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CONOTqt4HEHHbIX CTPYKTYP TETEPOI-EHHOI-O MATEPl/AflA

B.H BurpoeorZ, A H. l-epera, O.A. Kopo6xo
OgeccKafi rocyAapcrBeHHar aKaAe MrAn crpomTenbcrBa v apxwreKrypbl

llpe4roxeHa croxacrr4qecKas MoAenb ocrl[nnupyrcqefo e:auuo4eficrBnq
KoMnoHeHToB crpyKTypbr KoM[o3nra. flo:ryveHbr aHzurzrrTrrecKr4e BbrpaxeHu.s

An.lt oueHKrj-nepuoila [poqecca. Arrpamopbl MoAenupyrourefi crrcreMbr ypaB-
nesufi r4HTeplperr.rpyrorcr xarc $arypr,r JluccaNy n $a^:oeoM rrpocrpaHcrBe
eneprufi.

Bee4exue

CroNnas opraHr{3auu.{ KoMno3r{rIlroHHbIX Marepl{anoB - pe3ynbrar SopunpoBaHas rrx crpyKTypbr
n nruoro$aKTopHbrx cl4Heprerr{qecKrrx npoueccax. CogAaHue KoMrro3r4Ta flpoucxoAr{T B HecKoJrbKo

3TafroB, r4MeeT cnox{Hyro 3Bonroq?roHHyro (TpaeKToprrrc), BKn}oqaeT rrpoueccbl, flpoTeKarouve Ha

Bcex Macurra6nrrx yponHxx l1].
Eclu nouraMarb crpyKTypy KaK MoAenb, n xoropofi yc'rale'aBnvBaercr 3aKoH 3Bonroqrrl4 I,Iccne.qye-

uofi cprcreMbr r4 nopsloK B pacrpeAeJreHr.rr4 xapaKTepHbrx BeJII{rIt4u 12,31, To BHyrpeHHr4e fpaHI4IIbI

pa3Aena Mareprrana (Bf) - Sparranrubre rroBepxHocrrr, pa3renflrouae pa3HopoAHbre .+acr:zr reJla -
Mo)nHo paccMarpl4Barb KaK ee arpu6yruBnyK) cocraBrqrctuvrc f4l.

Brlroqeuue Bf n cocraB crpyKTypHbrx riapal{ulj}on \{i}rci,ruaila HMeer HecKoJIbKo acneKroe. Bo-
rrepBbrx, Marepr4aJr npeAcraBn.ser co6oil o:lolr(Hylo cucreMy, I4, cJreAoBareJrbHo. do.rytreu HMerb RHyr-

peHnrre rpaHr4ubr, cyqecrBoBaHr4e Koropbrx sBJrserc"s o6urecncrerraHofi 3aKoHoMepnocrblo, 14 Bo3HaK-

HoBeHr4e Koropbrx cneAyer paccMarpr{Barb KaK MexaHIr3M peanu3allun oAHofi us e€ ueneBblx Qyux-
\uir- coxpaHeHrre uenocrHocrn [5,6]. Kpoue roro, Bf -aBrtlorcs ne[s6extHrlM cneAcrBl4eM rlpouec-
coB opfaur43ar\vv crpyKTypbr re.lra, o6ycnoBJreHbl npol,I3BonbHocrblo $opuu 14 Hecopa3MepHocrbro

KnacrepoB 14 MaKpocKorn4qecKr4x crpyKTypHHx 6,roxoe, Bo3HI{Karor B xoAe craHotsJleHlrr Marepvana pI

pa3BrrBarorcq rtoA 4eff crnneu BHeITIHI4x erusnufi. I4 BHyrpeHHnx Qaxropoe.

Oparranuxuri xapaKTep crpyKTypbt KoMno3rra

Ycrosug HapylreHr4fl oAHopoAHocrrl crroHTaHHo Bo3HI{Karor B pa3nI4qHLIX yqacrKax rela. KorAa
crerreHb HeorHopoAHocrr4 Marepr4ana AocraroLrHo Bo3pacraer. H noqBtlsrorcq KorreKTnnuue :Q-

$exu, : Bo3Hr{Kaer KaqecrBeHHo Hoesri STan ero 3Bonlouuu. I{orepeHruoe B3aaMoAeficrel4e Me}Kry

copa3MepHbrMr.r 3rreMeHTaMr4 crpyKTypbr '' HeoAHopoAHocrflMH oAHofo naacura6Horo ypoBHt - npu-
BoAr4T K Bo3Hr4KHoBeHr4ro r<ou$vrypaqufi, nrparouux ponb HcxoAHbIX 3JIeMeHToB Anff crpyKTyprr 6o-
rree BbrcoKoro ypoBHr [7,8]. 3ro npoeoqr4pyror uuSruqnrc crpyKTypbl, a 3HartLlT, cuoco6creylor poc-

Ty HeoAHopoAHocrr4 TeKcrypbr Marepr.raJla, [plrBoA]rr K BO3HI4KHoBeHuro I4epapxur{ecxofi cono.4-
qrzndnnOCrr4, rI KaK CJIeAcTBI4e, reHepaUIII4 IIpI4HIIIInI4aJIIHo IIHbIX CTpyKTyp.

Marepua-il r,r BHyrpeHHrae rpaHr4rlbr * B3ar{Moo6yc:ron,rel{Hble v coBMecrHo pa3BuBaloruuecs Kna-

crepHbre cr.rcreMbr. llepepacnpe1ens.s,4e$opnraqral4 B Marepl4ale, Bf 3BoJIIoIIHoHIrpyIor, I,I3MeHs.fl xa-

paKTepHbre pa3Mepbr vr oeBauBas HoBbre uacurra6u, TeM caMblu, uo4n$ul{I4pys Marep[IaJI.

flonr 4eQopnlaqufi, KaK r43BecrHo, cyqecrBeuHo saBLrcAT or xou$urypa\r{v HeoAHopolHocrefi. B

cnyqae KBa3r4Jrr.rHefinrrx Bf, (roropbre r4HTepecyror Hac B nepByro ouepe4l), 3HaqeHI4t KoMrIoHeHToB

TeH3opoB 4e$opnraqufi nponopur4oHaJrbHbr r-' [9], r2, cJIeAoBareJIr,Ho, Ha cpaBHIlTeJIbHo 6o:ruuux pac-

croqHI{.rIX, MHofoKparHo rrpeBbllnarcqflx MeiKaroMHbIe, ux Aeficreue Moxer 6rnr, cyruecrBeHHblM.

Opuenrarlura :ruHefiutrx HeoAHopoAsocrefi (JlH), Bo3Hl{Karorukrx Ha paHHefi aral:aul o6pa-:oeanrzx

MaTepgana, KoHerIHo, uec:ryuaftubr, Ho Iz He cKoppenupoBaHbr. lio nrepe pocTa I'IX [tIoTHocrI,I, B opl4-

eHraurl4 BHoBb $opuupyrouuxcq JIH eosHuxaer npelrMyulecrBeHHoe HarIpaBneHI4e: rtorq 4erpopua-

UHfi arruen3rlpyror reHepaUurc napannenbHllx, 14 B Hal4MeHbrueil creneHu flpenqrcrB]Tor HX pocry B

neprreHAr{KynqpHoM HarrpaBneHvra. Taxnu o6pasou, pocr IIH rpol4cxoAuT ilper'IMyLIIecrBeHHo B AByx

B3arrMHO rrepneHAr.rKynqpHbrx HalpaBneHLlflx, kr Bo3HIiKaer xapaKTepHa.s 3aKoHoMepHocTb B pacIIoJIo-

x(eHur4 oKBl4MacruTa6srx rpelqn H.

3ro ycyry6Jrrer aHfi3olpoluro, npr.rBoAur K Bo3HHKHoBeHI4ro carraoa$SnHHoro naynrrraSpaKranb-



HOfO y3opa TperIII4H LI BHyTpeHHI,IX rpaHI,IU, npocmeitruuMu aF,a]il}faMv KOTopOfO, COOTBeTCTBeHHO, Ha

Puc. 1. fy6xa Meurepa r.r e€ Aonoluenne [10].

nJlocKocrl4 E e o6re\ae, Mofyr 6um nro4IaSuqrapoeaHHbre c rroMorrlbro a$Sznuoro oro6paxenur
@paxra-ru rLIrIa KoBpa Cepnuncxoro, ry6ru Meurepa r4 r,rx Aonorueuufi, a raKxe Apyrlae [o.4xoA.f,-
rurIe ilo Sopnae (ppaxralu (puc. 1 u 2). BaNuo, qro oHr4 c oqeBr.rAHocrbro rro3BoJrrror f{ecrb u rarofi
eaxHltft acIIeKT rlpoqecca Ka]K M.Ho)tcecmqeHHocmb oqaroB 3apolbrrxeo6pasonanur HoBbrx crpyKTyp-
HbIX 3JIEMEHTOB.

Puc.2. Hecxom,xo Qpar<ra:ron: (Bapr{arlr4u>> Ha reMy KoBpa Cepuuucroro.

Ecru cucreua Bf HaxoAurc.f, s6rwrzu ror{Kr4 crpyKTypHoro Saaoeoro [epexoAa, To rr3-3a 6o:munx
pa3MepoB KnacrepoB e€ reorrerpr4qecKr4e xapaKTepr4crr4Kr4 He 3aBucqr or npr4polbr BeruecrBa, o6ta-
Aaror yHr.{BepcanbHbrMr,r csoficreal.r'n, a pe3ynbrarbl rrepexoAa o'rJTl{qalorcfl B 3aBr4ctrMocrr.r or crpyK-
rypbr r{ ceoficrs 6ecxoue.rHoro KJracrepa, tro cyrlr, onpeAenqrcuero HoBoe cocmonHue eeu4ecmea fI2-
1sl.

3ru rlacrepbr orrpeAeJrtror uruporufi cneKTp Qnsurro-xnMllqecKl4M Lr MexaHuqecKrrx xapaKTepl{-

crrlK TeJra: npor{Hocrb, npoueccbr nepeHoca, xoppo:nfinyto ycrofiquBocrb, AonroBer{Hocrb 14 Apyrl{e.
B panrnax [epKon{rlrroHuofo noAXoAa non}n{aror o6:sscHeHue aHoManI4Ir [poqeccoB nepeHoca, ilpv-
qyrnvBocm @opnlrr u Spaxra.lrbHocrb rpaHlrrl nx (fponra. Bce sro rIo3BoJI{er paccMarpl4earr 6ecro-
uequufi Knacrep Bf rax rrcrorrHr4K u:rraeuenrafi ceoficre Marepl4iula, BbIAeJI{er ero B caMocrotreJrb-
nr,Ift o6rerr I4ccJIe,rIoB anvrfl .

Ocqrannnpytoqee B3ataMo4eicrehe pa3HoMacura6Hbtx crpyKTyp

Curosoe rrone paciloJro)KeHHbrx c.nyuafiurna o6pasona KBa3uI]apanJlenbHblx JIH npeacraBJlter co-

6ofi cloNnyro raHrep$epeHuaoHHyro Kaprr{Hy. Oguu I43 Bo3Mo)KHbIX MexaHIi3MoB esalalaoAeficrBus.

crpyKTypHbrx Heo.4Hopo4nocrefi, ocBoeHr4t.qpyrnx raacrura6os raKlKe cB.s3aH c IanrepQepeuqnefi.

KorAa B HeKoropoft o6lacru Marepr{ana rroJr.rr oKBrrMacnrra6nrrx rpeul4H cKnaAblBascs, o6pasyror

JroKaJrbHbre o6lacrur c Berr4trrlHofi 4e$opuatJtrkr, npeBblllrarorqefi cpe4uee 3HarIeHI'Ie, 3To cosAaer



oHepferurrecKr{e ilpeArrocbrJrKr{.4n.r{ o6pa3oBaH:afl,6olee KpyrIHbIX JIH. Crarucrlrr{ecKoe calronoAo6Iae
B pacnonoxeHr.rrr rppHrzrl [pr.rBoAr{r r nexofi (KparHocrr.r> e xonQuryparyuu norefi, npoequpyrcT gror
MexaHr,r3M Ha ece 6o:mruue uacrura6rr, oxBarbrBzur 3HatII4TeJIbHoe rlpocrpaHcrBo, co:Aaer sce 6oree
KpyrrHr,re rperrrnHbr r4 rpaHr{rlbr pa3Aena. B ceorc oqepeAb, 6olee MorIIHbIe uonx ge$opnlaqufi Kpy[-
nux JIH, no:4eficrnys Ha HeoAHopolHocrr.r MeHbrrrux rraacuna6oB, npoBorlr4pyror r{x AaJlbHeitumi,t
pocr. 3ro lpoucxoAr{T cr,rHxpoHHo Bo Bcex Macrlra5ax, o6Hapyxnnaer B3ar.rMoo6ycloueHHocrb I4

B3arrMoBJrr4flHr4e pa3nrrqHbrx ypoenefi crpyKTypHr,rx Heo4Hopo4Hocreft, cyulecrBoBaHue IIoJIoiKIrreJrb-

nofi o6paruoir csszu r4 ocur4JrJrrrpyrcruee ssauxaoAeficrB!{e Me}riAy JIH pa:uux crpyKTypHrrx yponuefi.
PaccuorpuM 3Tr4 npoueccbr xax 6ucrpo 3aryxarcuylo rBepAorenbHyro rore6are:mHylo peaKul,Irc.

flycrs Suarzuecroe reJro npeAcraBnser co6ofi xore6are:rsHyro clrcreMy B yKa3aHHoM cMbIcJIe.

3ro asroHoMHa{ pacnpe4ereunax HeKoucepBarlrBnas. cucreMa c 3aryxarcilIl4M[I aHrapMoHI,IqecKI{MI4

Kore6anuqun. Eclu irpeAnonoxr{Tb, rrro B cr4creMe 4eficreyer o6o6rqenuafl. cvra corrporl4BneHrrfi.,

lpo[opquoHaJrbHa.rr cKopocr6 pacnpocrpanetufl 3HeprI{LI B cllcreMe Me)KAy IIH pa:nux vracurra6nrrx
yponuefi, To c [oilpaBxofi na ypoBeHb npaBoMepHocrr,r cAenaHHbIX AorlyueHl{fi ypannenue ABuxeHI4s
6yger LrMerb craHAaprHbtit r.ur

x"+2yx'-lo2x:0.

rre T - o6o6ueHsrrfi rcooS$uql{eHT 3ar}xantrs., rrl - quKnvqecKat r{acrora.

Oueur.ru yclonHuft rreprloA T rarcux xore6asufi 116l tls, clrcreMbl IIH npxrvloyfonbHoro rapanne-

neilurreAa. BeeAe\d Berr4rrr4Hy, o6paruyro noe$$uuHeHry xtecrxocra rerla - rloAarnuBocrb C: l/k,
Koropar o[peAenqer cKoJrb AaneKo rro Macllrra6au voNer pac[pocrpaturbcfl npouecc rpeqrzuoo6pa-

3oBaHI4q, Lr Anfl roropofi cyqecrByer pacvdrnax @opuyla

c:8ar/(Eh3b),

rAe a - Anr4Ha rpeu{r4Hbr, h * paccro.flHr4e oHgee Ap Kpa.f, rera, b - ro.nrquHa IIJIacrI4Hu, E - MoAynb

IOura [17]. llperuoJrafat y Ma.IIIIM, HMeeM o)" = 0)0': 1/(m'C), rofAa

T - 1n (2a'- lE h3 b)t't ,

t.IIem-MaccaTeJIa.
npyryro orIeHKy ycnoBHoro [epr4oAa Mo)(Ho [oryrrl4Tb, orlpeAenl4B norapu$nlaqecnnfi IeKpeMeHr

3aryxa14fl qepe3 nocneAoBareJrbHbre (c nnrepnaroM B rlepuoA) :uaueHnfl 3Hepn4u cLIcreMbI Wn [16,
181,

T: (l/y)'(W"- Wn*r) /(W"+ Wn*r) .

OopuanuHan croxacrhqecxat MoAenb B3anMoAehctaun
crpyKrypHutx ypoenei
flycrr crpyKTypa Marepr4ana flpeAcraBnser co6ofi orKpblryro Alzll.aMLrqecKyro cucreMy c rpeMt

BauxaoAeficrByroulr4Mu nracuna6HbrMr4 ypoBHqMu HeoAHopoAnocrefi u e€ seorrouu-fl orucblBaercs

cucrenrofi 6uruueft sr,tx vrepaIIuoHHbIX ypaeneunfi
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(1)

r;:ex, !, z - IuHaMr.rtrecKrre [epeMeHHr,re, onpelen{rcuue IIOT€HUI4aJIT,HyIO 3HepfpIIO ypoBHs, &xin -
oHeprr4ro BHerrrHero nosAeficreur. Ko:S$uIII4eHTbI k4 3a[aror Aonro [epexoA{Irleft lteNay HeoAHo-

poAgocrsMrr pa3Hbrx n4acurra6os 3Hepfr4r.r, a xoe${ruueHTbt p, q, r * Aon}o yrkrnv3vpyeuofi A.ns ne-

pecrpofixra 3HeprLII,I, npnueu, {kr} ^ {p, q, ,} e (0,1), {*, y, ,} e R. OrnaeuzM, rlro orlpeAeneHl4e 3Haqe-



Hr4ft 3Tr4x KOsoouUueHToB An{ KOHKpeTHOTO MaTepuuru flBIIfl.eTCs. [peAMeTOM OT.4eJIbHO|O uccneAo-

BaHlIfl. 
1

Paccuorpulr xapaxrep sBonroqlara raxofi c?IcreMr,r B 3aBI{cHMocrI'I or I,IHTeHcI{BHocrH rIoABoAa

oHepruu r.r oco 6 euuo creii crpo e lr.lr,fr Mar epuara.

[lx yuera oco6eunocreft npoqecca B3ar{Mo 1eitcrenfl. pa3HoMacllra6strx JIH pea:ru:oBaH aJlro-

pr{TM pemeHr{r cprcreMbr, B KoropoM y)Ke e reryrUefi urepa\w yql,ITblBarorcq I43MeHeHLrfl. paccrrvraH-

Hbrx [epeMeHHbrx. Wzyueuue c[creMbr, B rlacrHocrl/t, rIoKa3aJIo [19-21], rrro npl4 MaJIrIXX;7B cl4creMe

CyrUecTByeT cTaIIpIOHapHOe cOcTOtHLIe, w C pocTOM X;a BO3MoxHbI ABa BapI4aHTa 3BOnIoUuu cucTeMbr.
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Puc. 3. BraSypxaUuoHHat .qnarpaMMa cUeHapl4t yABoeHufi nepuoAa. flpeAcran,reHsl

[epBbre rpu 6usyprcaqnh Ant cHcreMbl c napaMerpaMu k,r:0 5, k.r^:0 4, kt,- 0.3,

k,r: 0.3, k,,,,,: 0.4, p : 0.08, q : 0.02, r : 0.01 5.

B nepnou - Bo3Hr4Kaer KacKaA 6r,rQyprcaunfi yAnoenufi nepIao4a, Lr peaJrkr3yerct cueHapl{fi (Defr-

reH6ayMa L22,231nepexoAa K xaocy (puc. 3). flpu srov e Sa.:onorr,r ilpocrpaucrBe IIoTeHIII4aJIrHbIX

sHeprr4fi ypoBHefi Ha6nrcIarorcq arrpaKTopbl, cocro.flulne rag 2n roqeK. Bo BTopoM cJlyqae, rrocJle IIe-

pr,roAr4qecKoro pe)Kr4Ma Bo3Hr4Kaer cr4Tyaurrfl, aHaJrorhruuat, 6u$ypKaIII4I4 Xon$a 123,24), npI4BoAq-

IIIefi K BO3H]rKHOBeHr4rO KBa3r'Inepr4oAr'rqecKofo pe]KI{Ma 14 IIO'BJTeHI4IO aTTpaKTopa B BI'IAe IByX 3aMK-

Hyrbrx nvHLrfi.. fla,unefiuree yBenutrenkre xin rIpI{BoALIT x 6u$ypxar\v2r, B pe3ynbrare Koropoft Hacry-

rraer xaorrrrrecKr4fi pexr,rM, npa groM B $a3oBoM rlpocrpaHcrBe IIoflBJI{ercs crpaHHblfi ar"rpaKTop.

flouurr,ro paccMorpeHHbrx crleHapr4eB pa3Bprrufl xaoca B cl4creMe Moryr Ha6nloAarbcfl, r4x KoM6u-

HaUI{H. KofAa xaoT}IrIeCKOe noBeAeHI4e CI4CTeMII Ha KaKofi-ro npolrex(yToK BpeMeHI4 cMeHteTct IIe-

pr.roAr,rqecKuM.

Ecrl ocuoeaHufl.paccMarpr{Barb arrpaKTopbr, orrr4cbrBaroilIl4e 3BOIIOUI'Irc CI4CTeMbl IrrepaIIIroHHbIX

ypaBHeHrrfr (1) e Sa:onoM rrpocrpaHcrBe oHepfl4fi, KaK o6o6ueHl{e $I4ryp JluccaNy B cnyqae KBa3I4-

KO Jre6aTenbHbrx IIpOUeCcO B, rrpoTeKaroilIr4x B TpeX HalpaBneH uqx.

KlaccuqecKr4e Or4rypbr JIr4ccDKy - TpaeKTopI4I4 ToqKL{, oAHoBpeMeHHo coBeplflarcrllefi rapMoHI'I-

rrecKlre Kone6aHr4s B AByx B3ar4MHo rleprleHrl4Kyn.f,pHblx HarlpaBneHuflx 125). E€ eua orrpeAenserct

coorHorrreHr4eM napaMerpoB Kone6aHnfi, LI B rlpocrefirueM cnyqae paBeHcrBa [eplroAoB flpeAcraBnter

co6ofi 3Jrnu[c. Eclu pa:nocrb (ba3 c rerreHr4eM BpeMeHr4 LI3MeHterCt, To rpaeKTopuq I4Meer BI{A

cnox(Hofi He3aMKHyrofi, Ho perynflpHoit ttuttuu.

Ars cucreNatr (1) rpaexroprrtr rpeAcraBn-sror co6ofi arrpaKropbl (puc. 4). f"rranuoe, qro poAHI{r rx
c $nrypavv Ilucca>Ky - Bo3MolKHocrb Brr3yanbHo olipeAersrr, xapaKTep I{ oco6eHHocrl{ npoqecca'

Bureogut

flpe4:ioNeilurrfi no4xoA no3Bonrer c eAr4Hbrx rlo3r{Ul4fi ollzcarb xapaKTep pacnpeAeneHl4{ TexHo-

rofr4r{ecKl4x rperrl4H u Bf e pa3nr4qHlrx acilMlrorl4Kax fereporeHHofo Marepl4aJla'

IrlccreAoeaHue oco6eHHocrefi Kone6arenbHofi cocraBnsroqefi MHoro0aKTopHbIX IlpoqeccoB rcHe-

suca Bf Aaer HoBbre Bo3Mox{Hocrr.r Ans BrruflHr4s. Ha crpyKTypy KnacrepoB BeulecrBa B OopMllpylo-

rueMcr Marepr,rane. llolo6rae cBoficrB $paxranrHrrx o6:semoB lI KJlacrepoe Bf, B r{acrHocrlr, cxo-



)r{ecTb reoMeTpr4rrecKr,rx xapaKTepucTr4K, paculli{pfleT BO3MOX(HOCTLI peneBaHTHOfO OnUCAHns, CTpyK-

Typbr nocneAHr4x.
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Puc. 4. Her<oropsle I43 arrpaKTopoB, na6rroAaenabtx B cucreMe.

MareN,rarn.recKafl, MoAenb ngauruoreficrBkrfl. pa3HoMacura6usrx crpyKTyp, no3Bonqlouafl.vr3yrrurb,

KaK orKpbrryro Henr{Heftuyro croxacrr.rqecKylo Al4HaMur{ecKyro cl4creMy cSopuy:rupoBaHa KaK yHIa-

BepcaJrbHa5r. 3ro orKpbrBaer erqe o4ny Bo3MoxHocrb 1.nA HccneAoBaHI4t 3BoJIIoguu a6crpaKTHbIX

crrcreM, Koropbre cocroqr u3 rroAcr,rcreM, B3aHMoAeficreyrcuux ro tIpoI{3BonbHbIM 3aKoHaM.
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