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OBIIAS XAPAKTEPUCTUKA PABOTbDI

JluccepranronHas paboTa MOCBSIIEHa HCCIECAOBAHUIO 0COOCHHOCTEN pPa3BUTHS
TEPMUYECKH CTUMYJIUPOBAHHOTO pa3pylIeHUs B 00pasiiax rOpHbIX MOPOJA Ha OCHOBE
aHaJgu3a aKyCTUKO-MHUCCHOHHBIX JaHHBIX M CONOCTAaBIEHUS HUX C JaHHBIMH IO
MUKPOCTPYKTYpE.

AKTYaJIbHOCTb TEMbI HCCJIEI0BAHNS U CTeNeHb ee Pa3pad0TAHHOCTH

OnauM W3 BaxHEHIUX (yHIaMEHTAJbHBIX HAMpaBICHUNW WCCICAOBAaHUNA B
HayKkax o 3emiie SBJISEeTCA M3YUYCHHE pa3pylIeHUs TOPHBIX MOpoJ. [opHbIe MOpObl B
36MHOM KOpe MOABEPTaroTCsl BO3ICUCTBUIO PAa3HOOOPA3HBIX JABJICHUN U TEMIIepaTyp.
Jlis  mopoj, clararomuX TIyOMHHBIE 30HBI 3€MHOM KOpbI W BYJIKAHHMYECKHUE
NOCTPOMKH, XapaKTEpPHO BO3AECUCTBHE BBICOKMX TEMIEpaTyp, YTO NPUBOAMUT K
TEPMHUUYECKH CTUMYJIUPOBAHHOMY DPa3pyLICHUIO, a TaKKe U3MEHEHHUIO MPOYHOCTHBIX
cBoiicTB. [lomyuenue kak MoOXHO Ooyiee IIUPOKOTO CHEKTpa HHPOPMAIUU O
(u3MUECKNX CBOMCTBAX FOPHBIX MOPOJ B JAOOPATOPHBIX U IOJIEBBIX MCCIIECIOBAHMSIIX
aKTyaJlbHO JJI1 OOHAapy>KeHHs HOBBIX 3aKOHOMEPHOCTEW B Mpolleccax paspyllieHus,
CBSI3aHHBIX C BYJIKAHWYECKUMM 3€MIIETPSCEHUSMM, MNPOLECcCaMH HX THOATOTOBKU
U MeTaMOp(HU3MOM TOPHBIX TOPOJ, BO3MOXKHOCTBIO BBISBICHUS PA3IUUYUNA MEXKIY
TEPMHUUYECKUM pa3pylICHUEM U pa3pylIEeHUEM @pU MEXaHUYECKOM BO3JEHCTBUH,
XapaKTEPHOM JUIsl CEMCMHUUYECKOrO MpOIecca, a TAKKE BO3MOXXHOCTBIO TOTYyYECHHS
uHbopMaluid O (PUUKO-MEXaHUUECKUX YCIOBUAX 3aJIeTaHUsi U IPEeoOpa30BaHUS
BEIIECTBA B 36MHBIX Helpax. B MpUKIIaHOM acleKTe aKTyadbHOCTh Pa3BUTHUS TEMBI
JUCCEPTALIMOHHOTO UCCIIEIOBAaHUS CBsI3aHa C MEPCIEKTUBOM CO3/]TaHUSI HOBBIX METOJIOB
neTpo(U3NIECKOro aHajan3a, IPOrHO3UPOBAHUS U MPEAYIPEXICHUS TOPHBIX YAApOB,
paspylIieHus: COOpPY>KEHUW TMpPU BO3JIEHCTBUU BBICOKMX TEMIIEpaTyp, MOBBIIICHUS
HAJIC)KHOCTU U 3PPEKTUBHOCTU TEPMUUYECKUX METOJOB pa3pabOTKH MECTOPOXKACHUIM
YIJIEBOJOPOAHOTO CHIPHSI.

B HacTosimiee BpeMs aKTUBHO pa3BUBACTCS HAIPABICHHE MEXAaHUYECKHUX
UCTIBITAHUKA ~ 0Opa3IlOB  TOPHBIX  TOPOA,  MPEABAPUTEIBHO  MOABEPTHYTHIX
BBICOKOTEMIIEpaTypHOMY Bo3aencTBUiO0 [1-3]. TeM He MeHee, B HCCIEIOBAHUSIX
HAY4YHbBIX TPYMI, BEIYIIUX HUCCIECIOBAHUS MO ITOM TEMAaTUKE U OJM3KUM TeMaThKam,
KaK MMPaBUJI0, TPAKTHUYECKH OTCYTCTBYIOT TAHHBIE O XapaKTepe pa3BUTUS TEPMHUYECKHU
CTUMYJIUPOBAHHOTO Pa3pyLICHHUS.

I'pynna kanaackux wuccnenosareneit Nasseri M.H.B., Schubnel A.,Yong R.P.
IPOBOJIMJIA aHAJU3 MApPAMETPOB MHUKPOCTPYKTYPHl U TEPMHUUECKOTO pa3pylIeHUs IO
aQHAJIOTHH C Pa3pylIeHHEM IPH MEXaHWYECKOM HArpyKeHHH, B YaCTHOCTH, aHAIU3
ONTUYECKOM IUIOTHOCTH TPEILIUH MOCJe BO3ACHCTBUS Pa3HBIX TEMIIEPATyp MO3BOJIUII
COOTHECTH €€ C MHTErpalIbHON CTENEHBIO Pa3pyIICHHOCTH IMOPOABI U W3MEHEHHEM
CKOpPOCTEH yIpyrux BOJIH, IIpeieia MPOYHOCTH U JIp.

B oreuectBennbix paborax [llkypamnuxa B.JI., Bosunecencxoco A.C.,
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Habamoea B.B., Bunnuxosa B.A., Hoeuxosa E.A. u Op. Obuia co3jgaHa Teopus
TEPMUYECKH CTUMYJIUPOBAHHBIX pa3pylmICHWH Ha OCHOBE KOHIICHTPATOPOB
HalpsOKCHWH B OJHOPOJHOM MAaTpHIle, YTO TMO3BOJMIO OOBACHUTH 3(PGDEKT
NaMATH — HU3KUH YPOBEHb aKyCTHYECKOW AMHUCCHU O JOCTIDKECHUS TEMITepaTyphl
npenpiayiiero Harpea (Tepmudeckuit ananmor addexra Kaiizepa); Taxke rpymnmnoit
ObLT pa3zpaboTaH cnoco0 HACHTU(GUKAIMU TMOPOJbl MO XapaKTepHOMY MaTTEPHY
TEPMOAKYCTUKOIMHUCCUOHHOM aKTUBHOCTH.

UccnenoBanust 6puranckoil rpymnmsl Browning J., Meredith P, Gudmundsson A.
COCPEOTOUYEHBI ITIABHBIM 00Pa30M Ha OXJIAKICHUHM HATPETHIX MOPO B JTaOOpATOPHH
U aHalIM3€ aHAJIOTMYHBIX IMPOIECCOB B €CTECTBEHHBIX YCJIOBHSX (Hampumep, MpH
OCTBIBAaHHUH MOPOJI TIOCTIE BO3ACHCTBHS Tre0TEPMAIbHBIX UM JTABOBBIX MIOTOKOB).

I'pynna kwuraiickux komter Peng J., Rong G. u Op. aKTUBHO HCCIEIYET
pa3IMYHBIE MTOPOABI U IMPUMEHSIET METONMKH, PACIIPOCTPAHEHHBIE B CEUCMOJIOTUU —
B YAaCTHOCTH, TBITACTCS OIEHMBATh HAKJIOH rpaduKa MOBTOPSIEMOCTH B MpPOIECCE
MEXaHWYECKOT0 HarpyKE€HHs MOCIIE IPEABAPUTEIBHOIO TEPMUYECKOTO BO3ACUCTBUSA U
BBISIBJISATh 3AKOHOMEPHOCTH MEXKAY THIIOM ITOPOJbI, MEXaHUYECKUMU MMapaMETPaMU U
TEMIIEpaTypOM HATPEBa.

Bonbioe uncno myoaukanuii 1 akTUBHBIX UCCIICOBAHUM IO TEME TEPMHUYECKOTO
pa3pyLIEHUs TOPHBIX MOPOJ CBUAETEIBCTBYOT O BAXKHOCTH U3YUYEHHUS JAHHON TEMBI 11T
Pa3BUTHS dKCIIEPUMEHTaIbHON Teou3nku. Bompoc o cymiecTBoBaHWH B3aUMOCBS3EH
MEXIy OCOOCHHOCTSIMU pa3pyllIeHUs, MHUKPOCTPYKTYPHBIMH TapaMeTpamMu W
eTpoOU3NICCKIMHU XapaKTEPUCTUKAMHU TOPHBIX MOPOJ B JAHHBIM MOMEHT OCTaeTCs
OTKPBITHIM. OTBET HAa HETO BaXKEH JJIA MOJydeHUs Oojiee NeTalbHON MHpOpMAIUU O
CBOMCTBAaX FOPHBIX MOPOJ U MPOTHO3UPOBAHUS PA3BUTHS PA3PYLICHUS TOPHBIX MTOPOJ
MPY BO3JICMCTBUU BBICOKUX TEMIIEPATYP.

Heab 1 3axaun

[lens paboOTBI COCTOMT B BBISIBICHUU BO3MOXHON B3aUMOCBSI3U MEXIY
OCOOCHHOCTSIMU TEPMHUUYECKM CTUMYJIUMPOBaHHON akyctuueckon nsmuccun (TAD)
B 00pa3iiax ropHbIX MOPOJI U TapaMeTpaMu UX MUKPOCTPYKTYPHI.

3amaun:
* I3yueHne COBpEMEHHOTO COCTOSIHUSA UCCIIEI0BAaHUN TEPMHUYECKHU CTUMYJIMPOBAHHOTO

pa3pylIeHUs] TOPHBIX TOPOJ U COMyTCTBYIOUIUX U3MEHEHUM UX MEeTPOPU3NIECKUX
CBOWCTB, BKJIKOYAsi U3MEHEHUS HA YPOBHE MUKPOCTPYKTYPBHI.

« Co3aHue MpenCcTaBUTENLHOTO Ha0Opa CTAaTUCTUYECKUX NaHHBIX U 00paboTka
AKCIEPUMEHTAIbHOrO Marepuana no TAD s psiaa oOpaslioB TOPHBIX MOPOJ
Pa3IMYHOTO TUIA U IPOUCXOXKICHUS.

 Pa3zpaboTka METOJIMKH U MOJIyYEHUE JAHHBIX HA OCHOBE ONTUYECKON MUKPOCKOIIUHU
O CTaTUCTHUYECKHX MApaMETPaxX MHUKPOCTPYKTYPbl METATEPPUIE€HHBIX TOPHBIX
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nopoj; (MeTarnecyaHWKOB), OOpa3OBaBIIMXCS B IIporecce Meramopduzma u3
ONMM3KUX TI0 COCTaBY MOPOJ, HO MPH Pa3HbIX p-1 yCIOBUSIX,

* Bepudukaiuss MUKpOCTPYKTYpPHBIX MapaMeTPOB TOPHBIX MOPOJI, OLIEHEHHBIX MO
JAHHBIM ONTUYECKON MUKPOCKOITMH, BCIOMOTaTeJIbHBIMA METOJAMU (JIEKTPOHHAS
MUKPOCKOIHUSI, aKyCTHUECKas CIIEKTPOCKOMHMS) M TOJYyUYEHHE JOMOJHHUTEIIbHBIX
JaHHBIX O METPOPUINYECKUX CBOMCTBAX UCCIEAYEMBIX METATEPPUTEHHBIX TOPHBIX
IIOPOJ ¥ MOZEJBHBIX MaTEPUaIOB

» Co3maHue WCKYCCTBEHHBIX OOpa3lloB M3 MOJAEIBHOM TOPHOW MOPOABI C
UCIIONIb30BaHUEeM  (pakiui mecka, pa3uyaroluxcs pa3MepaMHu  3€peH,
U UEeMEeHTHpylollero Marepuaina (rumc). IlpoBegeHue -HKCIEPUMEHTOB IO
TEPMHUYECKOMY BO3JIEHCTBUIO HA HUX.

» CpaBHUTENbHBIN aHATIU3 PA3JIMYHBIX TapaMeTpoB TAD, a Tak:ke MUKPOCTPYKTYPHBIX
napameTpoB I UCCIIEI0BaHHBIX 00pa3IIoB.

Hayuynasi HoBM3HA

B oTHOmEeHMM aHanM3a JAAHHBIX MO TEPMUYECKOMY BO3JICUCTBUIO Ha MOPOAbBI
OJHOM M3 KIIIOYEBBIX Majopa3paOdOTaHHBIX MpoOieM, CBSI3aHHBIX ¢ AD, sBISETCS
aHaJu3 B3aUMOCBSI3eM Mexay (U3MYECKH Pa3IUYHBIMM  CTAaTUCTHYECKUMHU
napameTpaMyu MUKPOCTPYKTYpPbI TOPOABI U ITapaMeTpaMy MPOLECCOB, TPOUCXOAAIINX
IPU TEPMUYECKOM BO3/ICHCTBUU Ha MOPOY. B HayuHBIX MyOIUKALMSAX CPEAU CBEICHUIM
00 uccrneayeMbiXx o0pas3lax TOpHBIX MOPOJl YacTO MPUBOASTCS JAaHHBIE O CPEIHUX
XapaKTEpHBIX pazMepax 3epeH (Hampumep, [4]), HO peaKo BCTpeyaroTcs JaHHbIE 00 UX
pacnpeneneHuy 1o pasMepam. OTIEIbHBIMH MCCIIEIOBATENsIMUA IIPOBOJIMIICS aHAJIN3
MUKPOCTPYKTYpPbI MOPOJIbI, HO Y€ IOCJI€ BBICOKOTEMIIEPaTypHOIO BO3JCHCTBUS, B
YaCTHOCTH, JJIsI OLICHKU XapaKTEPHBIX MapaMeTpOB BO3HUKIIUX MHUKPOTpEIuH [1; 5;

6].

Jlannas pa®oTa HampaBlieHa Ha TOJY4YEHHUE HOBBIX 3HAHUU O (U3HUECKUX
CBOMCTBax IMPUPOAHBIX MATEPUAJIOB — TOPHBIX IOPOJA, O B3aUMOCBSA3AX
MHUKPOCTPYKTYpPBI IOPOX M XapakTepa pa3pyllCHHUs NPU BO3ACHUCTBUU BBICOKHX
temneparyp. HMccnemoBaHbl BONPOCH YCTOMYMBOCTHM OLEHKH MHUKPOCTPYKTYPHBIX
[IapaMeTPOB TOPOJ PA3IUYHBIMUA METONAMH, MPEACTABUTEIBHOCTH CTATUCTUYECKUX
napametpoB TAD 1y onucaHusi Ipolecca paspylieHUs U KOPPEISILUU MEXKIY
YKa3aHHBIMU BEJIMYNHAMMU.

BnepBeie moka3aHo, 4TO [JIi HEKOTOPBIX MOpoja (0a3ajbThl U TPAHUTHI) €CTh
CWJIbHASI KOPPEJIALMS MEXAYy aKTUBHOCTBIO TAD 1 HAKIOHOM rpaduka mOBTOPSIEMOCTH
(b-value), nns npyrux (MeramecyaHMKHA M MOJIEJIbHAs MOpoja) Koppenisius ciadasi.
BrnepBrie nmokazaHo, 4to akTUBHOCTh TAD u BenuunHa b-value 1151 MeTanecyaHuKoOB
HE KOPPEIUPYIOT CO CPEIHHUM pa3MEpOM 3€peH IMpPU TOM, YTO OH KOPPEIHUPYET C
orlenkamu p-T ycrnoBuit MeramopdusMa. BriepBbie moka3aHo, 4To BelnuuHa b-value
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JUTSL MOJICTTHHOM TOPHOM TIOPOJIBI KOPPEIUPYET C pa3MepoM 3epHa. BriepBbie oKazaHo,
YTO TIPU TEPMUUYECKOM pa3pylIeHUU 3apaHee C(HOPMUPOBAHHBIC KPYITHBIE TPEIIWHBI
B oOpa3nax (GpopMUPYIOT TpyIIbl UMITYJIbCOB TAD, KOTOpPBIE CXO0XKH I10 BOJHOBBIM
dbopmMaMm u mapameTpamM, B TO BpeMs Kak B oOpasiax 0e3 TpeIWH TaKuX TPYIIT He
HaOJTFOMaeTCs.

O0BeKT U npeaMeT UCCIeT0BAHMS

B Hacrosmieit pabotre 00beKTOM HCCJIeI0BAHUS NPU U3YyYeHUH TEPMHYECKOT0
pa3pylieHusi SIBISIETCS AKYCTHYeCKas 3JMMCCHA, XapaKTepu3yIoIlas MpoLecc
paspylIeHHs; B 3TOM ClIy4ae IPEIMETOM HCCIEAOBAHUS SIBISIOTCS CTaTUCTUYECKHUE
napamMeTphl OTOKa AaKyCTHYECKOM SMUcCHM (MPEeXAE BCEro, AakTUBHOCTh H
HaKJIOH Trpaduka mnoBTopsieMocTH). OQObEKTOM HCCJIAeJOBAHUS MPH H3YYEHHHU
MHUKPOCTPYKTYPbI SIBIISIETCSI 3€PHUCTAasi CTPYKTypa TOPHOl MOPOAbI Kak
COBOKYITHOCTb 3€pEH, XAapaKTEPHbIC BEJIWYUHBI KaXJOTO0 M3 KOTOPBIX H3MEPHUMBI,
YTO MO3BOJIAET OLICHUTh CTAaTUCTUUYECKHUE MapaMeTPhl paclpeeiCHUs] STUX BEIUYHUH.
Bmecre ykazaHHbIe cTATHCTHYECKHE TAPAMETPbI U1l pa3IMYHbIX 00pa3IoB Pa3HbIX
HOpPOJ SIBJISIFOTCSI OCHOBHBIM MPEAMETOM MCCJIe0BAHUS U ONIPEICISIOT METOJBI
UCCJIEIOBAHMSI, HAMPABICHHOTO Ha PacCHIMPEHUE MPEICTABICHUN O 3aKOHOMEPHOCTSIX
Pa3BUTHS pa3pyLICHHs B TOPHBIX TOPOAAX C POCTOM TEMIIEPATYPHI.

OCHOBHBIM HKCMIEPUMEHTAIBHBIM MaTEPUAJIOM SIBISUIUCH 00pa3iibl MeTaMOppu3U-
poBanHbIXx mnecyanukoB ~CeBepHoro Ilpunamoxes, oOnanmaronye  CXOOHBIM
MeTaMop(prUecKuM TeHe3UCOM, HO c(opMHUpOBaBIIUMECS TMPH Pa3IUYHBIX p-T
yCIOBHSIX. BcroMorarenbHBIM JKCIIEPUMEHTAIBHBIM MaTepUaioM ObUTH 0OpasIibl
0a3aJbTOB, TPAHUTOB, MIECYUAHUKOB U MOJAEIBHBIX TOPHBIX MOPOJ (TUIIC ¢ TPUMECHIO
KBapILIEBOIO MECKA).

TeopeaneCKaﬂ H MPpaAKTHYECCKadA 3HAYUMOCTD

B TeopernueckoM acmekTe 3HAYMMOCTh pabOTHl CBSi3aHA C pacCHIUpPEHUEM
MIPEICTABICHUI O pa3BUTHUH Pa3pyIICHUS U MTOBEJISHUN MaTePHaJIOB TIPH BO3ICHCTBHH
BBICOKMX Temmepatryp. [lokazaHo, 4TO WHAMBUIyaJIbHBIE OCOOEHHOCTH Pa3BUTHUS
pa3pylICHUST Pa3IMUYHBIX TOPHBIX MOPOI MPH TEPMUYSCKOM BO3JICHCTBUU CBS3aHBI C
MOBEJCHUEM CTAaTUCTUYECKUX MmapaMeTpoB TAD, Takumx, KaKk aKTUBHOCTh M b-value.
Jlnst 00pa3iioB rpaHUTOB M 0a3ajbTOB BEJIMYMHA HAKJIOHA rpaduka MOBTOPSIEMOCTH
(b-value) ymeHbIIaeTcs ¢ yBEJIMYEHHUEM CpEIHEW AaKTUBHOCTHU, YTO MOXKET OBbITh
O0OBSICHEHO B paMKaxX MOJEIH JIaBUHHO-HEYCTOMYMBOTO TPEIIMHOOOpa30BaHMUS,
aJanTUPOBAHHOW JJIT TEPMUYECKOTO BO3aeHcTBHUA. [l 0Opas3oB MeTarecuaHHKOB
¥ MCKYCCTBEHHBIX 00pa3IloB MOAOOHON 3aBUCMMOCTH HE HaOmomaercs. Paspymienne
00pasIoB MeTareCYaHUKOB, XapaKTEPU3YIOMIUXCS OIWMHAKOBBIMH p-T YCIOBUSAMH
MeTamopdu3mMa, MOKET JEMOHCTPUPOBATh yYBenuueHue b-value ¢ pocTtoMm akTUBHOCTH.
[Tomrydena oleHKa apaMeTpoB pacIpee/ieHUs 1Mo pa3MepaM 3epeH MeTareCuaHuKoOB.
Cpennuii pa3mep 3epeH i 00pa3iioB METAeCYaHUKOB HE MOKa3bIBAET CYIIECTBEHHOM
KOppensiuu ¢ nmapamerpamu TAD, HO OOHAPYKMBAET B3aUMOCBSI3b C p-1 YCIOBUSMHU



meTamopdusma. Paspynienne nckyCcCTBEHHBIX 00Pa3IOB IEMOHCTPUPYET KOPPEISAIIUIO
Mexay b-value u cpegauM pazMepom 3epHa.

B mpuknagHOM acrekTe 3HAYMMOCTH paOOThI CBs3aHA C aJanTalieil MEeTOIOB
aHaIHM3a CEMCMOIOTUYECKUX JaHHBIX IS JTAHHBIX JJAOOPATOPHBIX IKCIIEPUMEHTOB 110
TEPMUYCCKOMY BO3JICUCTBUIO W PA3BUTHEM METOI0OB MHUKPOCTPYKTYPHOTO aHan3a
TOPHBIX TIOPOJ, HAa OCHOBE ONTHYECKUX MuKpodotorpadmii mumdos. [as storo
OBLTH pa3paboTaHbl CICIUAIM3UPOBAHHBIC METOIUKH U TPOrPaAaMMHOE OOCCIIeUCHUE,
3apEeTUCTPUPOBAHHOE B YCTAHOBJICHHOM Topsiike. Pa3paboTaHHbIE METOAWKH U
IIpOrpaMMBbI MOTYT OBITh MCITOIb30BaHbI JIJIS aHAJIM3a TAHHBIX APYTHX SKCIICPUMECHTOB
0 TEPMUYECKOMY BO3ICHCTBUIO U JIJIs OI[EHKH MapaMeTPOB MUKPOCTPYKTYPHI IIOPO/I.

MCTOIIOJIOFI’IH H ME€TOAbI UCCJICA0OBAHUA

CocrtaB u ommcaHue oOpasIOB COCTABJICHBI HA OCHOBE JKCIIEPTHOTO T'EOJIOTO-
MUHEpAJOTUYECKOTO aHaju3a C TMPUBICYCHUEM ONTHUYECKOM U  BJIEKTPOHHOM
MUKPOCKOITHH.

JlaHHBIE O TEPMUYECKOM pa3pyLIEHUU TOMYyUYEHbl AaKyCTHKO-DMHCCHUOHHBIM
METOZIOM C HCIIOJIb30BAHUEM HArpeBaTeIbHONW YCTAaHOBKHM C KOHTPOJIEM IapaMeTpoOB
BO3ACUCTBUS (IIPEXKJE BCEr0 — TEMIEPATyphl) M CEPTH(PHUIMPOBAHHON CHUCTEMBI
perucTpanuu HUMIYJIbCcoB. J[iasi 0OpaboTKM BpEMEHHBIX CHTHAJIOB, BKIIIOYAIOLIEH
AMIUIMTYIHBIA,  CHEKTPAJIbHBIA, KOPPEJSLUMOHHBIM, CTAaTUCTUYECKUM  aHaju3,
UCIIOJIb30BAaHO KaK CTOPOHHEE CEepTUQPUIMPOBAHHOE MPOTrpaMMHOE oOOecreueHue,
TaK U TPOrpaMMHOE OOECIIeUeHHEe COOCTBEHHOM pa3pabOTKH, Ha KOTOPOE IMOITYUYCHBI
CBUJIETENIbCTBA O peructpanuu. s o6paboTku mapameTpoB uMiyascoB TAD, Hapsiay
CO CTaHAAPTHBIMHM IMOJIXOJAaMHU METOAa aKyCTHYECKOW 3MHCCHM, HCIOJIb30BaHBI
CTaTUCTUYECKHE TOAXOAbl CEUCMOJIOTHH, aJalTHPOBAHHBIC ISl aHAJIM3a JIaHHBIX
n1a0opaTopHbIX 3KcrepuMeHToB. (OO0paboTka MHOTOmapaMeTpU4YeCcCKUX JTaHHBIX
NpoBeJicHa METOaMU MAIIMHHOTO OOY4YEHUS, BKJIIOUAIOIIUMHU KIACCU(UKAIIMOHHBIC
MOJIXOJIbI, MOMCK aHOMAJIMK U KJIaCTepU3allHIo.

AHanu3 MHKPOCTPYKTYphl TPOBEACH Ha OCHOBE OOpaOOTKM H300pa’keHuM,
MOJIYyYEHHBIX HAa CEPTU(PUUIMPOBAHHOM ONTHYECKOM MHUKpockorne. OOpaboTka
U300paXeHU MPOM3BOAMIACH C MCIOJIB30BAHUEM MPOrPAMMHOIO OOECIECUECHHUS
COOCTBEHHOHN pa3pabOTKH, CO3IaHHOTO HAa OCHOBE CTaHJAaTHU3UPOBAHHBIX METOJHUK.
Bepudukanuss MOMyd4eHHBIX  BEJIMYMH  TMPOBEACHA  METOAOM  aKyCTUYECKOM
CHEKTPOCKOIUHU C YYETOM JaHHBIX CKAHUPYIOLIEH 3JIEKTPOHHON MUKPOCKOIIHH.

HOJIO)KCHI/IH, BBIHOCUMBIC HA 3allIUTY

1. OcOOEHHOCTH TEPMUYECKH CTUMYIMPOBAHHOW aKyCTHMUECKOW SMHUCCHM TIpHU
HArpeBe PazIUYHbI JUIsl pa3HbIX TUIOB TOPHBIX MOPOJ: AJIsl TPAHUTOB U 0a3aJIbTOB
CpeIHsIsl aKTUBHOCTh aKyCTUYECKOM 3MHUCCHM U HAKJIOH rpaduKa MOBTOPSIEMOCTH
B3aMMOCBSI3aHbl, JJIsI METAlIECYAHUKOB U UCKYCCTBEHHOM MOPOABI 3TU MMAPaMETPhI
HE CBS3aHBI IPYT C IPYTOM.



2. JIns  MeramecyaHUKOB, TIPETEPICBIINX MeTaMOphHUUECKHUEe MpeoOpa3oBaHUs
MpU pa3audHbBIX p-T YCIOBUAX, HAKJIOH rpaduka TOBTOPSEMOCTH HMITYJIHCOB
TEPMHUYCCKU CTUMYIMPOBAHHOW aKyCTHUECKON AMHCCHHM HE 3aBHCHT OT pa3Mepa
3¢pHa, B TO BpeMs Kak [JIi HMCKYCCTBEHHOW TIOpONBI, HE TMpeTepIeBIIci
MeTaMophHUUIEeCKHX MpeoOdpa3oBaHui, TaKas 3aBUCHMOCTh €CTh: HAKJIOH Irpaduka
MOBTOPSIEMOCTH YMEHBIIIAETCS C POCTOM pa3Mepa YacTHII.

3. Ilpu oTcyTCcTBHMM KPYMHBIX Ae(PEKTOB B 0OOpasie TOPHOH MOPOALI OCHOBHOM
BKJIaJl B TEPMHUYECKH CTHUMYJIMPOBAHHYIO aKYyCTUYECKYK) SMHUCCHIO BHOCST
pacupeneIeHHbIE UCTOYHUKH.

JInuHbINA BKJIA aBTOpPA

Hcxoanble NaHHbIE SKCIIEPUMEHTOB MO TEPMUUYECKOMY pa3pyLIEHUIO 00pa3lioB
TOPHBIX MOPOJ 00padOTaHbl JUYHO coucKareneM. YacTh SKCIIEPUMEHTOB IpPOBEICHA
IPY HEMOCPEICTBEHHOM YYaCTUH COMCKATENS, UCKYCCTBEHHBIE 00pa31ibl U3TOTOBJIEHBI
COMCKATeJIEeM COBMECTHO C Hay4YHbIMU pykoBoauteiasiMu. CouckareneMm MNoA0paHbI
aIrOPUTMBbl MAIIMHHOTO OOy4YeHHs U peaJu30BaH MPOrPaMMHBIN  KOI  JJIs
UCCJIEIOBAHMS BOIPOCOB, CBA3AHHBIX C TPYNIUPOBAHUEM AKyCTHUYECKHX CUTHAJOB.
Couckarenem pa3paboTaHa M peaJd30BaHa METOAMKA OLEHKH CTAaTUCTHYECKUX
napaMeTpoB UMITYJbCOB TEPMUUYECKH CTUMYJIMPOBAHHON 3MHUCCUH, pa3pabdoTaHa U
peanu30BaHa METOJMKA OLIEHKHM IapaMeTpPOB PACIPENCIICHHS] 3€PEH TOPHBIX IMOPOJ
o0 pa3MepaM Ha OCHOBE MHKpodororpaduu uumda, MoixyyeHbl CBUAECTENHCTBA O
pEerucTpanuu NpaB Ha COOTBETCTBYIONIEE MPOTPaMMHOE OOECIIeUeHHUE.

3amaun WCCIEAOBaHMS, TOA0OP METOAOB, HMX TEOpPEeTHYeCKoe OOOCHOBAaHWE,
BBIBOJIBI M MIX WHTEpIpeTanus cPopMyIdpoBaHBI COMCKATEIIEM CaMOCTOSTEILHO H
BMECTE C HAYYHBIMHU PYKOBOJUTEISIMUA HA OCHOBE OOIITUPHOTO JTUTEPATYPHOTO aHAJN3A.
[TyGnukanuu mo TeMe AUCCEePTAMOHHOW pabOoThl OBUIH MOJATOTOBIICHBI COUCKATEIEM
JUYHO U B COABTOPCTRE.

CreneHb 10CTOBEPHOCTH U anpodanus pe3yabTaToB

JIOCTOBEpHOCTh PpE3YyJbTATOB HCCIENOBAHUS OOECIIEUYMBAETCS KOMILJIEKCHBIM
NPUMEHEHUEM COBPEMEHHBIX OKCIEPUMEHTAIbHBIX METOIUK, BepUUKaluei
pe3ylbTaTOB  HE3aBUCUMBIMH  METOJIaMHM M COIVIACYEMOCTBhIO C  JIAaHHBIMU
Ipyrux wucciuenoBareneit. MccnemoBanue mpoBeneHo Ha 33 o0pasiax TOPHBIX
MOPOJT  PA3JUYHOTO TPOUCXOXKJACHUS (TpaHUTHI, 0a3ajabThl, METalleCUaHUKH,
MEeCYaHWKH, HCKYCCTBCHHBIC O0Opa3ilbl), OTOOPAaHHBIX U3 pa3HBIX JIOKAIUA W
XapaKTEPU3YIOIIUXCS  Pa3IMYHBIMU  (DU3UKO-MEXaHUYECKUMU CBOWCTBAMH, UTO
o0ecreunBaeT penpe3eHTaTUBHOCTh UCCIEA0BATEIHCKOTO MaTepuaia.

OCHOBHBIE HJEU U TIOJIOXKEHUSI IUCCEPTAIMOHHOW palbOThl H3J0XKEHBI B 4
CTAaThsIX B PEUCH3UPYEMBIX HAYYHBIX M3JaHUSAX, PEKOMEHIOBAHHBIX IS 3AILUTHI
B juccepraiimoHHoM coBere MI'Y um. M.B. JloMOHOCOBa 10 CHEUHMATIbHOCTH U



oTpaciu HayK. Pesynbrarbl pa®oThl OBLIM MPEACTABICHBI Ha 19 MEXTyHApPOIHBIX U
BCEPOCCUICKUX KOH(DEPEHITUIX:

1.

10.

11.

12.

13.

14.

15.

16.

17.

International Symposium on Earthquake Forecasting to Commemorate the 50th
Anniversary of the 1975 Haicheng M7.3 Earthquake (r. llI»absH, Kuraii, 8—11
nroist 2025),

. XXVIII MexaynapogHasi KOHQEpeHIUs O MATKUM BBIYUCICHUSIM U U3MEPEHUSIM

(r. Cankr-IletepOypr, Poccus, 28-30 mas 2025),

. XVII MexnaynapogHasi Hay4dHO-IpakThuueckass koHdpepeHuus «HoBwie uaen B

Haykax o 3emuie» (I. MockBa, Poccus, 3—4 anpens 2025),

. l'eonornueckuii MmexxayHapoaubiii ctynendeckuii cammut (GISS) 2025 (1. CaHkT-

[TerepOypr, Poccus, 27-30 mapta 2025),

. XXVI VYpanbsckas MonoaexxHasi HaydHas Ikoia mo reodusuke (r. [lepms, Poccus,

17-21 mapta 2025),

. Il Mexnaynapoanas mononexHas HayuHast KoHpepenuus « Texuonoruu MU B Hayke

u oOpazoBanumn» (r. Mocksa, Poccusi, 16—17 nexabps 2024),

. Hayunas xondepenuus monoabix yueHsix W acnupantoB MU®3 PAH 2024 (.

Mocksa, Poccust, 68 Hosi6pst 2024),

. JBaamare msATas MeXAyHaponaHas KoH(epeHuus, mnocssmieHHas 300-nmeTuro

Poccuiickoit akamemun HayK. @DOU3MKO-XUMUYECKHE H METPpOHU3NUECKUE
ucclienoBanus B Haykax o 3emuie (. MockBa, 'EOXU PAH, n. bopok, Poccus, 30
ceHTs0ps — 4 okTs10ps 2024),

. 7-1 MexnaynapoaHast koupepeHuusi «Tpurrepusie 3ddekrsl B reocucremax» (T.

Honronpynssiid, Poccus, 2—5 uronsa 2024),

Jlomonocosckue urenus — 2024. Cexuust dusuka (r. Mocksa, Poccus, 28 mapra —
3 anpens 2024),

The 13th International Statistical Seismology workshop. StatSeil3 (r. [LI>apwK3HbD,
Kuraii, 16-20 mapra 2024),

MexnyHapoanbsiii HayuyHblii cumno3uyM «Hepens ropuska-2024» (r. Mocksa,
Poccus, 30 ssaBaps — 2 deBpans 2024),

Kondepennus monoasix yuensix u acnupantos MD3 PAH (r. Mocksa, Poccus, 89
HOs10ps 2023),

I Bcepoccuiickass HayuyHass KOH(MEpPEHIUS C MEXAYHAPOAHBIM YYaCTHEM
«COBpeMEHHbIE METO/bl OLEHKM CEMCMHYECKOHM ONAacHOCTH M IPOrHo3a
3emuierpsceHui» (. Mocksa, Poccust, 25-26 okta0ps 2023),

JleBsitas Beepoccuiickas HayqyHO-TeXHUUYECKasi KOHPEPEHLIUs C MEXAyHAPOIHBIM
yuactueM  «[IpobmeMbl  KOMIUIEKCHOTO  Teo(pU3UYecKoro  MOHUTOpPHHIA
CEelCMOaKTUBHbIX pernoHoB» (. IlerponaBnoBck-Kamuarckuii, Poccus, 24—
30 cenTsops 2023),

XXIV mexayHaponsas kKoHpepenius « Du3nKo-XuMHUUYECKHUE U TETPOPU3UIECKIE
rcclieoBalus B Haykax o 3emue» (1. bopok, Poccus, 25 centsa0Ops — 1 okTsaops
2023),

VI Mexnaynaponnas koHdepeHnus «Tpurrepusie 3¢@exTsl B reocucremMax»
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(r. Mocksa, Poccust, 21-24 urons 2022),
18. XXIX MexnayHnapoaHass HaydHas KOH(EPEHIHsS CTyICHTOB, AaCHUPAHTOB U
MOJI0/IbIX YueHbIX «JIomoHocoB 2022» (1. MockBa, Poccus, 11-22 anpens 2022),
19. XXVII MexnaynapoaHasi Hay4yHass KOH(EpPEHLUS CTYJEHTOB, AacIHUpPAaHTOB U
MosioabIX yueHbix «JlomonocoB 2020y, (1. MockBa, Poccusi, 10-27 nosiops 2020).

OCHOBHOE COAEPKAHHUE PABOTbI

Bo Bsegenun o0ocHOBaHa aKTyaJIbHOCTh pa0oOThI, CHOpPMyIMpOBaHA IIEJb
W TIOCTaBJEHBI 3a7auyd HCCJICAOBAaHMS, TMPEJCTABICHbI CBEACHUS O CTCICHH
pa3pabOTaHHOCTH TEMBI HCCIICOBaHMs, OOBEKTE W TMpeAMeTe, a TaKKEe METOaax
WCCJIeI0BaHMs, 0003HaUCHbI HayYyHass HOBM3HA U 3HAYMMOCTh, TPUBEICHBI CBEICHUS 00
arpo6aruy padoTHI, TMYHOM BKJIAJIC COMCKATEINS, O CTPYKTYype H 00hEME JUCCEPTAIUH.

I'maBa 1. OO030p COBpPeMEHHOr0 COCTOSIHMSI HCCJIEIOBAHMHA TPOLECCOB
pa3pylieHusi TOPHbIX MOPOJ

Ora 1aBa Jgaer oO0llee TNPEeACTaBICHUWE O MOCTaBIEHHOM mpobieme
U CYUIECTBYIOUIMX  HAMpaBICHHUSAX  MCCICAOBAHUM 1O TEM€ TEPMHYECKH
CTUMYJIMPOBAaHHOTO  pa3pylieHUs TOpPHBIX  mopoa. M3ydyeHue  MpoIeccoB
TPEIIMHOOOPAa30BaHUsI B TOPHBIX MOPOJAX MPOBOAMUTCS PA3TUYHBIMH METOJAMU,
KOTOpblE MOXHO YCIOBHO pa3[eiuTh Ha JBa Kjacca: «CTaTUYECKHE» U
«iuHamMuueckuey. IlepBbie  TMO3BOJIIOT — MCCIEAOBaTh MHHEPAIbHBIA  COCTaB,
CTPYKTYpPY W pachpelesieHue TPeIIuH [0 M TMOocie BO3JACHCTBUS, HO HE Mal0T
BO3MOKHOCTM MOHUTOPHMHTA pa3pylleHHss B peajlbHOM BpeMeHu. K Ttakoit
rpymnne MNpuHaIIeKaT METOAbl MHUKpPOCKONHMHU. BTopas rpymnma BKIOYAET METObI
HEpa3pyILIAMIEr0 KOHTPOJIS: aKyCTHUYECKYI0 SMHCCHUIO, YIBTPa3BYKOBBIE METO/BI,
OIICHKY (UIIBTPAIIMOHHO-EMKOCTHBIX CBOMCTB M JIp. Takue METOJbI IO3BOJISIOT
3(PEKTUBHO OTCJICKHUBATh MPOUCXOANINE B OO0paslle H3MEHEHHS C TEUCHHEM
BPEMEHU U MTOTOMY IIUPOKO MPUMEHSIOTCSI B KOMIUIEKCHBIX HUCCIIEI0BaHUSX.

B paznene 1.1 obcyxnaroTcss BONPOCH MOHUTOPUHTA Pa3BUTUS Pa3pyLICHUI B
Marepuaiax U OUEHKU UX MUKPOCTPYKTYpPHBIX XxapakTepuctuk. Hanbonee ynoOHbIM U
3¢ (peKTUBHBIM CIOCOOOM MOHUTOPUHTA Pa3pyLICHUS TOPHBIX MOPOJ B 1TA0OPATOPHBIX
YCIOBHSX B OKCIIEPUMEHTAX M0 TEPMUYECKOMY BO3JIECUCTBUIO ABIISIETCS PETHCTPALIMS
AKyCTHYECKOM 3MHUCCHH. AKYCTHYECKOM IMuUccHell (ADJ) Has3pIBaeTCs H3Iy4YCHUE
YOPYTUX BOJIH TBEPABIM TEJIOM, B KOTOPOM IO/ BIMSHUEM BHEIIHUX U BHYTPEHHUX
(aKkTOpOB Pa3IMYHONW MPUPOILI MPOUCXOASIT U3MEHEHHS! CTPYKTYphl marepuana [7].
AD B nopoje 00bIYHO MHHUIIMUPYETCS BOSHUKHOBEHUEM M PAa3BUTHEM MHUKPOTPEILIUH,
CBSA3aHHBIX C JMCIIOKALUAMHU, KOHUEHTPUPYIOIIMMUCS BJIOJIb TPAHHUIL 3€PEH, A TAKXKE
CIMSIHUEM MEK3EpHOBBIX TpeliuH. [lapamerpbl AD, Takue Kak 4HUCIO UMITYJIbCOB
AD wumm sHeprus coObITU AD, HUCHONB3YIOTCA JUISl BBISABICHUS KOPPEISILIUU
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MEXJy TporeccoM aedopManuu MO HANPsHKCHHEM U TPEIIMHOOOpa30BaHHUEM.
Hexotopeie mapaMeTpbl BOJTHOBOW (DOpPMBI, CBsI3aHHBIE C COObITHEM AD, Takue
KaK 4YacToTa, NMKOBas aMmIUIMTy[a, BpEMs HApacTaHUsi W MNPOAOKUTEIBHOCTh
COOBITHS, TAKXKE MTPEJCTABIISIIOT MOJIE3HYI0 MH()OPMALIHUIO 1)1 BRISICHEHUSI MEXaHU3MOB
Pa3BUTHUSI MUKPOTPEIIMHOBATOCTH, CBA3AHHBIX C MaKPOCKOMMYECKOW nedopmariuenn u
pazpyuieHuem [8].

Merton AD MOXET NPUMEHSTHCS NPH TEPMHUYECKOM BO3LAEHMCTBUM, IS YErO
HEOOXOUMO BBIBECTH CUTHaJI AD C MOMOIIBIO aKyCTUYECKOTO BOJHOBOJA U3 30HBI
HarpeBa. TepMocTUMyIMpoBaHHas akycTtuueckas smuccusi (TAD) BbI3bIBaeTCsI pOCTOM
U 3aKpPBITHEM TPEIIUH, PAa3BUBAKOIIMXCS W3-32 JCHUCTBUS TEPMOMEXAHUYECKUX
HanpsOKEHUM, TpeHueM Mexay OeperamMu TpewuH, (a30BbIMU IEpeXoJaMu,
UCIIAPEHUEM BJIaru, B3pbIBAMH ra30BO-KUAKUX BKIIOYEHUH U mpod. [7]. YacTto mpu
U3YYEHUU Pa3pyLICHUs MPOBOAITCS MU3MEPEHUS CKOPOCTEH YNPYTHX BOJH U JPYrUX
buznyeckux napameTpoB mopojsl [A.1]. OnHako B IpoIiecce BHICOKOTEMITEPATyPHOTO
TEPMHUUYECKOTO BO3JEHUCTBUA MPUMEHEHHE METOIOB OLEHKH (PUIBTPALIMOHHO-
€MKOCTHBIX CBOMCTB OKa3bIBAa€TCS HEOCYUIECTBUMBIM, a NPUMEHEHUE METOHOB
OLICHKHU CKOPOCTEH CHUJIbHO 3aTpyAHsieTCs OONbIINM 3aTyxaHueMm [9].

MeToapl  MHKPOCKONMH  TO3BOJISIOT  HEMOCPEACTBEHHO  OOHApPYKUTh
chopMupoBaBIIMECS TPEIIUHbI, HO MPUMEHSIIOTCA TOJBKO TIOCJE BO3ICHCTBHS.
Haunbonee pacnpocTpaHEHHbBIMU BapHaHTaMU METOJOB MUKPOCKONUU SIBISIOTCS
ONTUYECKAs, SJIEKTPOHHASI M PEHTTEHOBCKAs U JIp.

[Ipu m3ydyeHun TBEpABIX T, A KOTOPBIX XAPAKTEPHO HAJIUYUE CTPYKTYPHBIX
OTJEIBHOCTEN, pa3Mepbl 3TUX OTIEIBHOCTEW MOTYT ONPENETATh MaKPOCKOIUYECKHE
cBoiicTBa TBepaoro tena. OCOOEHHOCTHIO TOPHBIX MOPOJ KaK TBEPIBIX TEJN SIBISAETCS
HaJU4Me OTIAEIBbHOCTENW — 3€pEH, KOTOpPhIE MOTYT OBITh OTIEIbHBIMU KpHCTaJJIaMU
VI BKJIIOUEHUSMH aMOP(HBIX BEIIECTB. B Cuily CII0)KHOTO CTpOEHUsI TOPHBIE TTOPOJIBI
yarie ONnpeAesitoT HE KaK MOTUKPUCTAIUIMYECKHUE Tella, a KaK YCTOMYMBBIE arperarbl
(xoHrmomeparbl) muHepasos [10; 11].

Nudopmaniust o pazmepax 3epeH IMIHPOKO UCIIOIB3YETCs MPHU OIEHKE METAJIJIOB U
UX CIUIABOB KaK MOJUKPUCTAUIMYECKUX MaTepUaIOB MPOMBIIICHHOTO 3HaUeHus [12].
Haubonee BaxxHBIM ITapaMeTpOM MHUKPOCTPYKTYPHI SIBIIIETCS CPEHUN pa3Mep 3epHa,
JUISL OLIGHKH KOTOPOrO B MeTauiorpaduu CyIIECTBYyeT MHOXKECTBO METOnOB. B
NPEANoNIoKEHUN 00 OMpPEIeIEHHOM XapaKTepe paclpelle]ieHUs 3epeH IO pa3Mepawm,
pacrpe/ieficHle CEYCHUN 3epeH MOXET ObITh OJHO3HAYHO CBS3aHO C XapaKTePHBIMHU
pasMepaMu caMux 3epeH. YacTo B 3ajadax Mo OMpEAeNICHUIO IPaHyJIOMETPUUYECKOTO
COCTaBa HCHOJIBb3YETCS MPEANOJI0KEHUE 00 OJHOMOJAIBLHOM JIOTHOPMaJIbHOM
pacupeaeaeHr YacTUIl 1o pasmepam [13].

OnHako CyIIeCTBYIOIINE METOBI OLICHKH Pa3MepOB 3€PEH UMEIOT OIpECICHHbBIC
CJIO)KHOCTH TIpU TIOMBITKE NPUMEHEHUS K TOPHBIM TMOpOAaM, 4YTO CBSI3aHO C
MPO3PAYHOCTHI0 MHOTMX MHUHEPAJOB W HHU3KOM KOHTPACTHOCTBHIO T'PaHUIl 3E€PEH.
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[To sTOM mMpuuMHEe 3amada OLEHKUA Pa3MEPOB F'OPHBIX MOPOJ SBJISAETCSA AKTyaJbHON U
TpeOyeT aganTalii CYLIECTBYIOIIMX METOJOB U Pa3pabOTKH HOBBIX MOIXOMIOB IS
aHaJIM3a MUKPOCTPYKTYPHBIX JaHHBIX TOPHBIX MOpoJ [A.2].

Paznen 1.2 moCBAIEH ONHCAHUIO OCOOEHHOCTEH TEPMOCTHUMYJIUPOBAHHOIO
pa3pyuieHus Mo JaHHBIM SKCIIEPUMEHTOB C 00pa3liaMu TOPHBIX OPoJ. TepMudeckoe
pa3pylLI€HHE TOPHBIX MOPOJ CBSI3aHO, MPEXIE BCEr0, C aHU30TPOIMHBIM PACIIUPEHUEM
cllararoiiux MOpoay MUHEPATIOB U TEMIIEPATYPHBIM IPaJMEHTOM, 00YCIOBINBAIOIIUM
HapacTaHUE TEPMOMEXAHMUYECKUX HAIPSIKEHHUM, YTO MPUBOAUT K PA3BUTHIO TPEIIUH.
C 5TUM CBSI3aHO CYIIECTBEHHOE BIIMSHUE CKOPOCTH HArpeBa Ha PErUCTPUPYEMYIO
TAD. C pocrom Temmeparypbl B oOpasllax TOPHBIX MOPOJ OTMEUAeTCsl CHIDKCHHE
XPYIIKOCTH, TOBBIIMICHUE TUIACTUIHOCTH [3], pa3anyHOe MOBEACHNE HAKJIOHA rpaduka
noBTopsieMmoct (b-value) mns pasubix TumoB mopox [14; 15]. K ocobGeHHOCTAM
TEPMHUYECKOTO pPa3pyIIECHUs OTHOCUTCS TepMmuueckuil aHanor s¢dexra Kaitzepa —
CHUXEHUE aKTUBHOCTU AD A o0pa3ia B 00JaCTH TEMIIepaTyp, 40 KOTOPhIX o0pa3ell
HarpeBaiics panee [16; 17].

OcoObIil  uHTEpeC MpeACTaBIsieT HCCleJoBaHME Bapuauuid AD  mpu
COBMECTHOM (HE 00s3aTeIbHO OJHOBPEMEHHOM) MEXaHMYECKOM HArpy>XeHUU |
BBICOKOTEMIIEPATYPHOM HAarpeBe [7], MOCKOJIbKY XapaKTep pa3BUTUS pa3pyILLICHUI
IIPU OTUX BO3JCUCTBUAX MOXET pasnnyarbcs. COBpEMEHHBIC KOHIICIIIIMU Pa3BUTHS
pa3pylICHUI OCHOBBIBAIOTCSI Ha TIPEJACTABICHUU O MacIITaOHO-UEepaApXUYECKOM
XapakTepe CTPYKTYphl TOPHBIX TOPOA M MPUCYTCTBYIOIIMX B HHUX HapyIICHUIN
(MukpoTpemidd U T.J4.). [Ipu omnpeneneHHBIX YCIOBUSX pa3BUTHE pa3pylIeHUS B
TOPHBIX TMOPOJAaX MOXKET OBITh CBSI3aHO C IepepacrpeeicHueM HWHTEHCUBHOCTH
pa3pylieHus Kak ¢ 0ojiee MEJIKUX HapyIIeHWH Ha Oosiee KPYIMHbIE (POCT TPEUIUMH 3a
CYET UX B3aUMOJICUCTBUS, HAIPUMED, CIUSIHUSA), TaK U HaobopoTt [18].

BaxHplM HampaBiI€HHEM HCCICAOBAHUM PAa3BUTHUS MPOLIECCOB pa3pyLICHUs
SABISIETCS aHaIu3 rpynmupyemMoctu umnyinbcoB AD [A.3]. Ilpeanomaraercs,
YTO HMMIYJIbCHl CXOXKHX HCTOYHHKOB HUMEIOT CXOXYyH (opmy curHana. AHanusz
KJIACTEPU3YEMOCTH/TPYIIIIUPYEMOCTH TaKUX COOBITUNA MPOBOAMTCS KaK [JIi CaMHUX
BOJTHOBBIX (popM ummynbcoB [19; 20], Tak U Ha OCHOBE NapaMETPOB BOJHOBBIX
dopm [21; 22]. Hannuue rpymm CXOXKUX UMIYIbCOB AD MO3BOJIAET MPEANON0KUTH
pa3BUTHE KPYMHOTO HapylleHWss B Marepuane. B cBoio ouepenb, OTCYTCTBUE
IPYNIIAPYEMOCTH HMIYJIbCOB AD MOXKET CBHUACTEIBCTBOBATH O PAaBHOMEPHOM
Pa3BUTHH MHUKPOTPEIIMHOBATOCTH B 0ObeMme, korma AD oOycioBlieHa B OCHOBHOM
PENKO aKTUBU3HUPYIOMIMMHUCS pacIipeieICHHbIMU Je(heKTaMU-MUKPOTPEIIUHAMH.

I'maBa 2. JKCIepUMEHTAJbHBIA MAaTepHaJ] W MeTOAUKA INPOBeAeHHS
IKCIIEPUMEHTOB

Btopas miaBa mocBsilieHa OMUCAHUIO HUCCIEAYEMBIX O0Opa3lioB TOPHBIX IMOPO/I,
METOAUKH MPOBEJICHUS IKCIIEPUMEHTOB MO TEPMUYECKOMY BO3JEHCTBUIO U METOJUKHU
OLICHKH Pa3MepOB 3€pPEH HCCIIEAyEMbIX 00pa3IIoB.
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B pazgene 2.1 npuBedeHsl cBeAeHUsi 000 Bcex oOpasiiax, pacCMOTPEHHBIX
B pabote. bouin 00paboTaHbl JaHHBIE SKCIEPUMEHTOB C OOpas3lamMu rpaHuToB (6
00pa31ioB), 6a3anbpToB (5 00pa3noB), MeTanecuaHukoB (15 oOpasioB), mecyaHUKOB (2
oOpasia) u MOACIBHBIX TOPHBIX TTOpos (5 oOpasioB). OOpa3Isl MPEICTABISIOT COOOM
NpsSMBbIE HWIMHIPHI C JUAMETPOM OCHOBAaHUS OKOJIO 3 CM U BBICOTO# OT 3 /10 6 cM.

[Terpodusnyeckne XapaKTEpUCTUKH PACCMOTPEHHBIX OOpa3lOB TPAHUTOB M
0a3aJbTOB BHYTPH KaXKIOW M3 TPYII OBUIM CXOXKHMH: TUIOTHOCTBH (TpaHUTHI — 2.55-
2.70 r/em®, GazansTel — 2.80-2.95 r/cm?), mopuctocts (rpaHMTHl — 0.15-0.45%,
6a3anbThl — 1.5-3.5%), CKOpOCTH MPOAOIBHBIX (IpaHUTHI — 5.7-5.9 KM/c, 6a3anbThl —
5.8-5.9 kM/c) m momepeuHbIx (rpaHUThl — 3.6-3.9 kwm/c, GazambThl — 3.4-3.5 KM/C)
yIPYTHUX BOJIH.

OO0pa3ipl MeTanecyaHuKoB MOJIYUYEHbl U3 KEPHOB (PIUIIOMIHONW CEPUM MOPOJ CO
cpenHeii m1oTHOCThIo 2.7740.07 r/cM?, B3STHIX B IATH Pa3HBIX 30HaX 0TOOpA B paiioHe
o3epa Anucesapsu (Kapemus, Poccus). Ilpeanomaraercs, 9yto ajis 30H 0TOOpa UMEIH
MECTO pa3JIMYHbIE YCJIOBHUS MeTaMop(u3Ma MOPOA: UCXOAHBIE OCATOYHBIE MOPOJBI
CXOKEr0 COCTaBa M TNPOUCXOXKACHUS (KBapLU-IOJEBOLINAT-CIOAUCTBIE TOPOJbI)
IpeTepriesii pa3Hble TEKTOHO-TEPMaJIbHbIE TPEOOPa30BaHMs HAa PA3IUUYHBIX NIyOMHAX
u temreparypax [A.4]. CBomHas uHpOpMAaIUs MO 30HaM OTOOpa MeTareCcyaHUKOB
npuBeeHa B Taonuie 1.

Tabmuua 1. CBonHas nHdopmanus o 30Hax 0TOopa.

[Tapametpsl MeTamoppu3Ma
(o [23])
Howmep 30nb1 oTO0pa | KonmndectBo o6pa3os | 3Hauenus p, kbap | 3nayenus 1, °C

1 3 1.5-4 400 — 500
2 6 2-5 450 — 600
3 1 25-6 500 - 650
4 2 3-6.5 600 — 750
5 2 3-7 650 — 800
6 1 - -

AHanu3 SKCIEPUMEHTOB C JABYMS 00pa3llaMud MEJIKO3EPHUCTOTO IeCUaHUKa
OPOU3BOAWIICA [UJIl aHajdu3a TPYNIHPYEMOCTH COOBITUA TPH TEPMHUUYECKOM
BO3JICCTBUM W TPU HAIMYMM KPYHHBIX HapyiieHud (TpemuH). OnuH obpasery
(OCHOBHOW) MPEABAPUTENIBHO MOJBEPrajiCsl OJHOOCHOMY HArpy>KEHHIO JI0 Harpy3KH,
ONM3KOM K paspyliarolieii, ¢ BUAUMBIMHU IPOSBICHUSIMH TPEIIMH Ha MOBEPXHOCTH.
Bropoii o6pa3zel (KOHTPOIBHBIN) HE MOABEPrajicsi MEXaHUUYECKOMY HarpyxeHuro [24].

[TomuMo 00pasoB TOPHBIX MOPOA OBUIM MCCIICTOBAHBI MOJEIBHBIC OOpa3Iibl,
W3TOTOBJICHHBIC U3 TUIICA C JO0OABICHUEM KBapIIEBOTO KapbepHOTo mecka. [lecok Obut
paszesieH Ha (pakiuy pa3HOro pa3Mepa IMyTeM MpoceuBaHus uepes cura. CMelieHue
C BOJIOM ¥ MECKOM OCYIIIECTBOJISIIOCH B MAaCCOBOM COOTHOIIIEHUU 4 (Turc) : 4 (Boaa) : 3
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(mecok). Mudopmanus o TUICOBBIX oOpasmnax mnpuBeaeHa B Taomuie 2. MenuaHa
pasMepa 3epHa B TaOJIWIIE pacCUMTaHa IO JaHHBIM TPaHYJIOMETPHH, BBIMIOTHEHHON B
JlaGoparopuu 1anieoapxuBoB IpUPoaHON cpeanl MucTuTyTa reorpaduu PAH.

Tabmuma 2. CBomgnas uHpoOpManms 00 HMCKYCCTBEHHBIX (THUIICOBBIX) oOpasmax ¢
no0aBlIeHHEM TTecKa pa3Horo pazmepa. st pazmepa ppakiuii ykazaHbl pa3Mephl sueek
WCIIOJIb30BaHHBIX CHT.

Ha3zBanue Howmep Pa3mep dpakmum | Menuana pasmepa | Macca 1o | Macca nociie
oOpa3sia ¢bpakun | (cuta), MKM 3epHa, MKM Harpema, I' | Harpesa, I
GS0430C0-1 | O - (6e3 mpumecu) | - (0e3 mpuMecH) 19.3 15.1
GS0430C1-1 | 1 d < 200 198 24.3 20.8
GS0430C2-1 | 2 200 < d < 315 256 24.1 20.1
GS0430C3-1 | 3 315 < d < 400 376 28.0 24.1
GS0430C4-1 | 4 400 < d < 630 626 214 18.5

B paznene 2.2 npuBeaeHO ONMMCAHUE SKCIIEPUMEHTAIbHON YCTAHOBKU U METOJIUKH
peructparuu uMiysibcoB TAD. YcTaHOBKa COCTOUT U3 YCTPOIMCTBA HarpeBa 00pas3IoB
TOPHBIX MOPOJI, aKyCTUYECKOTO BOJTHOBOJIA, JaTdyuka AD U JaT4yuKa KOHTPOJIS MOMEX
(Panametric V103), cuctembr peructpanmu AD (ALine-32D), tepmonapsl u Oioka
peructpaiuu Temieparypsl [25]. I[lepBuunas oOpaboTka UMIYIbCOB AD BKIIIOYAET
yIajeHue TTIOMEX U pacueT MapaMeTPOB UMITYJIBCOB 1O JAHHBIM BOJTHOBBIX (hOPM.

Marepnan s HCCIEOOBAaHUS  MHUKPOCTPYKTYPHBIX  XapaKTEPUCTHK
METaleCYaHUKOB omnucaH B pazaene 2.3. OCHOBHBIM MaTE€pUATIOM  SIBJISIOTCA
n300paxeHus: NUIM(OB, MONyYCHHbIE HAa OoNTHUYecKoM Mukpockorne Olympus BX35
B LIKII M®3 PAH [26]. Kpome TOrO, /Uisi HEKOTOPHIX OOpa3IOB OBLIN CIEIaHBI
CHUMKHM Ha 3JEKTpOHHOM Mukpockorne Tescan Mira 4 LMS [27]. Hdns HuX Xe
ObUTa czellaHa OLIEHKAa Pa3MEPOB 3€peH METOJOM HIMPOKOIOJIOCHON aKyCTHYEeCKOU
criekTpockonuu [27]. Ob1iee onucanue JaHHOTO METOa IPUBEICHO B paszeie 2.4.

I'maBa 3. Ilapamerpsl TepMHMYeCKH CTHUMYJHPOBAHHON AaKYCTH4Y€CKOM
IMHUCCHH

B nanHoll maBe paccmorpeHbl mapameTpbl TAD, paccuuTaHHBIE Ha OCHOBE
JAHHBIX IKCIIEPUMEHTOB. DKCIIEPUMEHT ObLI pasfeneH Ha dTambl: HarpeB oT 200°C
JI0 MAaKCUMAJIbHOM TeMmeparypbl U OXJIAXJACHUE OT MaKCHUMaJIbHOW TeMIlepaTypbl
no 200°C. Ha »3Tux sramax Bce MOJE€3Hble MMMOYIbChl TAD CBSI3aHBI C Pa3BUTHEM
MUKPOTPEIINH B PE3y/IbTaTe TEPMUIECKOTO BO3ACHCTBUSI.

B paznene 3.1 onucan nmapaMeTp aKTUBHOCTH aKycTHYecKol amuccuu [. Pacuer
IPOM3BOAMIICA B Henepecekaromuxcsi okHax B 200 coObITHii o ¢popmyre:

N
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rme N — umciio coObITHii B OKHE, Al — IMPOMEXKYTOK BPEMEHH MEXKIY IEPBBIM M
MOCJICTHAM COOBITHUSIMU B OKHE (B CEKYHaX).

Paznen 3.2 moceslieH olleHKe HakJIOHa Tpaduka MOBTOpsieMOoCcTH — b-value.
ITo ananmorum ¢ 3axkoHoMm I'yrenOepra-Puxrtepa [28] 3aBucuMOCTh JoraprdmMa ducia
UMIyJIbcoB AD N OT aMIUTUTYIbI UMITYJI6COB A B 1B MMeeT JTMHEHHBINH BU/T:

leN=a—b-A )

rie a u b — Hekotopble Kod(hduumentsl. [lokazaHo, 4TO IS COMOCTABICHUS C
HATYPHBIMU JAaHHBIMU MapameTp b, MOTyUYEHHBIN MTPU aHAJIM3€E TaHHBIX Ja00PaTOPHBIX
AKCIEPUMEHTOB, MOXKET OBITh MepecuuTaH K b-value, olleHMBaeMOMYy MO SHEPTUSIM
coObITul. /{7151 onieHku b-value paccMOTpeHBI TPU METO/1a: METOJ] IMHEHHOMN perpeccum,
METOJ] MAaKCUMaJbHOTO MPaBIOMOAOOUS C OLIEHKON MPeICTaBUTEIbHON aMILIUTYIbI
UMITyJIbCa IO MAKCUMAJIbHON KPUBU3HE U METOJ MAKCUMAJIbHOTO TIPABIONIOA00US JUIs
IIEH3ypUPOBaHHOU BBIOOpKHU [29]. Tak Kak OllEHKa MAaKCUMaJIbHOTO IMPaBAONOA00US
(OMII) nnst ueH3ypupoBaHHOM BBIOOPKH JaeT Haubojiee HaJAECKHYIO OIEHKY b-value,
JAHHBI METO/A ObLI HKCIOJb30BaH I aHaldu3a JAHHBIX BCEX JKCIIEPUMEHTOB, B
TO BpeMs KaK OLIEHKAa METOJaMM JIMHEWHoW perpeccun u OMII no makcumanbHOR
KPUBHU3HE MPOU3BOJMIACH TOIBKO MJISI HKCIIEPUMEHTOB C 0Opa3laMyd TPAaHUTOB H
0azanbToB. Pacuer b-value BBINONHSIICA KaK IEIMKOM Jisi SKCIIEPUMEHTa, TaK U B
JTUHAMUKE B HEMEPECEKAOINXCS BpeMEHHBIX OKHAX B 200 cOOBITHIA.

Yacte mapameTpoB uMIiyiabcoB TAD (mepBHUYHBIE MapaMeTpbl) OLIEHUBAETCS
HEMOCPEJCTBEHHO IO BOJMHOBOM (opme. Hampumep, MakcumanbHas aMIUIUTYIA,
JUTUTENBHOCTh. Jlpyrue mapameTpbl (BTOPHYHBIC) H3MEPSIIOTCS Oojee CIOXKHBIMU
croco0aMyu WJIM BBIYHCIISIOTCS 10 TIEPBUYHBIM MapaMeTpaM: CKOPOCTh HapacTaHUs,
cpenusis yactora u Ap. O0630p HEKOTOPHIX BTOPUYHBIX IMAPAMETPOB JIaH B pasjiene
3.3. Ocoboe Buumanue yaeneHno BennunHam RA («Rise Time To Amplitude») u AF
(«Average Frequency»), KOTOpbIE€ BbIpAXKarOTCs Uepe3 NEPBUUHBIEC MTAPAMETPHI KaK:

T.
A — rise 31
RA =5 G.1)
Tdur
AF = ——— 3.2
Hcounts ( )

1€ 1rise — BpEMSI HapacTaHHUS UMMYJbCa A0 MAaKCUMAJIbHOM aMIUIUTYbI, g, — €ro
JUIMTEILHOCTh, A — MaKCHMaJlbHass aMILIUTYIA, H ounts — KOJMYECTBO IMEPECCUCHHM
[opora perucTpanvi. IJTH MapamMeTpbl 4YacTO HCHOJB3YIOTCS ISl ONPEIETICHHS
TAMA OOpa3yOIMUXCd MUKPOTpelluH. CHBUTOBBIE TPEUIUHBI XaPAKTEPUYIOTCS
B IIeJIOM 0oJiee HU3KOYACTOTHBIM CHTHAJIOM (HHM3Kas cpemHss dactrota AF) wm
JUINTCJIBLHBIM BpeMeHeM Hapactanus (Oonbinoe 3HaueHue [RA), B TO BpeMs Kak
TPEIIUHBI PACTSKEHUS, HAPOTHUB, XapaKTEPU3YIOTCSI BLICOKUMH CPETHUMH YaCTOTaMHU
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AF n maneivu RA [30].

Paznen 3.4 mocesineH MPpUMEHEHHUIO METO0B MAIIMHHOTO OOYYeHMs K aHaJU3y
JAHHBIX JKCIIEPUMEHTOB IO HArpeBy O0Opa3I0B IECYAHUKOB C IICJIbI0 OIEHKHU
rpynmnupyeMoctd umiyibcoB TAD u e€ Bamumanuu. OmnucaHbl BXOJHBIE JaHHBIC
Ul OOy4deHUsT MoJeiel, CTaTUCTHYEeCKUE KPUTEPUU Pa3TMIMMOCTH KJIacCOB
uMITysiIbcoB TAD, mpeaBapuTEIbHO Pa3MEUEHHBIX METOIOM B3aMMHOUW KOPPEISIHUH
BOJIHOBBIX ()OPM, M aJITOPUTMBI MalmuHHOTO oOydeHwms. [ 3amaun kimaccupukamum
uMItysbcoB TAD 1o mapameTpaM HMCIOIL30BAIUCh MOJIETH aJalTUBHOTO OyCTHHTA
(AdaBoost) [A.3], cnyuaiinoro neca (Random forest), akcTpeManbHOTO TpaIMEHTHOTO
oyctunra (XGBoost) u kareropuansHoro Oyctunra (CatBoost). B 3amade BoigeneHus
peAKUX COOBITUHM, BHIOMBAIOIIMXCS M3 YHUCJA IIYMOBBIX HMMITYJIbCOB (3a/7aya TMOMCKa
aHOMaJuii), HCMOJb30BaIUCh Mojenu u3oaupyromero jeca (Isolation Forest),
JokanbHOTO ypoBHs BbiOpoca (LOF) m omHOKIIACCOBBIM METOJ] OMOPHBIX BEKTOPOB
(One-Class SVM). Jlns kiactepusaliuy MOJYYEHHBIX 3HAUYCHH B 3ajlaye IMOMCKa
QaHOMAJIMKM C TENbI0 pa30MeHUs MO HCXOAHBIM KjaccaM IPUMEHEHBI aJTOPUTMBI
k-cpenaux 1 DBSCAN.

I'nasa 4. IlapaMeTpbl MUKPOCTPYKTYPbI HCCIACAOBAHHBIX FTOPHBIX MOPO/

UeTBepTas raBa MoCBsIIEHA OLIEHKE TapaMeTPOB pacipeiesieHus 3€pEeH TOPHbIX
nopof o pazmepam. B pazaene 4.1 Ha mpumepe 0JHOTO U3 00pPa3IOB METaNeCYaHMKOB
(JIB1356) mpomeMOHCTpUpPOBaHBI TPU METOAA TOCTPOCHHUS PACIPECIICHUIN 3epeH
0 pa3MepaM Ha OCHOBE ONTHUYECKUX CHUMKOB MOpoAbl pazHoro macmrada (100 u
200 Mkm) [A.2]: pyuHOH METOH, METOM MepeceueHni! OonopHbIX auHU [31] u Metox
CIIy4yallHOro OpocaHusi TOUYEK C MOCTPOCHUEM W3 HUX OPUEHTHUPOBAHHBIX OMOPHBIX
OTPE3KOB, KOTOPHIN MO3BOJISAET NOJYYUTh KOCBEHHYIO OLIEHKY ILJIOIIAIN 3€peH [32].

B npennonoxenuu o ¢popme 3epHa, OM3KON K cheprUuecKor, CpeAHUM JUaMeTp
sepHa (D)q, MOXKeT OBbITh HAWJIEH MO MEAMAHE 50y, PACTPENCNICHNS JIMHEHHBIX
pa3MepOB 3€PEH, OMPEACIICHHBIX M0 CeYeHUsAM [12]:

<D>Opt = 1.45 * q50% (4)

ITo dpopmyre 4 monyyueH cpeaHuil pa3Mepa 3epHa JUIsl OLIEHKHU 0 KaXKJI0MY U3 METOJIOB.
MeTton mepeceyeHui OMOPHBIX JIMHUK JIETYE BCEro aBTOMATU3UPOBATh, U OH JAET
HauOoJiee MPEACTaBUTEIBHYIO OIEHKY CpeaHero pasmepa 3epHa. J[aHHBIM MeTox
OB MUCTIOIB30BaH AJI OLIEHKHM paclpeliesieHus 3€peH MO pa3MepaM Jis OCTaJIbHBIX
00pa3IoB MeTanecyYaHuKoB, pa3paboTaHO HEOOXOAMMOE MPOrPaMMHOE OOeCTIeUeHNE.

CormnocTaBieHre TMOJTYyYEHHBIX PE3YJIbTAaTOB C OIEHKOM CpEHEero pasmepa
3epHAa JI1 HECKOJbKMX OOpas3lloB METaleCUaHUKOB, CJEJIAHHOW HE3aBUCUMBIM
METOIOM IIMPOKOTOJOCHOM aKyCTUYECKOW CIEKTPOCKOMUU C ONTHUKO-aKyCTUYECKUM
(JtazepHBIM) HMCTOYHHUKOM YyibTpa3Byka [33], omucano B pazaene 4.2. B ocHoBe
METOJIa JIEKUT PACCESHUE YIbTpPa3ByKa B MOJUKPUCTAIUIMYECKMX Marepuanax. B
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o0acTu PdIJIEEBCKOTO paccessHus (IJUHA 30HIUPYIOMIEH YIBTPa3BYKOBOW BOJHBI
9aCTOTHI f CYIIECTBEHHO OOJIBIIIE CPEHETO JTMHEHHOTO pa3mepa 3epeH, Ko OUIeHT
saryxanus o f) ~ f%) oneHnBaeTcs MakcHMManbHBIA pasMep 3epeH Diax, B 001aCTH
CTOXaCTHYECKOTO paccesHus (IJIMHA BOJHBI CpPaBHMMAa CO CPEIHUM JIMHCHHBIM

pasmepom 3epeH, o f) ~ f?) ouenmBaercs cpenuuii pasmep sepen (D),

_C(r)
C'(fs
(D) ~ 2 (52)

acoust 9
T fs

rie C(fr) — 3HaueHue (ha30BOil CKOPOCTH BOJHBI Ha MAKCHMAaJIbHOW 4YacTOTE
CIIEKTPAJIbHOM 00JaCTH PAJIEEBCKOTO PACCESHUS TPONOJIBHBIX YIBTPa3BYKOBBIX BOJH
fr> C(fs) — 3HaueHue Ga30BOil CKOPOCTH BOJIHBI HA YACTOTE CEPEMHBI CIIEKTPATBHOM
00JIACTH CTOXAaCTHYECKOTO PACCESIHUS MTPOIOJIBHBIX YIBTPa3BYKOBBIX BOIH fj.

AKycTrudeckas crieKTpockomnus 1t oopasios JIB1356 u JIB1312 naer:

(D) 1p13s56 ~ 50£14 Mxm
(D) 1p1310 ~ 83£21 Mxm

COOTBCTCTBYIOH_II/IG BCJINYHHEI 110 JaHHBIM OITUYECKOMN MHUKPOCKOITMH:

(D) optnmiase = 55413 Mim

(D) oprnpiziz = 81417 mim

Takum o0Opa3oM, OLIEHKH HJisi CPEOHEro pasMepa 3epHa, IMOJYyYCHHbIE METOAAMHU
ONTUYECKOM MHUKPOCKOIIMM MW  AKyCTHUYECKOM CIEKTPOCKOIHH, OKa3bIBaIOTCS
Onmu3kuMu [A.4], UYTO TO3BOJIAET CUMTATh PE3YJAbTaThl NPUMEHEHUS METO/a
nepeceueHnit OMOPHBIX JIMHUN IS MPOYUX 00pa3loB JOCTOBEPHBIMH.

I'naBa S. Pe3yabrarsl u 00Cy:KIeHue

B mnocnenneit 1maBe mpencTaBiieHbl OCHOBHBIE pe3yJbTarbl pabOThl M UX
oOcyxaenue. Paznen 5.1 conepKUT pe3yapTaTbl pacueTa CTaTUCTUUYECKUX [1apaMeTPOB
notroka uMmiyascoB TAD nmist Bcex TunoB oOpasuoB. [Ipumep BpeMEeHHBIX BapHallHii
aKTUBHOCTHU U b-value Jyisi S5KCrIepuMEHTa 10 HarpeBy NMpuBeneH Ha pucyHke 1. Jlis
00pa31oB rOPHBIX MOPOJI BCEX TUIIOB HE BHISBICHO 3AKOHOMEPHOCTEN B JUHAMUKE.

Jis oOpa3noB TpaHUTOB W 0a3albTOB ObUIa BBISIBJIEHA 3aKOHOMEPHOCTH
YMEHBILIEHUS CPEIHEro Ha 3Tame HarpeBa b-value ¢ m3MeHeHHeM TUIa aKTUBHOCTH
B MOCJIEIOBAaTEIIbHOCTH CPEAHISA—CUIbHAsS—KPUTHUYECKasi, YTO YKJIAJbIBA€TCS B
IOPEACTABICHUE O PA3BUTUU pPa3pyLICHHs MO MOJIENH JIABUHHO-HEYCTOMYHUBOTO
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Pucynok 1 —I'paduku n3menenus reMieparypbl, aktTuBHOCTU TAD 1 HakJloHa rpaduka
noBTopsieMoct (b-value) mnma oOpasma 6azansra LAT0411 Ha sTamax HarpeBa u
OXJIAXKJICHUSL.

tpemunooOpazoBanus (JIHT) [34]. ['uctorpamMmsl cpeiHUX 3a 3Tall 3HaYeHu# b-value
1U1s1 00OMX TUIIOB MMOPOJ] B 3aBUCHMOCTH OT THUIA aKTUBHOCTHU NMPUBEJEHBI HA PUCYHKE 2.
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Pucynoxk 2 — 'mctorpaMMbl CpeIHETO 3a dTallbl HarpeBa (cesa) v oXJaxaeHus (cnpasa)
Hakj10Ha rpaduka nopropsieMmoctu (b-value), paccuuTaHHOTO METOJIOM MaKCUMAaIbHOTO
MpaBAOMoOAoOUs ISl 1IEH3YPUPOBAHHOM BBIOOPKH, JJII BCEX OKCIIEPUMEHTOB C

IPyNIUPOBKOM MO TUITY aKTUBHOCTH.

Pesynbrarel 00pabOTKM HSKCHEPUMEHTOB C OOpa3liaMyd METaleCuyaHuKOB JUIs
JTarna HarpeBa NpUBEICHBI Ha pucyHke 3. s MeramecuaHMKOB He HaOIrOmaeTcs
SBHOTO TPEH/A, BBISIBICHHOTO IJisi TPAHUTOB W 0a3anbroB. [[s OTAENBHBIX 30H
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otrOopa, Takux Kak 1 uiu 4, 3aMeTeH caadblii TPEeHT Ha yBenudeHue b-value ¢ poctom
akTUBHOCTH. [[7151 30HBI 2 OH BBIpaXkeH cwmibHee. [Ipeamonaraercs, 4To s cirydas,
KOT/JIa HAKOIUICHHE TPENIMHHOBATOCTH IIPOMCXOJUT BO BCeM oOBeMe, mepexoia K
JTABUHOOOPA3HOMY CIICHApHWIO HE MPOUCXOAUT. B TakoMm ciydae pacTeT KOJUYECTBO
c1ab0 3aBUCHUMBIX MEIKOAITUTYAHBIX COOBITHN, YTO MPUBOAUT K OJHOBPEMEHHOMY
W3MCHEHUIO aKTUBHOCTH W b-value. Tarke mis oOpa3iioB METarneCYaHUKOB OBLIN
paccunTanbl napamerpbl AF u RA. JIng Bcex 00pas3IioB UX CpeIHUE 3HAYCHHS JICIKAT
B oOacTu npasee MuHUA AF = RA, 9T0 MOXET yKa3bIBaTh Ha MPpeoOIaaHnue TPEIIHH
CIIBUTOBOI'O THIIA.

b-value

HasBaHwue oOpasia

Pucynok 3 — I'mctorpammbl cpefHero 3a sTambl HarpeBa b-value mns oGpasios
MeTarnecyaHnKka, YyMopsIOYeHHBIE IO BO3PACTaHHUIO CpPEIHEW aKTUBHOCTH (cIleBa
HaIlpaBo) C YKa3aHHUEM 30H 0TOOpa.

JIJis MCKYCCTBEHHBIX OOpa3lOB B LEJIOM HaONIOJaNOCh MEHbIE COOBITUH 3a
HKCIIEPUMEHT I10 CPAaBHEHUIO C 00pa3liaMu TopHbIX nopoa. Cpennue 3HaueHus b-value
u aktTuBHOCTU TAD He KoppenupoBasid MeXAy COOOH.

ComocraBienye  CcTaTUCTHYECKMX  mapameTrpoB TAD ¢ mapamerpamu
MUKPOCTPYKTYPBI TpOBeIeHO B pazaedne 5.2. KoppensunonHas marpuiia (ko3QppuimeHT
[lupcoHa) olEHEHHBIX MapaMeTPOB MeTanecYaHukoB (akTuBHOCTH TAD, b-value,
napametp D, cBszannbiii ¢ AF u RA, cpeqHuii pa3mep 3epHa U HOMEp 30HBI 0TOOpA)
MOKA3bIBAET, YTO BCE MapaMeTPhl B COBOKYITHOCTH HE KOPPETUPYIOT APYT C ApyroM. Tem
HE MEHee, MeX Iy HakJIoHOM rpaduka nmosropsemoctH (b-value) u akruBHOCTHIO TAD
€CTh TOJIOKUTENbHAsI Koppemsaius (r = 0.66), a HoMep 30HBI 0TOOpa CYIIECTBEHHO
KoppenupyeT ¢ pazmepoM 3epHa (r = 0.87). Hammsaano koppemnsitiust 30HbI 0TOOpa U
pa3Mepa 3epHa Moka3zaHa Ha PUCYHKE 4.
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Pucynok 4 — 3aBUCMMOCTh pa3Mepa 3€pHa OT 30HBI OTOOpa JUIsl KaxJIou
Mukpodotorpadpun macmradba 200 MKM 00pa3lOB METAleCYaHUKOB: OTACITHHBIC
3HauUeHUs (cre6a) U quarpaMMbl pa3maxa (cnpasa).

Howmep 30HEBI 0TGOpa

J7sl 9KCIIEPUMEHTOB C MCKYCCTBEHHBIMU OOpasliaMy HaOIIONAETCsl KOPPEISIus
MEeXIy pasMepoM udactull (pakiuii necka u b-value mist oboux nukinos Harpesa. C
pPOCTOM pa3Mepa dacTull b-value ymeHbI1aercsi. AKTUBHOCTb IIPU 3TOM HE NOKa3bIBAET
3HAYMMON KOPPEJSIIIUY ¢ Pa3MEpPOM YaCTHII IPUMECH.

B paznene 5.3 npuBeneHbl OCHOBHBIE PE3yJIBTAaThl paOOTHI MOJIENICH MAITUHHOTO
oOyueHusi, OMHCAHHBIX B MeTojojoruu (pasmen 3.4) U NPUMEHEHHBIX K aHAIHU3Y
rpynmnupyeMoctd ummnyinbcoB AD. Jlns oOpasia, npeaBapuTeIbHO HarpyXaBIIErocs
Y HMMEIOIIEr0 BHJIMMbIEC MPOSIBIEHUS TPEILIMH, BBISIBICHO TPU KJacTepa UMITYJIbCOB
TAD. [lonpoOHBI aHATU3 PE3YABTATOB MO3BOJSET MPEANOIOKUTE, YTO UMITYJIbCHI U3
TPETHEro KJlacTepa ¢ HaumOOJNbLIEH BEPOSITHOCTHIO CBSI3aHbI C TPEIIMHOW, KOTOpas
akTUBUpyeTCsa mnOpu Temneparype oxoiao 600°C w mnpu [JanpHEWIIEM Harpese
HAUMHAET aKTHUBHO PACTU C YBEIMYEHUEM DHEPIrUM MMITYJIbCOB Oojiee 4eM B 2 pasa
(MakcuMasbHasi aMILTUTyAa OoJibie mepBoHadanbHOM Ha 9 nbMKkB) [A.3]. Ummynbcbl
U3 TPEThEro KjacTepa HE HaONIONAIOTCs Ha JdTane OXJaXACHHUS, YTO TOBOPUT 00
OTCYTCTBUM YCJIOBUM pocTa sl TpemHHbl. OTCYyTCTBHUE KIIACTEPOB HUMIIYJIbCOB
JUTsl HEHArpyKaBIIUXCsl 00pa3loB MECYaHWKAa W JPYTUX TOPHBIX MOPOJ C OOJbIIOH
BEPOSITHOCTHIO TOBOPUT O PA3NMUYUM MEXAHU3MOB TEPMHUUYECKOTO paspylieHus 0e3
IPENBAPUTEIILHOIO MEXaHUYECKOTO HATPYKEHHUSI U TTOCIIE HETO.

PazBepHyTas nHTEpIpeTanysg BCEX NOJYYEHHBIX PE3YJIBTATOB IUCCEPTALMOHHOIO
UCCIIEJOBaHMS IPUBE/ICHA B pasene 5.4.
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SAK/IIOYEHUE

[TonBomst MTOTM, OTMETUM KIIFOUEBBIE PE3yJIbTaThl M BBIBOILI TPOACIAHHON
paboTHL.

CpaBHeHHE BpEMEHHOM U TeMIepaTypHOM JWHAMUKH HakjIOHa rpaduka
noBTopsieMoctu (b-value) m akTUBHOCTH TepmoakycTuueckor smuccuu (TAD) He
BBISIBUJI 3HAUUMBIX pa3luyuil Mexay nopogamMu W oOpasuamu. [lns rpaHUTOB
u 0a3a’nbTOB YCTAHOBJICHO YBEPEHHOE CHIDKEHHE b-value ¢ pocToM akTHBHOCTH
TAD, 4TO COOTBETCTBYET MOJENH JIABUHHO-HEYCTOMYMBOTO TPEIIMHOOOpa30BaHUs,
OPUMEHUMOW MPU TEPMUYECKOM pa3pylICeHWHM Ha MacuTabax 3epeH U KIACTepOB
3epeH. MeranecyaHUKA M HCKYCCTBEHHBIE 0O0pasibl HE TMOKa3ald TOA00HOM
3aBUCUMOCTH. JIJI1 HEKOTOPhIX TpPyNI METAleCYaHUKOB, OTOOPAaHHBIX BHYTpPH
OJTHUX U TE€X ke 30H 0TOOpa M XapaKTEePHU3YIOIIMXCS CXOKUMHU MHUKPOCTPYKTYPHBIMH
0COOEHHOCTSIMH, HabtonaeTcs poct b-value ¢ yBenuyeHreM akTUBHOCTH, YTO MOXKET
OOBSICHATHCS HAKOIJICHHMEM H30JIMPOBAHHOW MHUKPOTPEIIMHOBATOCTH 0O€3 mepexona K
JTaBUHOOOPA3HOMY pa3pylICHHUIO.

[TomoOHBII XapakTep B3aWMHBIX 3aBUCMMOCTEW mapameTpoB TAD, OTIMYHBIX
Il PAa3HBIX THUIIOB IOPOJA, IPEACTABISAECT HMHTEPEC B CEUCMOJIOTHUYECKOM IUIAHE.
CratucTuyeckue mapaMeTpbl CEHCMHUYECKOIO IMPOIecca HE MOKA3bIBAIOT 3HAYMMOMU
pasHHIBI Uil oOJacTeid ¢ mpeoOiialaHueM pPa3IUYHBIX THIIOB TOPHBIX TMOPO/I.
B omimmume OT celcMONOrMYecKuX JIaHHBIX, B JaHHOW paboTe, IOCBSIICHHON
AHAIN3Y SKCIIEPUMEHTAIIBHOTO MaTepualia B YCJIOBHUSX TEPMHYECKOTO BO3IECHCTBUS,
HaOMIOMAIOTCS pa3Inyus MEXKIy B3aUMHBIM TOBEJACHUEM akTUBHOCTH TAD m b-value
B 3aBUCMMOCTH OT THUIIa MOPOJ, YTO OOYCJAaBJIMBAECT HAyYHOE 3HAUYCHHUE INEPBOI0
3aUIIAEMOT0 MOJIOKEHHUSI.

Cpennuii pa3Mep 3epeH METaleCYaHWKOB CUIIBHO KOppETupyeT ¢ 30HOKW 0TOOpa
(ko3 durment xoppensanuu 0.87). C yBenudyeHUEeM TeMmIepaTypbl M JIaBJICHUS
MeTamopdu3mMa yBEIUYUBACTCS CPEAHUN pa3sMep 3€peH MOPOAbI, YTO MOXET OBITh
00yCIJIOBJICHO yBeIMYECHHUEM OOJacTH, 3aTPOHYTOM WX YAaCTHYHBIM IUIABJICHHEM H
nepeKpucTaIin3anmuei B xone Meramopdusma. [Ipu 3ToM Koppemnsius mapaMeTpoB
TAD (b-value, axktmBHOCTB, MapameTp [), CBS3aHHBIM CO CpPEAHEH YACTOTOH M
CKOPOCTBIO HapacTaHUsl CHUTHaja) C pPa3MEPOM 3€pHa OKas3bIBae€TCs Ciaboil wWiH
OTCYTCTBYIOILICH, YTO MOXET OOBACHIETCS (PpaKkTaIbHBIM XapaKTEpPOM pa3pyIICHHUS.
JI71s1 MICKYCCTBEHHBIX THUIICOBO-TIECUaHBIX 00pa3lioB OOHAPYKEHO YMEHbIIeHne b-value
C POCTOM pa3Mepa YacTHIl MECKa, YTO MOXKET OBbITh CBA3aHO C OCOOBIM MEXaHU3MOM
pa3pylIeHUs] BOKPYT H30JMPOBAHHBIX BKPAIUICHUH-TICCYMHOK B THIICOBOM MaTpHIIC,
KOTJIa pa3Mep YacTHUIIbI 00yCIaBIMBAET MACIITA0 pa3BaIOLIEHCS TPEIIUHBI.

[Tomydyennble pe3yapTaThl O pa3iMuuM 3aBUCHUMOCTEW b-value ot cpeanero
pa3mepa 3epHa JUIsl METalleCYaHUKOB W MOJICIBHOW TIOPOJIBI TIO3BOJISIOT 3aKITFOYUTH,
YTO B3aWMHOE PACIOJIOKECHUE YaCTHUI] B CTPYKType MaTepuania MOXKET OKa3bIBaTh
CYIIECTBEHHOE BIIMSHUE HA Pa3BUTHE Pa3pyIICHUS MPH TEPMUYECKOM BO3ICHCTBHH.
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TexTOoHO-TEpMaNibHBIE MpPeoOpa3oBaHus B Xoae MeTaMopduisma o0O0yCIaBIMBAIOT
CIIO)KHOCTh KOH(pUTypauuu U (QopM OTIAEIbHBIX 3€peH (MUKPOKPUCTAIOB) U B
1[E€JIOM MUKPOCTPYKTYpPbl METaleCYaHUKOB, KOTOPYIO HEOOXOMMO YUUTHIBATH HAPSTY
CO CpEAHMM pa3MEpPOM 3€pHAa — XaAPaKTEPUCTHKOW pa3Mepa OTAENIbHBIX YaCTHIL
MHUKPOCTPYKTYpPbL. DTOT pE3y/bTaT MOJTBEPKIAECT BTOPOE 3alllMIIaeMoe MOJI0KEeHHe.

AHann3 TpyNInupyeMOCTH HUMIyJbCOB TAD IOKa3bIBaeT, YTO TEPMUYECKOE
pa3pyllieHUe Pa3BUBAETCSA MPEUMYILIECTBEHHO 3a CUET PACHpEICSICHHbIX UCTOYHUKOB.
MeTtoasl MamMHHOTO OOy4eHMsI MOATBEPKIAIOT HaJIWuhe HEOONBIIMX KIIACTEPOB
COOBITUI B MIPEABAPUTEIILHO HArPYy>KEHHOM 00pa3le ¢ BUAMMBIMU MaKpOTPEIIUHAMH.
B oOpasuax, He moaBepraBiiemMcs MpeaBapUTEILHOMY MEXaHHUECKOMY BO3ACHCTBHIO,
IpyHnbl HUMITYJbCOB OTCYTCTBYIOT. OJTO TOATBEPKIACT MPEACTABICHHE O TOM,
YTO B CIIy4ya€ TEPMOCTUMYJIUPOBAHHOIO pPA3PYLICHUS MPU OTCYTCTBUU KPYIHBIX
TPEIUH UCTOYHUKU UMITyJIbcOB TAD pacrpeneneHbl BO BCeM 00beMe pa3pyluaeMoit
001acTu ropHOM MOpOobI 0€3 BRIPAKEHHOM JIOKAM3al[iH, YTO MOATBEPKIAET TPEThe
3alUIIaeMoe MOJIOKEHHE.

OcHoBHas mpoOsieMa MpY aHAIM3€ JAHHBIX IKCIIEPUMEHTOB IO TEPMHUYECCKOMY
pa3pyIICHUIO TOPHBIX MOPOJ 3aKJII0YaeTCsS B TOM, YTO COOBITHHA Majio M OJHH U Te
e TOpOABl MOTYT JaBaTh Pa3IHYHYIO CTAaTUCTHKY. [lepCrieKTuBBI MICCIICIOBAaHUN B
JAHHOU 00J1aCTH CBS3aHBI C: 1) HAKOIIJIEHHEM OOIIMPHOM 0a3bl aKy CTHKO-DMUCCHOHHBIX
JTAHHBIX JJIS Pa3JIMYHBIX TUIIOB MOPOJ; 2) Pa3BUTHEM METOAMK MHUKPOCTPYKTYPHOTO
aHaJIM3a U OLIEHKHU CTaTUCTUUYECKUX MapaMeTpoB TAD; 3) mpumMeHeHreM COBPEMEHHBIX
METOJIOB aHaJIn3a, BKJIt0Yass MallTMHHOE 00y4YeHUE U HEHPOHHBIC CETH, IS BBISBICHUS
CIIOHBIX B3aMOCBSI3€M MEXKTy Pa3HOPOAHBIMH MapaMeTPaMHu.
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