIOBUHHI.

4. B mpoiecce pocTa 03epo MOXKET IepeiiT B Xa-
CBIpEil IIPU €ro CIyCKe 3PO3MOHHOM CEThIO, BEPOSIT-
HOCTh 3TOTO He 3aBUCHUT OT APYTUX 03€ep; IMPU 3TOM
pOCT 03epa IpeKpalacTcs.

5. BO3HUKHOBEHUS MCTOKOB 3PO3MOHHEIX QOpPM
Ha HeTepeceKalolnXCsl TIOIIAAKaX SBJISIOTCS He3a-
BUCUMBIMU CIIYYaHBIMU COOBITUSIMU, Y BEPOSITHOCTh

X onpeacIsA€TCA TOJIbKO BEJIMYMHOM HJIOH_Ia,E[Kl/Iz.

AHaJIn3 BEpOSITHOCTHU TTOPaXKEHUSI IMHEIHOTO CO-
OPYXEHUSI B YCJIOBUSIX 3PO3UOHHO-TEPMOKAPCTOBBIX
pPaBHUH YYUTBIBAJ clieytoliue (hpakTophi:

— BO3MOXHOCTb ITOpaX€HuA pacCTylmimMM o4dara-
MU TEPMOKAPCTOBOTO ITpoOILIECCa:

O CYILIECTBOBABIIMMU K Hayally IMepuoIa
(YHKIIMOHUPOBAHUS COOPYKEHHS,

O BO3HHKIITNMU YK€ B Iepron (PYHKITMOHH -
pPOBaHMS COOPYKECHMUS;

— BO3MOXHOCTb OCTAHOBKM POCTa TEPMOKapPCTO-
BOTO OYara 3pO3MOHHBIMU TTPOIIECCAMU W JIMKBUIA-
LIMU pUCKA IJIST TUHEITHOTO COOPYKEHUSI,

— BO3MOXHOCTB TTOPaXeHWs PacTyIIUMU oJara-
MU TEPMOKapPCTOBOTO Mpoliecca C UX MOCIeIyIOIIei
(mocJite mopaxkeHUsI COOPYKeHMsI) TpaHcpopmalmeit
B XaCBIpEH.

ComracHo IOJIydeHHBIM pe3yabTaTam [ 1], 1mo mmpo-
MIECTBUY 3HAYUTEITBHOTO BPEMEHM, KOTZIAa BO3HUKAET
COCTOsSIHME TMHAMUYECKOTo paBHOBecHUsT MopdoJio-
TAYECKOU CTPYKTYPBhl 3PO3MOHHO-TEPMOKAPCTOBBIX
paBHUH, paclipeaeseHue pa3Mmepa (TIolanam) o3epa
CTAaHOBUTCSI MHTETPaIbHO-2KCITOHEHIIMAIbHBIM pac-
MpeaecHUEM.

B utore MmareMaTr4eCcKOro aHaja13a MOJIEIU ObLIU
MOTYyYEeHbI BBIPAKEHUS, XapaKTEPU3YIOIIINE BEPOSIT-
HOCTB TIOPAXEHUS TUHEWHOTO COOPYKEHUS O4araMu
TEPMOKApCTOBOIO IIpollecca 3a 3aJaHHOE BpEMs
dyHkIMOHUpoBaHus. Pacrnipenenenue yuciaa mopa-
XEHUHN JIMHEMHOIO COOPYXEHMS 3a 3aJaHHBI WH-
TepBaJl BPEMEHU KaK CYIIECTBYIOILIMMU, TaK U BbI-
POXIEeHHBIMU (B HacTosilee BpeMsl TpaHC(HOPMUPO-
BaBIIMMMCS B XacbIpeM) odyaraMu IOJKHO OTBeYaTb
pacnpeneneHuto Ilyaccona [8]. [Ipu ucrnonb3zoBaHnuun
JIMHEWHBIX TIPUOIVMKEHUIM YUCITO TTOPAKEHU MOXHO
paccMaTpUBaTh KaK MyaCCOHOBCKUIA TIPOIIECC.

IMPUMEHEHHWE
MATEMATHUYECKOUNW MOJEJIN
OPO3NOHHO-TEPMOKAPCTOBbBIX PABHUH

Aripobaiiist MoaesIv IIpoBOIMIIach Ha 4 TECTOBBIX
y4acTKax o01eil momanbsio 6442 kM2, pacrosoXeH-
HBIX B pa3HbIX (PU3UKO-TeorpapuyecKux yCIOBUSIX

2 an/I 9TOM [JId MaJIbIX IJIOIIAA0K BEPOATHOCTL HAJIMYU S OoJsee
YEM OJHOro MCTOKa MHOIO MEHbIIC, YEM BEPOATHOCTb HaJIMU-
YU OOHOTO UCTOKA.

Ne 3 2023
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Puc. 1. Cxema pacHoyIOXeHUs KJIIFOYEBBIX y4aCTKOB.

(puc. 1). I1pu BeIOOpE y4aCTKOB PYKOBOICTBOBAIVCH
MOP(MOJIOTUIECKON OTHOPOMHOCTBIO yJyacTKa U Ha-
JIMYMEM JTaHHBIX NTUCTAHIMOHHOTO 30HIMPOBAHUS
Ha TaHHYIO 00JIaCTb.

Bce ygacTku mpemcTaBisIOT co00il TYHOpPOBEIE
PaBHMHBI, CIOXEHHBIC CPETHEYETBEPTUIHBIMU AJl-
JTIIOBHAIbHBIMU OTJIOKEHUSIMH pa3HOI JIBIUCTOCTH U
pacIToIoXeHBI Ha Teppacax PeYHBIX ITOJUH WM MOP-
CKMX Teppacax.

Matepuaibl a3po- WM KOCMUYECKOM CHEMKU BbI-
OpaHbI C y4eTOM BO3MOXKHOM MaKCUMU3ALIUN IIPOCTPAH-
CTBEHHOTO pa3pellicHUsI U MOJYYEHUST CYIIeCTBEHHbBIX
BpEMEHHBIX MHTEPBAJIOB MEXIY CPOKAMU ChHEMOK.

HemudprupoBaHue aKTUBHBIX U BBIPOXKICHHBIX
(XaceIpen) TepMOKapCTOBBIX OYaroB BBIMTOJIHSJIOCH B
WHTEPAKTHUBHOM PEXUME C TIOBTOPHOM IPOBEPKOU U
CpaBHEHUEM NeIMU(PPUPOBAHUSI Pa3HBIX CPOKOB.
ITocnenHee ocyllecTBASAIOCH IS UCKIIOUEHUS Ka-
KYLIUXCSI UBMEHEHUIA.

®dopMupoBaHUe MacCUBa MOIEIBbHBIX JTUHEIHBIX
WHXECHEPHBIX COOPYXEHUIl B TMpeaenax Kaxkaoro
yJacTka BbHIONHsIIOCH B cpene ARCGIS ¢ ucronb3o-
BaHMEM JaTYMKa CIIyJalHbBIX yrcen. JIasg Kaxknoi ma-
PBl CPOKOB ChEMKHU MOJAEIMPOBAJIACH CUTYaLIUsI CO-
30aHUs JIMHEITHOTO COOpPYXEHHUSI B IIEPBBIA CPOK U
MOoJCYeTa YaCTOThI ITOPAKEHUSI IO BTOPOMY CPOKY.
J11s1 3TOrO CIyd4aiiHBIM 00pa3oM (C MCIIOJIb30BaHUEM
JaTyuKa CIydaliHBbIX Y1Cel) HaOpachIBaJICSI MAacCUB
¢dparMeHTOB JTMHEMHBIX COOPYKEeHUI (PKCUpOBaH-
HOM JJWHBI W TapajjieIbHOTO HampaBjJeHUs Ha
n3oOpaxkeHue cpoka 1. M3 HMX OTOpaKOBBIBAIUCH
COOPY:KE€HMSsI, IIepeCceKIlne aKTUBHbBIE ouaru (TakKuM
00pa3oM MOAEINPOBAIOCH CO3MaHUE TMHEMHBIX CO-
OpYyXeHUI, 0OXOISIINX CYILIECTBYIOIIE TePMOKap-
croBble ouarn). IlomyuymBImiicss oTKOppeKTUPOBaH-
HbIIf MACCUB CPaBHUBAJICS C U300paxkeHMEM CpOKa 2,
¥ IOACYMTHIBAIACh YacToTa nopaxkenus. [Ipouemypa
MMOBTOPSIACH IJIsl pa3HBIX UIMH MOICIBHBIX COOPY-

TFEOBKOJIOIrUsA. MHXEHEPHAA T'EOJIOTUA. TUAPOTEOJIOI'MA. TEOKPUOJTIOTUA  Ne 3

xenwuit (1.0, 2.0 u 3.0 km). O6beM BBIOOPOK (1OCIIE
oTOpakoBKkM) cocTaBisl 104—392 snemeHTa.

Ha nocnemnem sTamne I Kaskaoro ydacTka cpaB-
HUBAJINCh YaCTOCTU TOPAKEHUS JIMHEHBIX WHKe-
HEPHBIX COOPYKEHUl IJISI pa3HbIX BPEMEHHBIX WH-
TepBaJioB. M300pakeHUsI y4aCTKOB Ha KOCMWYECKUX
CHUMKaX Pa3HbIX CPOKOB MPUBEIEHBI HA pUC. 2 a—T.

Ha xaxpoit mape m3o0pakeHMi, OTBEYAIOIINX
pa3HBIM CPOKaM CheMKH, COTJIACHO METOJIUKE, IPO-
U3BOIUIIOCH PACIIONIOXEHUE CIIydaiiHBIM 00pa3om
(puc. 3) IMHEWHBIX MHXXEHEPHBIX COOPYXXEHUH C MO~
clienyloleili oTOpPaKOBKOI; MJISI 3TOr0 MCIIOIbL30Ba-
JINCh MaTYMKU CITydailHBIX uucesl. JlaHHbBIe 1O KOH-
KPETHBIM 00BbeMaM ITOJyYeHHBIX B MTOI'e BBEIOOPOK
NpuBeaeHHI B Ta0. 1.

B miponiecce cpaBHEHUS TIPOBEPSIIIACH TUTIOTE3A O
HEU3MEHHOCTU NapaMeTPOB CIYYAWHOTro Mmpolecca,
a UMEHHO MapaMeTpa CpeIHEN MJIOTHOCTU YU Cia 110~
paxkeHWl JTMHEWHBIX COOpPYXEHUI (CpemHee JMCIIO
MOpaX€HUM OTpe3Ka COOPYKEHUSI pacCMaTPUBAEMOI
JUIMHBI B €IMHUILY BPEMEHHW) 3a TIePBBbIA U BTOPOU
BpeMeHHoI nHTepBaiibl. [IpoBepka 6a3zupoBaiach Ha
paHee MOJy4YeHHOM PEe3yJIbTATe, YTO MPU OTCYTCTBUU
KJIMMAaTUYECKOTO TPEHIa Ha ONHOPOJHOM YYacCTKe
3PO3UOHHO-TEPMOKAPCTOBOI PAaBHUHBI pacripenesie-
HUE YuCJia TOPAaXEHUN OINHUCHIBACTCS ITyaCCOHOB-
CKUM pactipeaeieHueM. [1pu a3ToM, eciivi UCIIOJIb30-
BaTh [UISI CPEMHETO YWUCIA MOPAXEHUN JMHENHOE
MPUOIMXKEHUE 1O BPEMEHU, TO CPENHSsISl TUIOTHOCTD
TMOPAXEHUM TOJIXKHA OCTAaBATHCS TIOCTOSTHHOM.

B cBs3u ¢ 3TMM mpoBepKa IPOU3BOAMIACH CO-
IJIaCHO CJIeAyIollel mpoueaype:

1) OMpeacJICHUEC CPCAHECIro 3HA4YCHUA Yucaa nopa-

JceHutli 0, OTpe3Ka COOpYXEHUsI paccMaTpuBaeMOM
IUTAHBI L 3a TIepBBIi BpeMeHHOI MHTEPBaJT:

(1)

2023
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Puc. 2. [1pumepsl n300pakeHUs KJIIOYEBBIX YUaCTKOB Ha MaTepHrallax KOCMUYECKOl CheMKU: a — yyacTok 40, 6 — ydyacTok 28,
B — y4yactok 30, T — yyacTok 35.

2) ompeneieHre CPpeIHEeTo 3HAYEHUST IUIOTHOCTHU 3) omnpenelieHre TEOPETUISCKOTO 3HAYCHUS cped-
Heeo uucaa nopaceHuil OTpe3Ka COOPYXKEHUS TOU XKe
JIUIMHEBI L 3a 2-11 UHTepBaJ 110 JTaHHBLIM 1-TO MHTEpBa-
JIa, KOTOPOE IIPY UCTUHHOCTU IIPOBEPSIEMOI1 TUIIOTEe -
3bl paBHO

TMOpaXeHUH A, OTpe3Ka COOPYKeHUsI paccMaTpuBae-
Moii nJIMHBI L 3a IepBBIiA BpeMEHHOM MHTEPBAT:

n=f @)

tmy 0, =\py, (3)

TEOBKOJIOIuA. MHXXKEHEPHAS T'EOJIOTUA. TMAPOTEOJIOT M. TEOKPUOJOTUA  Ne 3 2023
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Tae f, t, — AJUTEJIbHOCTU COOTBETCTBEHHO l-ro n

2-T0 BPEMEHHBIX UHTEPBAJIOB, k;,k, — OOlliee YUCIIO
MOopaxXeHU MOOEIBHBIX COOPYXXEHMI XOTsSI OBbI Of-
HMM OYaroM B BBIOOpKaX IJII COOTBETCTBYIOLLETO
BPEMEHHOIO MHTepBaia (Y4acTtoTa MOpaxeHuil), n, —
00BeM BBIOOPKU TSI TIEPBOTO BPEMEHHOTO MHTEPBAJIa;

4) BBIUMCIIEHUE PACYECTHOI BEepOSITHOCTU HAOIIO-
JIaeMOTO YMCJIa TOPAKEHUI XOTSI Obl OMHUM OYaroM k,
Ha 2-M BpEMEHHOM MHTEpBaJie MO NaHHBIM 1-To UH-
TepBaJia Ha OCHOBE MCITOJIb30BaHMST pacIpenesIeHUs
Ilyaccona:

P(ky)=1-e". 4

5) corocTaBJieHIEe PaCYEeTHOI BEPOSITHOCTH ITOpa-
JKEHUS JIMHEHHOTO COOPYXKEHUST Ha BTOPOM BpEMEH-
HOM MHTEpBAaJie C YaCTOTOM MopaxeHus k, o KpUTe-
puto xu-kBaapat [3]. ComracHO WCITOJb30BaHHOM
cxeMe, haKTUIECKOe 3HAYeHE KPUTEPUS CPAaBHUBA-
JIOCh C KPUTUYECKUM XM-KBaaparT P OTHOM cTere-
HU cBOOOEHI (3.841).

Taxke ObLIO BBIMTOJHEHO CpaBHEHUE PaCUETHOM
BEPOSITHOCTU IIOPAXKEHUSI JTUHEMHOTO COOPYKEHUS
Ha BTOPOM BPEMEHHOM HHTepBaje ¢ (haKTUIEeCKOM
YacTOCThIO (AMIUPUYECKOI BEPOSITHOCTHIO) ITIOpa-
KEHUSI; OCJIeAHsIsI, B HAIlIEM CiIydae, IIOCKOJIbKY He
HaOJII0JaIOCh CIydyaeB HECKOJbKUX ITOPaKeHUI Of-
HOT'O COOPYKE€HMsI, paBHA CpelHEeMY YMCIIy opaxke-
HUIA.

PE3VYJIBTATDI

HMccnenpoBaHus, BBIITOJHEHHBIE 1O U3JI0KEHHON
METOJIMKE, IIO3BOJIMJIM IIOJYYUTH CJICOYIOIINE pe-
3ynbTathl. CpemaHss INIOTHOCTD YKCIIa IOpaxkeHUit Ha
pasHBIX y4acTKax Kojebaerca 0.00026 rom~!' no
0.00104 ron~!, mpu 3TOM 4ETKO¥ TEHAECHLIMY U3MEHE-
HUS BO BpeMeHHN He HaOmomaeTcsa. Tonpko Ha SIHO-
MHaurupckoii HU3MEHHOCTU HaOII0maeTcsl pe3koe
MIpeBhIIIeHNE 3a mocieaHue 22 roga cpeaHeil TIoT-
HOCTH ITOpaKeHUs HaJl TUIIMYHBIMU 3HAYEHUSIMU 10
BesmunH 0.00159 u 0.00277 ron— .

Kak mokasbiBaeT aHaIu3, BEPOSTHOCTb Mopaxke-
HUS JIMHEWHBIX COOPYXKE€HUI 3HAYMMO (Ha ypOBHE
0.95) usmenunoch Ha ydactke 35 (AAHo-WUuourup-
CcKasi HU3MEHHOCTb); 3TO TOATBEPXKIAET 3HAUYCHUE
KpuTtepus xu-kBaapar (tadin. 2). BepostHocTs mopa-
>KeHUST Ha BpeMeHHOM uHTepBaie 2013—2021, pac-
CUYMTaHHas KaK MPOAOJLKeHME Xoaa Mpoliecca Ha
MpeaplayllieM BpEeMEHHOM WHTepBajie 1, MHOro
MeHblIIIe (PaKTUUECKOM YacTOCTU MopaxeHus. MHaye
TOBOPSI, BEPOSITHOCTD TOpaXkeHUsl YBEJIUYUIIACh T10
TOJIyIeHHBIM OIleHKaM B 6—9 pa3. Takas cutyamus
HaOJoaeTcsl TpU JIWMHAX JTMHEUHBIX COOPYKEHUM
3—4 kM.

B To Xe Bpemsi Ha Gojblleil 4acTH KIIHOUYEBBIX
YJ9aCTKOB OTCYTCTBYeT 3HaumMoe (Ha ypoBHe 0.95)
W3MEHEHNE BEPOSITHOCTU MOpaXKeHMsI. DTO MOKa3hI-
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Puc. 3. [pumep pacriosiokeHUusT MOIETbHBIX JTUHEWHBIX
COOPYKEHMI1 Ha KJIIOUEBOM y4yacTKe.

BalOT 3HAYCHMUsI KpUTEpUs XU-KBaApaT U IIPSIMOE
CpaBHEHHE 3HAYEHUM (PaKTUUECKUX 4YaCTOCTEd U
pacyeTHBIX BeposiTHOCTEM (cM. TabJ1. 2). Kpome Toro,
OTJIMYUSI PACYETHOI BEpOSITHOCTU Ha BTOPOM MHTEP-
Bajie U (haKTUIECKOI YaCTOCTH MOTYT UMETh KakK IT0-
JIOXKUTEIbHBIE, TAK U OTPUILIATEIbHBIC 3HAYCHUSI.

BbIBO/1bI

1. Tlo KoJUYEeCTBEHHBIM 3KCIIEPUMEHTaIbHBIM
JMaHHBIM, Ha 0a3e MOMAEIbHBIX JUHEHHBIX COOpYXKe-
HHUIi, HaOmopaerca aud@epeHInpoOBaHHOE II0
y4JyacTKaM U3MEHEHUE PUCKa MOPaKeHUMN TUHEHHBIX
COOpYXEeHMI B mpeaeax po3MOHHO-TEPMOKAPCTO-
BBIX PaBHMH 3a MOCJIEIHNE HECKOIbKO IECITKOB JIET
(46—56 ner).

2. Ha 3HauuTenbHON YacTW y4aCTKOB Pa3BUTHS
3PO3MOHHO-TEPMOKAPCTOBBIX PAaBHUH PUCKU HU3MeE-
HUJINCh HE3HAYNTEILHO, HECMOTPSI HA UAYIINE K-
MaTUYeCKUE UBMEHEHMUSI.

3. B To ke BpeMsI Ha OTACIbHBIX YJ4aCcTKaX 3PO3H-
OHHO-TEPMOKAPCTOBBIX PABHUH BEPOSITHOCTH MOpa-
XKEHUSI JUHEHHBIX COOPYXEHUIl IEeMOHCTPUPYET
MHOTOKpaTHOe yBeJandeHue (B 6—9 pas Ij1s1 Moaesb-
HBIX COOPYKEHWI1 paCCMOTPEHHBIX IJINH), BIXOS 3a
TPENEIIbl CIydalHbIX U3MEHEHUA.

Hccnedosarnue evinoaneno npu nooddepicke epanma
PH® Ne 18-17-0022611.
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of lake areas on thermokarst plains with fluvial ero-
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C. 282-284.

EVALUATION OF NATURAL RISK CHANGES WITHIN EROSIONAL
THERMOKARST PLAINS UNDER THE IMPACT OF CLIMATIC TRENDS

A. S. Viktorov+#, V. N. Kapralova“, M. V. Arkhipova¢, and T. V. Orlov*

4Sergeev Institute of Environmental Geoscience, Russian Academy of Sciences,
Ulansky per., 13, str. 2, Moscow, 101000 Russia

#E-mail: vic_as@mail.ru

The relevance of assessing risk to engineering structures from geohazards is determined by changing natural
conditions in the permafrost zone. Risk assessment by statistical methods directly is accompanied by certain
difficulties. Accumulation of statistics requires a significant amount of time, and this time is often comparable
to the time of engineering structure operation. The most difficult stage of risk assessment is the assessment of
the probability of damage to engineering structures caused by a hazardous geological process. The aim of the
study was to substantiate the method for solving this problem on the territory of thermokarst plains with flu-
vial erosion for linear engineering structures using the methods of mathematical landscape morphology.
Mathematical landscape morphology allows us to proceed to the quantitative risk assessment. The first step
of applying methods of mathematical landscape morphology is to divide the area into homogenous by the
process development sections. The method is based on the model that was proposed by the authors for the
development of the morphological structure of thermokarst plains with fluvial erosion under conditions of
an asynchronous start, which is realized according to empirical verification in most of cases. The model of
risk assessment was applied to 4 key areas located under different physico-geographical conditions, but having
morphological homogeneity. Using satellite images of different periods, the delineation of thermokarst lakes
and khasyreys was carried out. The average density of the number of lesions in different areas varies from
0.00026 year—! to 0.00104 year~!, and there is no clear trend of change with time. According to quantitative
experimental data, there has been a site-differentiated change in the risk of damage to linear structures within
the thermokarst plains with fluvial erosion over the past few decades (46—56 years). The probability of dam-
age to linear engineering structures has changed significantly in plot 35 (Yano-Indigirskaya lowland), which
confirms the chi-square test. The probability of defeat increased by 6—9 times according to the estimates ob-
tained. This situation is observed when the lengths of linear structures are 3—4 km. However, in most of the
key areas, there is no significant change in the probability of damage, despite ongoing climate change.

Keywords: cryolithozone, thermokarst, mathematical model, morphological structure, geological hazards, risk as-
sessment
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