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winasityvaoba 

 
winamdebare monografiuli naSromi „kompozituri 

tanis meqanika“ Sedgenilia sainJinro dargis bakalav-

riatis (mcire doziT), magistraturisa da doqtoran-

turis programebis Sesabamisad, is gamoadgebaT aseve 

im mecnier muSakebs, romlebic dainteresebuli arian 

kompozituri tanis meqanikis problemebis SeswavliT. 

aRsaniSnavia, rom aRniSnuli saxelwodebiT saqar-

Tvelos arcerT umaRles saswavlebelSi es sagani ar 

iswavleba. gamonakliss mxolod saqarTvelos 

saaviacio universiteti warmoadgens. kerZod misi 

reqtori batoni sergo tefnaZe aris is xelmZRvaneli, 

romelmac icoda ra am dargis perspeqtiuloba 

dagvTanxmda winadadebaze, raTa sagani „kompozituri 

sxeulebis meqanika“ Setaniliyo universitetis zogad 

sainJinro disciplinaTa nusxaSi, risTvisac baton 

sergos gulwrfel madlobas vuxdiT. 

kompozituri tanis meqanika aRmocenda sabazo 

disciplinaTa (zogadi umaRlesi maTematika, masalaTa 

gamZleoba, drekadobis Teoria, samSeneblo meqanika, 

plastikurobis Teoria) mdidar niadagze. swored 

amitom meti yuradRebaa gamaxvilebuli sabazo discip-

linaTa ZiriTadi sakiTxebis safuZvlian codnaze, 

sxeulis mTlianobis hipoTezis farglebSi moTxov-

nebi proporciulad aris gadanawilebuli bakalav-

riatis, magistraturisa da doqtoranturis progra-

mebis Sesabamisad. xolo rac Seexeba kompozitebis  

meqanikis ZiriTad amosaval „xazs“ _ mimarTulebas, is 

ra Tqma unda emyareba nivTierebis Sedgenilobis 

atomur-molekulur Teorias. naSromSi zogadi formiT 

ganxilulia sakiTxebi polimerebis fizikidan da 

polimerebis qimiidan. modelebis Teoriaze dayrdnobiT 
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miRebulia kompozituri tanis droSi deformirebis 

ZiriTadi reologiuri gantoleba. ganxilulia wrfivi 

da arawrfivi deformirebisas cocvadobis aRmweri 

integraluri gantolebebi. mdidar eqsperimentul mona-

cemebze dayrdnobiT agebulia Teoriuli da eqsperi-

mentuli moqnilobis integraluri mrudebi, uzrun-

velyofilia SeTavsebis principi. temperaturul velSi 

droSi xangrZlivi deformirebis prognozirebisaTvis, 

ganxilulia temperaturisa da drois, Zabvisa da 

drois superpoziciebi (analogiebi). Seswavlilia, 

rogorc Cveulebrivi, aseve maRali temperaturis piro-

bebSi kompozituri tanis simtkicisa da xangrZlivi 

simtkicis sakiTxebi, agebulia gavlenis funqciebi, 

gansazRvrulia misi parametrebi.  

naSromSi Setanilia Teoriuli da eqsperimentuli 

kvlevisas miRebuli originaluri Sedegebi da mona-

cemebi, romelic Sesrulda saqarTvelos mecnierebaTa 

akademiis kiriak zavrievis saxelobis samSeneblo 

meqanikisa da seismomedegobis institutis polimere-

bis meqanikis ganyofilebaSi. saavtoro ufleba 

daculia sxvadasxva akademiur gamocemebSi avtoris 

mier gamoqveynebuli Sromebis safuZvelze. 

ar SegviZlia gverdi auaroT polimerebis meqanikis 

ganyofilebis yofili gamgis profesor givi zodelavas 

im did damsaxurebas, romelic pirvelad saqarTveloSi 

kompoziciuri sxeulebis meqanikis kvlevasTan aris 

dakavSirebuli. batoni givi gamoirCeoda ara marto 

Teoriuli codniT, aramed iyo dajildoebuli 

Seudarebeli eqsperimentuli niWiT. is cnobili rusi 

mecnieris iuri vlasovis mowafe gaxldaT. batoni 

givis xelmZRvanelobiT xdeboda mravalmxrivi Teo-

riuli da eqsperimentuli kvleva kompozituri masa-

lebis, rameTu mis mier daarsebuli kvleviTi 
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laboratoria aRWurvili iyo im droisaTvis uaxlesi 

teqnikiT, sxvadasxva daniSnulebis sazRvargareTuli 

warmoebis sacdeli manqanebiT, maT Soris lazeruli 

danadgarebiT. 

kompozituri tanis meqanikaSi qarTul enaze msgavsi 

saxelmZRvanelos Sedgenis es pirveli cdaa, amitom is 

ver iqneba dazRveuli xarvezebisgan. am mimarTulebiT 

gamoTqmuli nebismieri SeniSvna Tu winadadeba avtoris 

mier gaTvaliswinebuli iqneba Semdgom gamocemaSi. 

dasasruls ramdenime sityviT im TanamSromlobisa 

da TanamSromelTa Sesaxeb, romelTa Sroma xSirad 

CrdilSi eqceva xolme. xelnawerTan dakavSirebuli 

yvela teqnikuri samuSao qalbatonma elene mWedliSvilma 

Seasrula, aseve TanamSromlobdnen CvenTan da gverdSi 

gvedgnen malxaz nikolaZe, sergo bulaSvili da 

Teimuraz puluzaSvili, romlebmac naxazebis srul-

yofisa da skanirebis metad Sromatevadi saqme 

Seasrules. 

gaweuli Sromisa da TanadgomisaTvis yvelas 

uRrmes madlobas movaxsenebT. 

 

 

avtori:  

 

teqnikur mecnierebaTa doqtori 

sruli profesori                       akaki dumbaZe     
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Sesavali 
 

kompozituri (kompoziciuri) sxeuli TavisTavad 

gulisxmobs imas, rom is sxvadasxva Tvisebebis mqone 

sxeulTa naerTs _ kompozicias warmoadgens, romelsac 

mTlianobaSi gaaCnia iseTi axali Tviseba, romelic 

gansxvavdeba kompoziciaSi Semavali cal-calke aRebu-

li sxeulTa Tvisebebisagan. ar aris axali is faqti, 

rom kompozituri sxeulis Seqmnis idea adamians bune-

bisagan aqvs nakarnaxevi, magaliTisaTvis bambuki da 

Zvali kompozitebis tipiuri warmomadgenlebia. bambukis 

struqtura Zalian axlos aris minis boWkosagan 

armirebuli minaplastis struqturasTan. am ori 

sxeulis simtkice ganpirobebulia uwyveti grZeli 

boWkoebis simtkiciT, romlebic moTavsebulni arian 

sakmaod dabali simtkicis matricaSi (Semkvreli). 

praqtikulad ama Tu im Tvisebis mqone kompozituri 

sxeulis Seqmnis problema TiTqmis cxadia. jer erTi, 

SerCeuli unda iyos sistema: boWko _ matrica, matrica 

mtkice unda iyos Sesabamis temperaturaze da boWkos-

Tan maRali SeWidebis unari unda gaaCndes. yovelive 

es uzrunvelyofs kompozitis Tvisebas win aRudges 

plastikuri deformaciebis ganviTarebas da SeinarCu-

nos maRali simtkice boWkoebis xarjze. imisTvis, rom 

Seiqmnas iseTi kompozituri sxeuli, romelsac muSao-

bis pirobebis mixedviT winaswar mocemuli Tvisebebis 

mqone meqanikuri maxasiaTeblebi eqneba, teqnikurad 

rTuli amocanaa da misi gadawyveta mraval faqtor-

Tan aris dakavSirebuli. kerZod naklebadaa Seswav-

lili deformaciuli da simtkicis Tvisebebi, drois 

faqtoris gaTvaliswinebiT proeqtirebisa da gaanga-

riSebis srulyofili meTodebis ar arseboba da sxva 

faqtorebi, romlebic amuxruWeben praqtikaSi kompozi-
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turi sxeulebis farTod danergvas da amis miuxeda-

vad mainc miRweulia uaRresad mniSvnelovani Sede-

gebi, dReis mdgomareobiT. 

SevniSnavT, rom sxeulebi romlebisTvisac Zabvebsa 

da deformaciebs Soris kavSiri Seicavs dros 

ewodeba drekad-blanti an kidev blant-drekadi. am 

terminebSi sityvaTa gadanacvlebas aqvs garkveuli 

Sinaarsobrivi datvirTva, romelTa Sesaxeb (I)-TavSi 

iqneba ganmartebuli. 

mcire Zabvebis SemTxvevaSi blanti drekadobis 

Teoriis principebis gamoyenebiT, damakmayofilebel 

Sedegs iZleva wrfivi miaxloeba, magram zogierTi 

kompozituri sxeulebisaTvis wrfivi deformirebis 

are Zalze viwroa da aseTi sxeulebis gamoyeneba 

konstruqciaSi ara ekonomiuria, rac miuTiTebs imis 

aucileblobaze, rom unda SemuSavdes kompozituri 

masalebisTvis deformirebis arawrfivi Teoria. sityva 

„SemuSavdes“-Tan dakavSirebiT kiTxvebi, rom ar 

gaCndes ganvmartavT, rom polimerul-kompozitur 

masalebs gansxvavebiT tradiciuli masalebisagan ar 

gaaCniaT „masalaTa gamZleoba“. amitom yoveli konkre-

tuli kompozituri masala (sxeuli) individualuri 

midgomiT unda iqnas Seswavlili. es gamowveulia 

swored imiT, rom kompoziti drois mixedviT Tvise-

bebs icvlis, emorCileba Cveulebriv temperaturaze 

cocvadobisa da relaqsaciur movlenebs, rac kompo-

zituri masalebisTvis erT-erTi ZiriTadi mniSvnelo-

vani uaryofiTi Tvisebaa, romlis gauTvaliswineb-

loba aris dauSvebeli, es iqneba katastrofis 

tolfasi. 

winamdebare saxelmZRvanelo „kompozituri tanis 

meqanika“, Seicavs kompozituri sxeulebis wrfivi da 

arawrfivi deformirebis umartivesi kanonebis Sesaxeb, 



 8 

dainteresebul mkvlevarTaTvis sakmaris, rogorc 

Teoriul ise eqsperimentul masalas, romelic gar-

kveuli Rirebulebis mqone saWiro informaciis Semc-

velia, rogorc bakalavriatis, aseve magistraturisa 

da doqtoranturis studentebisaTvis. 

rogorc naTqvami iyo winasityvaobaSi, naSromi age-

bulia atomur molekuluri Teoriis ZiriTad amosaval 

principebze da SenarCunebulia aseTi midgoma bolo-

mde. amitom mizanSewonilad CavTvaleT naSromis pirvel 

TavSi gadmogveca umartivesi sacnobaro masala poli-

merebis meqanikidan, xolo gamomdinare aqedan meore 

Tavi daeTmo modelebis Teorias, romelic safuZvlad 

daedo Zabvasa da deformacias Soris funqcionaluri 

damokidebulebis diferencialur formas reologiuri 

gantolebis saxiT. 

mesame Tavi cocvadobis Teoriul da eqsperimen-

tul nawils moicavs. Teoriuli cocvadobidan moyva-

nilia, mxolod memkvidreobis tipis integralur gan-

tolebasTan dakavSirebuli sakiTxebi (m. koltunovis 

Teoria), romelic kargad aris SeTavsebuli  eqsperi-

mentul cocvadobasTan da bolo meoTxe Tavi 

temperaturul velSi cocvadobisa da prognozirebis 

sakiTxebisadmia miZRvnili.  

unda aRiniSnos, rom cocvadobis Teoriis eqperi-

mentuli nawili gulisxmobs gavlenis funqciebis 

parametrebis gansazRvras konkretuli masalisaTvis 

(es parametrebi fizikuri azris mqonea) da maT agebas 

cocvadobis Teoriuli da eqperimentuli mrudebis 

msgavsebisa da SeTavsebis principze dayrdnobiT. 

gamomdinare aqedan aucilebelia, rom gvqondes 

gavlenis funqciebi cxrilebisa da grafikebis saxiT, 

romelic mocemulia cnobili rusi mecnieris mixeil 

koltunovis monografiaSi „cocvadoba da relaqsa-
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cia“ gamomcemloba „umaRlesi skola“ 1976w. (rusul 

enaze). 

xandazmulobis gamo aRniSnuli wignis moZieba 

vfiqrob Zalian garTuldeba, faqtiurad SeuZlebeli 

iqneba, amitom me rogorc m. koltunovis mowafem 

miveci Tavs ufleba (vTxov mis suls mapatios, 

erTgvarad es misi gaxsenebac aris), rom ameRo 

aRniSnuli wignidan nimuSad ramdenime cxrili da 

grafiki avtoris, m. koltunovi miTiTebiT. msgavs 

cxrilebs bradisis avtorobiT xSirad viyenebdiT 

gamoTvlebSi da mimaCnia, rom ar dagvirRvevia 

avtoris ufleba Cemgan m. koltunovisadmi uaRresad 

didi pativiscemis miuxedavad.  
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Tavi I. polimerebis meqanikis elementebi 
 

§ 1.1. atomistur-molekuluri Teoriis 
mokle mimoxilva 

 

atomi: 

rogorc cnobilia, myari tanis meqanika (dreka-

dobis Teoria, masalaTa gamZleoba, samSeneblo meqa-

nika da a.S) emyareba sxeulis mTlianobis hipoTezas, 

romlis Tanaxmadac myari sxeuli ganixileba, rogorc 

erTi meoresTan mWidrod da uwyvetad SekavSirebuli 

uncires nawilakTa erToblioba. polimerul-kompozi-

ciuri tani ki aRniSnulisagan gansxvavebiT emyareba 

atomistur Teorias e.i. tani ganixileba, rogorc 

sistema Semdgari atomebisa da molekulebisagan. 

atomisturi Teoria pirvelad qimiaSi Caisaxa. 

qimiuri reaqciebis Seswavlis Sedegad naTeli gaxda, 

rom bunebaSi yvela sxeuli atomebisa da moleku-

lebisagan Sedgeba. SemdgomSi es idea fizikaSic 

gavrcelda. mravali nawilakisagan Semdgar sxeuls 

makrosxeuli ewodeba. 

atomebi rTuli agebulebisaa. isini Sedgebian ufro 

martivi nawilakebisagan: uaryofiTad damuxtuli na-

wilakebisagan-eleqtronebisagan, dadebiTad damuxtuli 

nawilakebisagan-protonebisagan da daumuxtavi nawi-

lakebisagan-neitronebisagan (nax. 1.1.1) 

molekula: molekula aris mocemuli nivTierebis 

umciresi forma. minimum ori atomisgan Semdgar jgufs 

(sistemas), romlebic erTmaneTs ukavSirdebian qimiur 

kavSirebiT molekula qvia. bunebaSi gavrcelebulia 

makromolekulebi, romlebic Seicaven aseul aTas da 

ufro mets, TiTqmis milionamde atoms. molekulebi 

arian  neitraluri  muxtis matareblebi. aseT Senaer- 
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nax. 1.1.1. atomis planetaruli modelis sqema 

 

Tebs gaaCniaT didi fardobiTi molekuluri masa, 

amitom maT maRalmolekulurs an rac igivea polime-

rebs uwodeben. e.i. Cveulebriv polimers uwodeben 

did molekulebs, romlebic qimiuri bmebiT erTmaneT-

Tan SeerTebuli ganmeorebadi kvanZebisagan Sedgeba. 

polimerebs Soris gvxvdeba wrfivi makromolekulebi, 

romlebic warmoadgenen atomur jaWvebs ganmeorebadi 
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kvanZebiT da warmoiqmnen polimerizaciis procesSi 

dabalmolekuluri naerTisagan _ monomerisagan. poli-

mers organuli ewodeba Tu is Tavis SemadgenlobaSi 

Seicavs wyalbadsa da naxSirbads (1.1.2 sqema). 

maRalmolekuluri naerTi, romlis molekuluri masa 

(M) aRemateba 5000-s polimeri ewodeba, xolo naerTi 

romlis masa meryeobs (M=5000:500) Soris ewodeba 

oligomerebi. xolo dabalmolekulur naerTs gaaCnia 

masa (M<500)-ze. 

gansxvavebiT polimerisagan myari sxeulebi atome-

bis gacilebiT nakleb raodenobas Seicaven. 

 −−−−−
|

|

|

|

|

|

|

|

H

H

C

H

H

C

H

H

C

H

H

C  

nax. 1.1.2. organuli polimeris sqema 
 

rezerfordis mier SemoTavazebulia 

atomis planeturi modeli 

romlis Tanaxmad:  

1. atomi Sedgeba dadebiTad damuxtuli gulisagan. 

gulSi Tavmoyrilia atomis TiTqmis mTeli masa. 

2. gulis garSemo moZraoben eleqtronebi, romlebic 

qmnian eleqtronul Rrubels. 

 

mTeli atomis zoma (diametri) 10_10 milimetramdea, 

gulis zoma 10_10 mm-is tolia, e.i. zomiT atomguli 

(100000)-jer mcirea atomze. e.i. atomi aris eleqtro-

neitraluri nawilaki, romelic Sedgeba dadebiTad 

damuxtuli birTvisagan, romlis garSemo ganuwyvet-

liv nebismierad moZraoben eleqtronebi. 
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nils boris dazustebuli modelis mixedviT  

saxeze gvaqvs ori postulati: 

1. atombirTvis garSemo eleqtronebi ara nebismier, 

aramed mxolod gansazRvrul orbitebze moZraoben. 

am dros atomi arc STanTqavs da arc gamoasxivebs 

energias. rac ufro axloa eleqtroni birTvTan, 

miT ufro Zlierad izidavs mas protonebi da miT 

ufro mcirea misi energia. birTvidan daSorebul 

orbitebze eleqtronis energia izrdeba. 

2. energiis STanTqma – gamosxiveba, mxolod eleqt-

ronis erTi orbitidan meoreze gadasvlisas gan-

sazRvruli uflebiT – kvantebiT xdeba. 

amrigad eleqtronebi moZraoben birTvis garSemo 

energetikul doneebze, energetikuli done Sedgeba 

qvedoneebisagan, qvedone ki orbitalebisagan. 
 

energetikuli done – qvedone – orbitali. 
 
reologia: polimeruli siTxeebis Tvisebebis Ses-

wavla aris mciredi nawili im mecnierebidan, romelsac 

reologia hqvia. reologia – aris meqanikis nawili, 

romelic denadobas swavlobs, magram reologiis 

cneba dReisaTvis gacilebiT farTo Sinaarsis aris. 

is moicavs TiTqmis yvela aspeqts, romelic  datvir-

Tvis qveS myofi sxeulis deformirebasTan aris 

dakavSirebuli. e.i. reologia _ es aris mecniereba 

sxeulis Siga reaqciis Sesaxeb gare datvirTvis pasuxad. 

sxeulis reologiuri Tvisebebis Seswavla warmo-

adgens udides intersess ori iseTi ukiduresad gans-

xvavebuli Tvisebebis mqone sxeulebisaTvis, rogore-

bicaa: niutonis sxeuli-siTxe (xsnari) da hukis 

sxeuli-myari sxeuli. 

sxeulebis reaqcia datvirTvebisadmi SeiZleba 

daiyos ramdenime kategoriad. Tu mcire datvirTvis 
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SemTxvevaSi iwyeba myari sxeulis deformireba, maSin 

procesi gagrZeldeba manam, sanam Siga molekuluri 

Zabvebi ar gaxdebian mudmivi e.i. sxvagvarad rom 

vTqvaT, sanam ar gawonaswordeba Siga da gare Zalebi 

(Zabvebi). Tavis mxriv sityva „deformaciis“ qveS 

igulisxmeba swored wonasworuli deformacia, 

romelic Seesabameba dabalansirebul mdgomareobas. 

myari sxeulebis umetesobas garkveul zRvramde 

gaaCniaT drekadi Tvisebebi, rac imas niSnavs, rom 

gantvirTvis SemTxvevaSi deformacia mTlianad aRsdgeba. 

martivi saxe aseTi sxeulebisa aris hukis drekadi 

sxeuli, romelSic Zabva deformaciis pirdapir pro-

porciulia. magram aseTi qceva „wonasworuli defor-

macia“ damaxasiaTebeli araa yvela sxeulisaTvis. 

siTxeebSi, gare datvirTvis moqmedebisas deformacia 

SemousazRvrelad viTardeba; Sinagani xaxunis Zalebi 

zRudaven deformaciis siCqares, amitom wonasworoba 

Siga da gare Zabvebs Soris SeiZleba damyardes ise, 

rom deformaciis siCqare aRmoCndeba mudmivi da 

damokidebuli siTxis Tvisebebze, romelSic deforma-

ciis siCqare pirdapir proporciulia modebuli 

Zabvis. magram umetesoba siTxeebisa, romelTa saerTo 

saxelwodebaa „araniutoniseburi“, amJRavneben arawrfiv 

damokidebulebas deformaciis siCqarisa Zabvisagan. 

magaliTad sinTetikuri polimeris xsnari ise iqceva, 

rogorc araniutoniseburi siTxe. 

ganxiluli myari drekadi da Txevad sxeulebs 

Soris Zevs speqtri am tipis sxeulebis kombinaciisa, 

romelsac plastikuri tani ewodeba. aseTi sxeulebi 

deformirdebian, rogorc drekadi mcire Zabvebisa-

Tvis, romlebic ar aRematebian garkveul zRvars, 

romelsac denadobis zRvari ewodeba. Tu modebuli 

Zabva aRemateba denadobis zRvars, maSin aseTi tani 
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ise iqceva, rogorc siTxe. aseTia magaliTad saRebavi. 

funjis moZraobisas warmoiqmneba sakmarisad didi 

Zabva da saRebavi ise iqceva, rogorc siTxe. Semdeg 

vertikalurad SeRebil zedapirze dadebuli Txeli 

fenis saRebavis simZimis ZaliT gamowveuli Zabva 

aRmoCndeba denadobis zRvars qveviT, Sedegad, saRebavi 

gaSreba da darCeba zedapirze Tanabari fenis saxiT. 

masalebis Sedegi saWiro klasia _ blantdrekadi 

siTxeebi. isini SemosazRvrulad deformirdebian da 

amave dros aRweven maqsimalur deformacias sruli 

siCqariT. e.i. aseTi sxeulebi iqcevian ise, rogorc 

kombinacia myari drekadi sxeulisa da siTxis.  

 

§ 1.2. eleqtronuli speqtri 
 

molekulebis erTi energetikuli donidan meoreze 

gadasvlis dros Cndeba speqtri. molekuluri speqtri 

gacilebiT rTulia, vidre atomuri speqtri. es imiT 

aris gamowveuli, rom molekulaSi moZraobaTa 

saxeebi gacilebiT ufro 

mravalferovania, vidre 

atomSi. 

molekulaSi adgili aqvs 

Semdegi saxis moZraobebs: 

1. eleqtronebis moZraoba 

birTvebis garSemo, 2. bir-

Tvebis rxeva wonasworo-

bis mdgomareobis mimarT, 

da 3. molekulis, rogorc 

erTi mTliani sistemis, 

brunva raime RerZis gar-

Semo nax. 1.2.1.  

 

C 1 

C 4 

C 3 

C 2 

nax. 1.2.1. martivi qimiuri bmis 
     mimarT, molekuluri 
     rgolis brunvis sqema. 
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yvela am moZraobasTan dakavSirebulia energeti-

kuli gadasvlebi erTi donidan meoreze. molekulis 

sruli energia ki sami nawilisagan Sedgeba:           

     ,brrxel UUUU ++=                (1.2.1) 

sadac −elU eleqtronis moZraobis energiaa, −rxU  

aris energia, dakavSirebuli atomebis rxevasTan da 

−brU brunvis energia. 

am ukanasknel xans, kacobriobis mzardi ekono-

mikis momarageba energiiT garkveul winaaRmdegobas 

waawyda. energiis saWiroeba iseTi swrafi tempiT 

izrdeba, rom energiis Zveli wyaroebi (qimiuri, 

siTburi) uaxloes momavalSi udavod arasakmarisi 

iqneba. momaval aTwleulebSi dedamiwaze arsebuli 

qvanaxSirisa da navTobis resursebi energiaze mzard 

moTxovnilebas ver daakmayofilebs, amitom aucile-

belia axali saxis birTvuli saTbobis farTo gamo-

yeneba. 

arsebobs ori, diametrialurad sawinaaRmdego 

birTvuli procesi, romlis drosac xdeba energiis 

gamoyofa, es aris gayofisa da sinTezis reaqciebi. 

pirveli meTodi ukve aTvisebulia energiis misaRebad, 

aq saTbob masalas mZime birTvebi warmoadgenen 

uranisa da Toriumis izotopebi. energiis misaRebad 

ufro perspeqtiuli da mizanSewonilia sinTezis 

gamoyeneba. am SemTxvevaSi saTbob masalas deiteriumi-

wyalbadis mZime izotopi 2D  warmoadgens. miuxedavad 

imisa, rom okeanis wyalSi deiteriumis raodenoba 

mcirea, es sruliad sakmarisia imisaTvis, rom 

kacobrioba (109) wliT dakmayofildes energiiT. TviT 

sinTezis reaqciis ganxorcieleba rTuli problemaa. 

imisaTvis rom ori msubuqi birTvis Serwyma moxdes, 
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isini erTmaneTs Zalian unda dauaxlooT, rasac xels 

uSlis kulonuri jebiri. 

atomebi normalur mdgomareobaSi neitraluri arian. 

atomi Sedgeba dadebiTad damuxtuli birTvisagan da 

mis irgvliv moZravi uaryofiTi niSnis eleqtronuli 

Rrublisagan, romlis saerTo muxti. akompensirebs 

birTvis dadebiT muxts. cxadia, atomebis erTmaneTTan 

miaxloebisas maT Soris eleqtromagnituri Zalebi 

unda moqmedebdnen. sxva saxis Zalebis moqmedeba 

kerZod gravitaciuli Zalebisa gamoricxulia. es 

imitom, rom atomebis masebis simciris gamo maT Soris 

gravitaciuli Zalebis moqmedeba imdenad mcirea, rom 

maTi ugulebelyofa SesaZlebelia. im SemTxvevaSi, 

rodesac atomebs Soris manZili sagrZnoblad aRema-

teba maT diametrs, atomebi erTmaneTTan ar unda 

urTierTmoqmedebdnen. magram siTburi moZraobis gamo 

atomebi SeiZleba dauaxlovdnen erTmaneTs, ise rom 

maT Soris gaCndes urTierTmoqmedeba. urTierTmoqme-

deba gamowveuli unda iyos maTi eleqtronuli 

Rrublebis urTierT gadafarviT. Tu atomebs Soris 

urTierTmoqmedebas mizidvis xasiaTi aqvs. maSin 

atomebi garkveul pirobebSi gadaebmebian erTmaneTs 

da Seqmnian molekulas. molekulis Seqmnas qimiuri 

bma ewodeba, xolo atomebs Soris moqmed Zalebs 

qimiur Zalebs uwodeben. sazogadod dadgenilia, rom 

molekulebSi ori saxis Zala moqmedebs, romlebsac 

eleqtromagnituri xasiaTi aqvT. esenia mizidvisa da 

ganzidvis Zalebi, romelTac mcire qmedebis radiusi 

aqvT da ramdenime angstremis )( 0A manZilze es Zalebi 

unda qrebodnen, magram aRmoCnda, rom am ori saxis 

Zalebs garda atomebs Soris moqmedebs agreTve mesame 

saxis Zalebi, romlebic manZilis gazrdiT gacilebiT 

nela mcirdebian. amitom did manZilze am Zalebis 
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moqmedeba sWarbobs gacvliTi Zalebis moqmedebas. es 

Zalebi Cndebian atomebis polarizaciis Sedegad da 

maT van-der-valsis Zalebs uwodeben da Sedian van-

der-valsis gantolebaSi. am Zalebis kvanturi Teoria 

londonma da sxvebma Seqmnes. 

birTvebi, rom erTmaneTs dauaxlovdnen da Semdeg 

SeerTdnen, maT didi kinetikuri energia unda 

mivaniWoT e.i. nivTierebis temperatura Zalian maRali 

unda iyos. aseTi temperaturis pirobebSi yvela gazi 

SiSveli birTvebisa da eleqtronebis narevs warmo-

adgens, nivTiereba plazmur mdgomareobaSi gadadis. 

amitom birTvebis sinTezs TermobirTvul sinTezs 

uwodeben. 

 

§ 1.3. polimerebi 
 

rogorc ukve iTqva atomebisagan Semdgar jgufs 

molekulebs uwodeben, arsebobs erTatomiani, orato-

miani, samatomiani da mravalatomiani molekulebi. 

garkveuli zomis miRwevis Semdeg molekulebs 

uCndebaT unari Seicvalon forma gare Zalebis 

zemoqmedebis Sedegad. nivTierabas, romelic aseTi 

molekulebisagan Sedgeba gaaCnia unari didi defor-

maciebisadmi, romelsac maRalelastiuri ewodeba. 

maRalmolekulur SenaerTebs Soris yovelTvis arse-

bobs molekulebis didi raodenoba, romlebic Seica-

ven erTnair ubnens dabali molekuluri woniT. aseT 

nivTierebas makromolekuluri ewodebaT. makromole-

kulebi Sedgebian didi raodenoba ganmeorebadi mcire 

struqturuli elementebisagan (monomeruli erTeuli), 

romlebsac polimerebi ewodebaT. 

polimeri berZnuli sityvaa da niSnavs (bevri-na-

wili) mravali nawilisagan Semdgar nivTierebas, ro-
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melTac erTnairi qimiuri Sedgeniloba aqvT, magram 

gansxvavdebian molekulaSi atomebis sxvadasxva rao-

denobiT. polimeri aris maRalmolekuluri naerTi, 

monomeruli rgolebis raodenoba polimerSi unda 

iyos sakmarisad didi, sxva SemTxvevaSi naerTi oli-

gomers warmoadgens. polimerSi rgolebi erTmaneTTan 

dakavSirebuli arian qimiuri an koordinaciuli 

bmebiT da qmnian grZel makromolekulas. arsebobs 

organuli da araorganuli, kristaluri da amorfuli 

polimerebi. arsebobs aseve bunebrivi da xelovnuri 

polimerebi. bunebriviaL kauCuki, saxamebeli da celu-

loza da polipropileni. xelovnuria-polieTileni.  

polimerebi masalebis damoukidebeli klasia, 

romelTa Tavisebureba gamoixateba fizikur-meqanikuri 

Tvisebebis mTeli rigi specifikuri kompleqsebiT: 

iSviaTad mdidari relaqsaciuri procesebis mraval-

gvarobiT, mkveTri temperaturuli damokidebulebiT 

meqanikur Tvisebebze, sami fizikuri mdgomareobis 

arsebobiT (miniseburi, maRalelastiuri da blant-

denadi). polimeruli masalebis yoveli dasaxelebuli  

Tavisebureba warmoadgens damoukidebeli kvlevis 

obieqts. polimeruli masalebis deformaciuli 

Tvisebebis mravalgvaroba gvaiZulebs Seiqmnas 

deformirebis amRweri maTematikuri modeli, romlis 

saSualebiTac SesaZlebeli iqneba gamoiyos calkeuli 

faqtorebis gavlena _ dro, temperatura, tenianoba, 

Zabva, vibracia, hidrostatikuri  wneva da sxva. 

ZiriTadad polimeruli masalebis deformaciuli 

Tvisebebis kvlvevis problema or mimarTulebas 

eyrdnoba: 1. modelebis Teoria, 2. albaTuri statis-

tikis Teoria  (damyarebuli Sejamebis principze). 

kvlevis yvela aRniSnuli modeli (Teoria) aris 

mniSvnelovani polimeruli tanis deformirebis 
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kanonebis dadgenis saqmeSi. dReisaTvis arcerTi 

midgoma moZvelebuli ar aris. 

 

§ 1.4. zogierTi ZiriTadi sakiTxi, polimerebis 
fizikuri qimiis Teoriidan 

 

a) polimerebis maRalelastiuri mdgomareoba. 

 

polimeris maRalelastiuri an rac igivea elas-

tiuri mdgomareoba mTeli rigi niSnebiT mogvagonebs 

Txevad mdgomareobas. elastiuri poli-merebisa da 

siTxeebis kumSvadobis maxasiaTeblebi erTimeoresTan 

axlo arian, xolo moculobiTi gafarToebis koefi-

cientis sididis mixedviT kauCuks uWiravs Sualeduri 

adgili siTxeebsa da myar sxeulebs Soris.               

 cxrili  1.4.1                                                                            

moculobiTi gafarToebisa da kumSvadobis 

koeficientebi 
nivTiereba moculobiTi 

gafarToebis 

koeficienti 

ukumSvadoba 

sm2/dini 

gazi 4 310−⋅  610−  

heqsani 41011 −⋅  111016 −⋅  

kauCuki 4106,6 −⋅  11101,5 −⋅  

myari sxeuli (rkina) 5103 −⋅  13107 −⋅  

 

magram miuxedavad msgavsebisa Txevad mdgomareo-

basTan, maRalelastiur mdgomareobas gaaCnia speci-

fikuri Tavisaburebani. amitom is SeiZleba ganxi-

luli iqnas, rogorc gansakuTrebuli fizikuri mdgo-

mareoba damaxasiaTebeli, mxolod polimeruli Sena-

erTisaTvis da sxeulis unariTYmniSvnelovani cvli-

lebiT formis Seqcevadobisadmi, SedarebiT mcire 
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modebuli Zabvis gavleniT. mag. naturalur kauCuks 

gaaCnia unari 10_15-jer metad Seqcevadad gaiWimos 

pirvandel sigrZesTan SedarebiT. aseTma Seqcevadma 

deformaciebma miiRes saxelwodeba maRalelastiuri 

an ubralod elastiuri deformacia. sxeulebis unars 

didi Seqcevadi deformaciebiosadmi ewodeba maRal-

elastiuroba, elastiuroba, kauCukiseburi, xolo 

TviT sxeulebs ewodeba elastomerebi, elastikebi, 

kauCukiseburi sxeulebi da sxva. 

imisaTvis, rom kargad gavigoT maRalelastiuri 

deformaciebis arsi saWiroa ganvixiloT kargad 

cnobili deformaciebis saxeebi. 

b) drekadi deformacia. 

sxeulis unars Zalis moqmedebis Sewyvetis Semdeg 

aRidginos Tavisi pirvandelo forma ewodeba dreka-

doba, xolo sxeuls drekadi ewodeba. 

deformirebis ZiriTadi kanoni idealurad drekadi 

sxeulisaTvis aris hukis kanoni, romlis Tanaxmad 

fardobiTi ε deformacia, modebuli Zabvis pirdapir-

proporciulia. ganasxvaveben ori saxis Zabvas: σ
_normaluri Zabva; da mxebi (tangecialuri) τ _Zabva. 
pirveli aRiZvreba gaWimva-kumSvis dros, meore Zvris 

deformirebis dros. ganvixiloT es ukanaskneli 

dawvrilebiT. deformaciis yvelaze martivi saxe aris 

martivi Zvra da yovelmxrivi kumSva an gaWimva. 

martivi Zvra. sailustraciod ganvixiloT nax. 1.4.1 a, 

roca sworkuTxa bloki deformirdeba mxebi τ -ZabviT, 
nimuSi mxolod formas Seicvlis, Zvris deformacia 

ganisazRvreba Zvris γ -kuTxis tangesiT, es kuTxe 

aRiZvreba blokis zeda sibrtyis ZvriT qveda 

sibrtyis mimarT. roca Zvris kuTxe mcirea, maSin ( γtg
~ γ ). Zvris moduli  
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γ
τ

=G .                     (1.4.1) 

 
 

 
 
 
 
 
 
 
 

nax. 1.4.1. deformirebis sqematuri forma: 
              a – martivi Zvra; b – yovelmxrivi kumSva; 
              g – martivi gaWimva. 
 

yovelmxrivi kumSva. Tu kubis yvela waxnagze nax. 

1.4.1,b moqmedebs normaluri Zala, maSin mkumSavi Zabva 

aris wneva P. am SemTxvevaSi xdeba moculobis cvli-

leba da ara formis. moculobiTi deformacia, 

moculobis )( V
V∆−  fardobiT Semcirebas warmoadgens. 

yovelmxrivi kumSvis moduli tolia:   

       

V
V
PK

∆
−= .                   (1.4.2) 

yvela sxva saxis deformacia warmoadgens ufro 

rTul movlenas, romlis drosac xdeba, rogorc 

formis cvlileba, aseve moculobis. 

martivi gaWimva. nax. 1.4.1, g vTqvaT A ganivkveTis 

mqone Rero mis boloze modebuli normaluri Zalis 

gavleniT erTdroulad miiRebs grZiv −grZε deforma-

cias da ganivi kumSvis −ganε deformacias. am SemTx-

vevaSi drekadobis moduli toli iqneba 

a) b) g) 
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,
gr Zε
σ

=E                     (1.4.3) 

,
00

0

l
l

l
ll ∆
=

−
=grZε  −ll ,( 0 nimuSis sigrZea deformaciamde 

da deformaciis Semdeg) 

,
00

0

h
h

h
hh ∆−

=
−

=kumSε  ( −hh ,0 nimuSis simaRlea deforma-

ciamde da deformaciis Semdeg) 

−=
grZ

gan

ε
ε

µ puasonis koeficientia da warmoadgens 

ganivi kumSvis zomas. 

drekadobisa da Zvris modulebi dakavSirebulia 

tolobiT  

G
E

2
1 =+ µ .                    (1.4.4)                  

sxeulebisaTvis roca  

,5,0=µ   GE 3= .                (1.4.5) 

roca sruldeba (1.4.1) da (1.4.3) pirobebi, maSin 

damokidebuleba )(εσ f=  Zabvisa da deformaciebis 

mTel diapazonSi warmoadgens swor xazs. am SemT-

xvevaSi sidideebi G da E mudmivebia da mTlianad 

axasiaTeben masalis Tvisebebs. 

modulis Sebrunebul sidides moqnilobas uwodeben. 

Zvris dros moqniloba iqneba ;1
GD =  yovelmxrivi 

kumSvisas moculobiTi moqniloba .1
KB =  martivi 

gaWimvisas moqniloba .1
EI =  sxeulebi, romlebic 

drekadi TvisebebiT xasiaTdebian SeiZleba or 

jgufad gaiyos. pirvel jgufs miekuTvneba sxeulebi, 
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romlebic Zlier winaRobas uweven formis cvlilebas 

da Seqcevadad deformirdebian umniSvnelo sidideze. 

am sxeulebs SeiZleba hqondeT, rogorc amorfuli 

aseve kristaluri aRnagoba. meore jgufs ganekuTne-

baT sxeulebi, romlebic TavianT formas advilad 

icvlian da unari aqvT deformirdnen Seqcevadad 

mravali aseuli procentiT. aseTi sxeulebia gazebi, 

aseve kauCuki da rezina. 

atomebi, molekulebi da ionebi ganlagebuli arian 

kristalur meserSi iseT manZilze, romlis drosac 

urTierTmizidulobis Zalebi wonaswordebian ganzid-

vis ZalebiT. gare Zalebis gavleniT wonasworoba 

irRveva. Tu gare Zalebi cdiloben daacilon erTi 

meores atomebi an molekulebi, maSin MmaT Soris 

aRiZvrebian gare Zalebis sapirispirod mizidvis 

Zalebi. rodesac gare Zalebi cdiloben maT daax-

loebas, maSin gaCndebian ganzidvis Zalebi. Sesaba-

misad gare deformadi Zalebis muSaoba  daixarjeba 

Siga urTierTqmedebis Zalebis daZlevaze e.i. 

kristalis drekadoba atarebs energetikul xasiaTs. 

radganac urTierTqmedebis energia kristalebSi 

Zalian didia, amitom kristaluri sxeulebi amJRavne-

ben did winaRobas formis cvlilebaze. rogori didic 

ar unda iyos datvirTva isini mcired deformirdebian 

e.i gaaCniaT mcire  drekadi deformaciebi. 

minisebur, dabalmolekulur sxeulebSi atomebisa 
da molekulebis mcire moZraobis gamo, urTier-
Tmoqmedebis energia aseve Zalian didia, Sesabamisad 
aseTi sxeulebis drekadi deformacia aseve mcirea. 

drekadi Tvisebebi gaaCnia ara marto myar sxeu-

lebs. magaliTad gazebi daxurul WurWelSi kumSvi-

sas, misi wneva izrdeba e.i gazi winaRobas uwevs gare 

mkumSav Zalebs. amgvarad gazi aris drekadi sxeuli-

flobs moculobiT drekadobas. gazis drekadoba 
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ganpirobebulia molekulebis siTburi moZraobiT e.i. 

gaaCnia kinetikuri xasiaTi. 

gazebis drekadobis modulis fizikuri azri vaCve-

noT Semdegnairad. cilindrSi moTavsebul idealur 

gazs, T temperaturiTa da P wneviT gaaCnia moculoba  

SlV = , 

sadac S cilindris kveTis farTobia, l _ simaRle. 

radgan gazi idealuria ).( RTPV =  R – gazis uni-
versaluri mudmivaa, izoTermuli kumSvisas (dguSi 

gadaadgildeba dl sigrZeze) gazis moculobisa da 

wnevis cvlileba ganisazRvreba gantolebiT 

    ,0=+VdPPdV                  (1.4.6) 

saidanac            

PZ
lS

sdlP
V
dVPdP −=

⋅
−=−= .           (1.4.7) 

(1.4.7)-e SinaarsiT Seesabameba hukis kanons e.i wnevis 

nazardi TamaSobs urTierTmoqmed Zalas, xolo gazis 

sawyisi wneva P – drekadobis moduls. 

drekadobis modulis sidide ganisazRvreba drekadi 

Zalebis bunebiT. sxeulebi, romlebsac energetikuli 

drekadobis buneba aqvT (metali, mineralebi) gaaCniaT 

didi drekadobis moduli. gazebs, romelTa drekado-

bis buneba kinetikuria, aseve drekadobis mcire 

moduli gaaCniaT. kristalebSi temperaturis aweviT 

izrdeba atomebisa da ionebis rxevis intensioba maTi 

wonasworuli mdgomareobis mimarT, maT Soris manZi-

lebi izrdeba da urTierTmoqmedebis Zalebi sustde-

bian. Sesabamisad deformaciis garkveuli sididis 

misaRwevad saWiroa mcire Zalva. es imas niSnavs, rom 

temperaturis aweviT kristalebSi drekadobis moduli 

mcirdeba. gazebSi temperaturis aweviT izrdeba mole-

kulebis siTburi moZraobis intensioba, Sesabamisad 
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wneva matulobs e.i. gazebSi temperaturis aweviT 

drekadobis moduli izrdeba.  

kristalur sxeulebSi deformaciebi mimdinareobs 

temperaturis daweviT, madeformirebadi Zalebis 

Sewyvetis Semdeg sxeuli iRebs  Tavis sawyis formas 

da nimuSi Tbeba. gazebSi kumSvis deformirebisas 

xdeba temperaturis momateba (aweva), gare Zalebisagan 

ganTavisuflebis Semdeg gazi gafarToebas iwyebs da 

Sesabamisad iklebs temperaturac (civdeba). 

 

§ 1.5. denadobis Seuqcevadi deformacia 
 

garda Seqcevadi (drekadi) deformaciisa arsebobs 

kidev denadobis Seuqcevadi deformaciebi. 

denadoba _ es aris nivTierebis molekulebis Seuq-

cevadi gadaadgileba erTi meoris mimarT, gamowveuli 

gare Zalebis zemoqmedebiT; am dros nivTierebaSi 

Cndebian Siga xaxunis Zalebi, romlebic xels uSlian 

molekulebis gadaadgilebas. denadoba aRiniSneba 

gazebSic, Txevad da kristalur sxeulebSi, magram 

Siga xaxunis Zalebis buneba nivTierebis sxvadasxva 

fizikur da agregatul mdgomareobebSi aris sxvada-

sxva. 

gazobriv mdgomareobaSi molekulebs Soris didi 

manZilebis gamo, urTierTmoqmedebis Zalebis simcire, 

nakleb gavlenas axdens maT moZraobaze. molekulebi 

ZiriTadad imyofebian Tavisufal sworxazobriv gada-

taniT moZraobaSi da mxolod Sejaxebisas icvlian 

siCqaresa da moZraobis mimarTulebas. molekulebis 

Sejaxebas Tan sdevs fenebs Soris moZraobis raode-

nobis gadacema, romlebic gadaadgildebian sxvadasxva 

siCqariT, rac aris Sinagani xaxunis mizezi. Sesa-

bamisad gazebis Sinagani xaxuni maTi molekulebis 
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siTburi moZraobiT aixsneba, radgan maT kinetikuri 

buneba gaaCniaT. temperaturis gazrdiT molekulebs 

Soris SejaxebaTa ricxvi izrdeba, ris gamoc izrdeba 

Sinagani xaxunis Zala. 

kristalebSi atomebisa da molekulebis gadataniTi 

moZraoba gaZnelebulia. 

denadoba SeiZleba ganxor-

cieldes mxolod krista-

luri meseris sibrtyeebis 

gadaadgilebiT erTimeo-

ris mimarT, ris Sedaga-

dac xdeba gadasvla sibr-

tyeebs Soris urTierT-

moqmedebis Zalebis, rom-

lebic denadobas ewinaaR-

mdegebian. Sesabamisad kris-

talur sxeulebSi dena-

dobas gaaCnia energetiku-

li buneba. denadobis 

mdgomareobaSi polimere-

bisaTvis mniSvnelovania 

maTi yofaqceva Zvris deformirebisas. magaliTisaTvis 

pirobiTad polimerSi warmovidginoT ori parale-

luri sibrtye (nax. 1.5.1), romlebic maT Soris 

manZilis Seucvlelad awarmoeben ZvriT moZraobas 

erTi meoris mimarT. (igulisxmeba, rom deformi-

rebisas sxeulis moculoba ar icvleba). am dros 

warmoebs makromolekulebis erTi meoris mimarT 

gadaadgileba, romlebic imyofebian sxvadasxva man-

Zilze aRniSnuli sibrtyeebidan. es gadaadgileba miT 

metia, rac metia maT Soris manZili. Zvris deforma-

ciis (γ) zomad miRebulia im sworis mobrunebis 

kuTxis tangensi, romelic deformaciamde sibrtyeebs 

nax. 1.5.1. siTxis moculobis 
elementze, Zvrisas 
moqmedi Zalebi. 

A 

P22 

P11 

P33 

B 

P21=σT 
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Soris manZils gansazRvravda. deformaciis siCqare 

)( dt
dγγ =•  gansazRvravs deformaciis cvlilebas 

drois mixedviT, romlis ganzomilebaa 1/wm. Zvris 

deformaciis siCqare toli aris wrfivi siCqaris 

gradientis e.i. siCqaris gadanawilebisa erTi fenidan 

meoreze gadasvlis dros, udidesi intensiuri 

cvlilebis mimarTulebiT.  

polimeri gauwevs deformirebas winaaRmdegobas 

molekulaTa Soris urTierTmoqmedebisa da amasTanave 

makromolekulis formis cvlilebis xarjze. elemen-

tarul moculobaze yvela moqmedi Zala am dros 

SeiZleba dayvanil iqnas ZalTa sistemaze, ise 

rogorc es naCvenebia nax. 1.5.1-ze.  

Tu A sibrtye moZraobs B-s mimarT ise rogorc 

isari miuTiTebs, maSin elementaruli kubis waxnagze 

aRiZvreba mxebi Zabvebi ,mx.στ ≡ romlebic iwveven maT 

dacerebas. polimerebSi, romlebic gamoirCevian maRal-

elastiurobiT, Zvrisas garda mxebi Zabvebisa war-

moiqmnebian normaluri Zabvebic, mimarTuli waxnage-

bisadmi marTobulad. koordinatTa RerZebisaTvis 

gamoyenebulia cifruli aRniSvnebi wyvili indeqsebis 

saxiT, romelTagan pirveli indeqsi miuTiTebs, imaze 

Tu kubis romel waxnagze moqmedebs Zabva, xolo 

meore indeqsi aRniSnavs Zabvis moqmedebis mimarTule-

bas. amitom mxebi Zabva aRiniSneba ,21P  xolo norma-

luri kubis gamWimavi an mkumSavi, _ 2211, PP  da .33P  

eqsperimentis gziT martivad ganisazRvreba sidide 

.2211 PP −=σ  normaluri Zabvebi warmoadgenen polime-

ris reaqciebs formis iZulebiT cvlilebaze makro-

molekulis Zvrisas. 

Txevad agregatul mdgomareobaSi nivTierebis 

molekulebis moZraoba daaxloebiT iseTivea, rogorc 
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gazebSi, magram molekulebis ufro ZlieriSeWidu-

lobis gamo isini urTierTmoqmedeben da maTi gadaad-

gilebisaTvis aucilebelia gadailaxos maT Soris 

urTierTmoqmedebis Zalebi. amgvarad Sinagani xaxuni 

siTxeebSi, iseve rogorc myar sxeulebSi energe-

tikuli bunebisaa. rac metia molekulebs Soris 

urTierTmoqmedebis energia, miT metia siTxeebis 

Sinagani xaxunis Zala. ganvixiloT magaliTi. Tu 

mcire diametris ci-lindrul milSi gam-dinare 

siTxes pirobi-Tad davyofT konkre-tul fenebad, 

aRmo-Cndeba, rom es 

fenebi sxvadasxva 

siCqariT moZraoben 

(nax. 1.5.2) kerZod im 

fenis siCqare, 

romelic milis 

kedels exeba nulis 

tolia e.i. fena uZrav mdgomareobaSia. maSin, rodesac 

Sua nawilSi myofi fena moZraobs maqsimaluri 

siCqariT. amgvarad siTxis moZ-raobis marTobuli )( 1zz  

mimarTulebiT arsebobs siCqaris raime gradienti 







dz
du

. 

zogad SemTxvevaSi siCqaris gradienti cvladi sididea. 

imisaTvis, rom SenarCunebul iqnas siCqaris 

ganawilebis mudmivoba, aucilebelia garedan 

modebul iqnas Sinagani xaxunis f Zalis sididiT 

toli da sawinaaRmdego mimar-Tulebis Zala. es 

modebuli Zala dakavSirebulia siCqaris gradientTan 









dz
du

 niutonis gantolebiT  

,
dz
dusFf η==−                   (1.5.1) 

z 

z1 

   u=u 
   u=0 

nax. 1.5.2. siTxis denadobis 
sqema 
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sadac s _ siTxis fenebis Sexebis zedapiris farTia, η 
_ siblantis koeficienti. 

denadobis siCqare es aris siCqare ganviTarebuli 
Zvris Seuqcevadi deformaciis (D) warmoebuli droiT 
e.i.     

dt
dDu = ,                      (1.5.2) 

saidanac 

,
2

dzdt
Dd

dz
du

=                   (1.5.3) 

sidide 
dz
dD

_warmoadgens Tavis mxriv fardobiT Zvras 

γ _s, e.i. 

,
dt
d

dz
du γ

=                    (1.5.4) 

gantolebebis (1.5.4), (1.5.1) kombinirebiT da Tanafar-

dobiT 
S
F

=τ  niutonis kanoni ase SeiZleba CavweroT 

    
dt
dγητ = .                   (1.5.5) 

e.i. Zvrisas Zabva pirdapirproporciulia Zvris 

deformaciis siCqaris.  

 

§ 1.6. drekad-blanti da blant-drekadi 
sxeulebi 

 
wina paragrafebSi ganxiluli iyo deformirebis 

idealuri SemTxvevebi: 1) myari sxeulis drekadi 

deformacia, romelic hukis kanons,  emorCileba  da 

2) siTxis denadoba, romelic niutonis kanons emor-

Cileba. arsebobs realur sxeulebSi deformaciis 

idealuri ganviTarebisagan gadaxris ori SemTxveva: 
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1. pirdapirproprociuli damokidebulebis ar arse-

boba, deformaciasa (myar sxeulebSi), deformaciis 

siCqaresa (siTxeebSi) da Zabvas Soris, e.i. hukisa 

da niutonis kanonebis Seusrulebloba. 

2. erTdrouli damokidebuleba Zabvis deformaciisa-

gan, deformaciis siCqarisagan, aseve deformaciis 

droiT maRali rigis warmoebulebisagan. aseTi 

anomaliebi damaxasiaTebelia iseTi sistemisaTvis, 

romelSic Tavmoyrilia myari sxeulisa da siTxis 

Tvisebebi. sxeulebs romlebsac aseTi Tvisebebi 

gaaCniaT ewodebaT blant-drekadi an drekad-

blanti. vnaxoT dawvrilebiT Tu rodis romeli 

saxelwodeba gamoiyeneba. 

literaturaSi drekad-blanti sxeulebis qveS 

ganixileba denadi sxeulebi, romlebsac drekadoba 

gaaCniaT (mag. maRalelastiuri Txevadi polimerebi da 

maTi xsnarebi). 

blant-drekad sxeulebs miekuTnebian drekadi 
sxeulebi, romlebsac denadoba ar gaaCniaT, magram 
gaaCniaT Sinagani xaxuni, (mag. sivrculi-struqturi-
rebuli polimerebi da sxva). 

mTel rig SemTxvevaSi eqsperimentulad miRebuli 

mniSvneloba Sefardebisa deformaciis Zabvaze )(tf=
σ
ε

 

aris drois funqcia, da ara TviT Zabva an defor-

maciebi. aseT SemTxvevaSi amboben, rom sruldeba 

Tanafardoba wrfivi blantdrekadi Teoriis. pirvelad 

drekad-blanti sxeulis modelireba maqsvelma moax-

dina sistemiT Semdgari mimdevrobiT SeerTebuli 

zambara (drekadi deformacia) da cilindrisagan 

romelic Sevsebulia blanti siTxiT da masSi 

moZraobs dguSi (denadobis Seuqcevadi deformacia). 

kelvinma da mogvianebiT foixtma Seqmnes blant-

drekadi sxeulis modeli, sistemisagan Semdgari, 
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paralelurad SeerTebuli drekadi da blanti ele-

mentebisagan. aRniSnuli modelebis muSaobis princips 

sxva paragrafebSi SevexebiT, aq mxolod aRvniSnavT, 

rom maqsvelis modeli aRwers drekad-blanti sxeule-

bis deformirebis kanons, xolo klevini-foixtis 

modeli blant-drekadi sxeulebis deformirebis kanons. 

a.malmeisteris mixedviT blant-drekadi deforma-

ciebis ganviTarebis mizezi SesaZlebelia iyos poli-

meruli jaWvis Runvis meqanizmi, Sinagani araTavi-

sufali brunvis SemTxvevaSi nax. 1.6.1 

 

 

 

 

 

 

 

 

 
 

nax. 1.6.1. polimeruli molekulis deformirebis sqema: 

    a _ (А-Г) rgolis mobrunebis sqema; b _ B rgolis  

    sibrtyeze gegmili, romelic marTobulia Б _ RerZis; 
    g _ rgolis erTi boloTi Zabvasa da gadaadgilebas  

Soris damokidebuleba. 
 

a) naxazze maCvenebia В jaWvis erTi rgoli, 

romelsac SeuZlia brunva  Б rgolis, rogorc 

RerZis garSemo, romelic gadaxrilia misgan 

(RerZisagan) α kuTxeze. b) naxazze mocemulia В 
rgolis proeqcia (gegmili) sibrtyeze, romelic  Б  
RerZis marTobia. В rgolis bolo SeiZleba 

imyofebodes wonasworobis sam mdgomareobaSi ( ),, cba  

a 

A 

B 

Б σ 
σ 

d 
b a 

σ 

d 
b a c 

a) b) g) 
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e.i. Б-RerZi aris mesame rigis simetriis RerZi. brunvis 
potencialuri energia aseTi rgolis, gamoiTvleba e.w. 

pitceris formuliT   

)3cos1(
2

)( 0 αα −=
UU .               (1.6.1) 

(b) rgolis bolo masze (σ) Zalis gavleniT 

SeiZleba naxtomiseburad gadavides (a) mdgomareobi-

dan (b) mdgomareobaSi umoklesi gziT, gaivlis aseve 

(c) mdgomareobas. am SemTxvevaSi mruds (Zabva-

gadaadgileba) eqneba ori talRa nax. 1.6.3 g). 

amrigad elementi, romelic В rgolis muSaobis 

sqematuri suraTia, saSualebas iZleva ganisazRvros 

elementis marjvena da marcxena mdgomareoba. jaWvis 

yovel boloze modebuli (σ) Zala, mimarTuli 

marcxnidan marjvniv SeiZleba ganvixiloT ise, rom 

marcxena elementze modebuli Zala xelsuwyobs am 

elements gadaxtes marcxena mdgomareobidan marjve-

naSi da piriqiT, Zalebi romlebic marcxena ele-

mentze moqmedeben, ewinaaRmdegebian maT sawinaaRmdego 

mimarTulebiT gadaxtomas-marjvena mdgomareobidan 

marcxenaSi, da a.S procesi SeiZleba gagrZeldes. Tu 

jaWvis rgolis erTi mdgomareoba daxasiaTdeba 1U  

potencialuri energiiT, meoris mdgomareoba 2U -iT, 

romelsac rgoli Rebulobs siTburi moZraobis 

xarjze, maSin sxvaoba 12 UUU −=∆  gansazRvravs poli-

meris jaWvis moqnilobas, romelsac Termodinamikuri 

moqniloba ewodeba. 

 

§ 1.7. polimeris fizikuri mdgomareoba 
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arsebobs nivTierebis oTxi agregatuli mdgoma-

reoba 1. myari, 2. Txevadi, 3. gazobrivi da 4. pla-

zmuri. nivTierebis aseT klasifikaciaSi Cadebulia 

sxeulebis Tviseba SeinarCunon TavianTi forma da 

moculoba, amasTanave unari, gauwion winaaRmdegoba 

gare Zalebis zemoqmedebas. 

magaliTad, myari sxeuli xasiaTdeba sakuTari 

formiT da ukavia garkveuli moculoba da rac 

mTavaria gaaCnia unari gauwios Zlieri winaaRmdegoba 

formisa da moculobis cvlilebas gare Zalebis 

zemoqmedebis dros. 

gazobriv sxeulebs, gansxvavebiT myarisagan ar 

gaaCniaT sakuTari forma. gare Zalebis an temper-

aturis zemoqmedebisas isini icvlian TavianT mocu-

lobas.  

Txevadi sxeulebi: Tu daveyrdnobiT sxeulis 

mTlianobis hipoTezas, maSin Txevadi sxeulis Semad-

geneli nawilakebi erTimeoresTan sustad arian 

dakavSirebuli da maT forma ar gaaCniaT. atomur-

molekuluri Teoriis TvalsazrisiT ki Txevad 

sxeulebs forma gaaCniaT, isini naklebad kumSvadi 

arian, da did winaRobas uweven gare Zalebs Secvalon 

maTi moculoba. cnobilia e.w. platos eqsperimenti, 

romlis Tanaxmadac simZimis Zalis, hidrostatikur 

amwev (amomgdeb) ZalasTan gawonasworebis momentSi, 

siTxe Rebulobs didi wveTis formas. sakmarisad 

mcire moculobis SemTxvevaSi mSral zedapirze siTxe  

daaxloebiT birTvis formas Rebulobs. miuxedavad 

imisa, rom Txevadi sxeulebi sakuTari formiT 

xasiaTdebian, magram maTi Secvla mainc advilad 

xerxdeba gare Zalebis gavleniT. amitom realur 

pirobebSi simZimis Zalis gavleniT siTxe ganicdis 
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denadobas an Rebulobs WurWlis formas, romelSic 

is asxia. 

nivTierebis me-4 mdgomareoba aris plazmuri, 

romelmac ukanasknel xans gansakuTrebuli yuradReba 

miipyro da farTo gamoyeneba moipova. plazmur 

mdgomareobaSi myof nivTierebas plazmas uwodeben. 

plazma warmoadgens kvazineitralur ionizirebul 

gazs. es niSnavs, rom dadebiTi da uaryofiTi 

nawilakebis raodenoba moculobis erTeulSi TiTqmis 

erTi da igivea. Tu plazmis temperatura Zalian 

maRali ar aris, maSin masSi neitraluri nawilakebic 

Sedian.  

polimerebi SeiZleba imyofebodnen, mxolod Txevad 

da myar mdgomareobaSi, gazobrivi mdgomareoba poli-

merebisaTvis ucnobia. Termodinamikuri Teoriis 

mixedviT ganasxvaveben nivTierebis fazur mdgomareo-

bas. faza ewodeba wonasworul mdgomareobaSi myof 

erTgvarovan sistemas. fazebi erTi meorisagan gansx-

vavdebian Termodinamikuri TvisebebiT. myari agrega-

tuli mdgomareobis mixedviT polimerebs Seesabameba 

ori fazuri mdgomareoba: kristaluri da amorfuli 

(miniseburi). polimeris Txevad fazur mdgomareobas 

Seesabameba ori agregatuli mdgomareoba: myari (mini-

seburi) da Txevadi (gamdnari). temperaturaze damo-

kidebulebiT polimeruli masala gadadis erTi fizi-

kuri mdgomareobidan meoreSi. amitom temperaturis 

gavlenas polimeris meqanikur Tvisebebze didi 

praqtikuli mniSvneloba aqvs. temperaturis gavleniT 

icvleba: meqanikuri simtkice, deformaciuloba, Seqce-

vadi da Seuqcevadi deformaciebis ganviTarebis unari, 

daRlilobaze winaRoba, cveTa da sxva. Sesabamisi 

meqanikuri maxasiaTeblebis cvlilebaze dakvirvebiT 
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SeiZleba gavigoT is mdgomareoba, romelSic imyofeba 

polimeri garkveul temperaturul sazRvrebSi. 

meqanikuri maxasiaTeblebis qveS igulisxmeba 

modulis an deformaciis mniSvneloba, romelic 

ganviTardeba gansazRvruli Zabvis gavleniT drois 

garkveul monakveTSi. SemdgomSi modulis qveS igu-

lisxmeba Zabvis deformaciiT warmoebulis mniSvne-

loba.  

 

$ 1.8. polimeruli tanis deformirebis 
fizikuri Taviseburebani 

 

polimerebi Seicaven sakmarisad grZel an ganS-

toebul molekulebs, romlebsac jaWvuri makromo-

lekulebi ewodebaT. polimeruli molekulis mTliani 

`ConCxi~ warmoadgens naxSirbadis atomebisagan Semd-

gar jaWvs nax. 1.8.1. 

 

 
 
 

 

 

 

 

 
 

 
 
 
 
 
 
 
 

a) b) g) 
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nax. 1.8.1. polimeruli molekulis `ConCxi~. 
a – wrfivi polimeri; b – ganStoebuli; 

g – badiseburi. 

makromolekulis boloebs Soris r _ manZili SeiZ-

leba Seesabamebodes sxvadasxva konfiguracias (nax. 

1.8.2).  

gaSlil wrfiv makromolekulebs globulebi hqvia. 

erTi an ramdenime globulisagan Semdgar makromole-

kulas Sekrula hqvia (nax. 

1.8.3). 

grZeli polimeruli 

jaWvis SemTxvevaSi erTi me-

orisagan daSorebuli rgo-

lebi SeiZleba SeerTdes 

swori xaziT, ris Sedega-

dac miiReba segmentebi nax. 1.8.4. makromolekulis 

boloebis SemaerTebel mogezul monakveTs radius 

veqtori qvia.  2z-radius veqtori axasiaTebs sivrceSi 
makromolekulis mdebareobas nax. 1.8.5. 

  
 nax. 1.8.4. jaWvis damoukide-  nax. 1.8.5. sivrceSi makromole- 

nax. 1.8.3. makromolekulis  
`Sekrula~-s sqematuri 

gamosaxuleba 

nax. 1.8.2. jaWvis sxva-
dasxva konfiguracia 

r 
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   beli segmentebis gamo-      kulis mdebareobis ganmsaz- 

       yofis sqema              Rvreli r - radius veqtori 
fizikurad polimerebis molekulur maxasiaTebels 

warmoadgens molekuluri wona, romelic gansazR-

vravs jaWvis zomebs, da makromolekulis moqnilobas, 

damokidebuls Sigamolekuluri kavSirebis Sedgeni-

lobisa da aRnagobisagan. makromolekulis moqniloba 

gansazRvravs polimeris mniSvnelovan fizikur-meqa-

nikur Tvisebebs, pirvel rigSi damokidebulebas misi 

meqanikuri qcevisa drosagan. 

    molekuluri wona, axasiaTebs polimerizaciis 

xarisxs, gavlenas axdens polimeruli xsnaris dena-

dobaze da agreTve myari polimeruli sxeulis 

deformaciulobasa da simtkiceze. eqsperimentulad 

dadgenilia, rom molekuluri wonis gazrdiT mkveT-

rad izrdeba polimeruli masalis siblante, radgan 

jaWvuri molekulis sigrZis gazrdiT mkveTrad mcir-

deba maTi moZraoba. sistemis siblantesTan dakavSi-

rebulia relaqsaciuri procesebi, romlebic mimdi-

nareoben sxvadasxva meqanikuri zemoqmedebis Sedegad. 

cxadia, rac maRalia polimeris molekuluri wona, 

miT meti droa saWiro meqanikuri zemoqmedebis 

wonasworuli mdgomareobis damyarebisaTvis. moleku-

lur wonaze damokidebulia agreTve iseTi mniSvnelo-

vani maxasiaTeblebi rogoricaa, temperaturebi-dena-

dobis, gamyarebisa da simyifis, polimeris nakeTobis 

eqspluataciis pirobebidan gamomdinare ganmsazR-

vreli samuSao temperaturuli intervali da sxva. 

garemos pirobebisagan (temperatura, datviraTvis 

modebis sidide da siCqare, hidrostatikuri dawneva 

da sxva) damokidebulebiT erTi da igive polimeri 

SeiZleba iyos minisebur, maRalelastiur da blant-

denad mdgomareobaSi (nax. 1.8.6). 
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v. karginisa da g. slominskis mier Teoriuli da 

eqsperimentuli kvlevis Sedegad miRebulia damokide-

buleba, romelic amyarebs kavSirs polimeris moleku-

lur wonasa da temperaturas Soris maRalelastiur 

mdgomareobaSi: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
nax. 1.8.6. Termomeqanikuri mrudi 
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sadac, −segM segmentis molekuluri wonaa, −gT gami-

nebis temperatura; 

    −dT denadobis temperatura; 1Β  da −Β2 empiriuli 

koeficientebi. 

gaminebasTan dakavSirebulia molekulis segmenta-

luri moZraobis SeCereba. gaminebis temperaturaze 

miRwevisas warmoebs molekulis moZraobis meqanizmis 

Secvla, romlis drosac mkveTrad icvleba meqanikuri 

Tvisebebi.  
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es temperatura axasiaTebs amorfuli polimerebis 

siTbomedegobas, romelic muSaobs gaminebul mdgo-

mareobaSi, an yinvamedegobis maRalelastiur mdgoma-

reobaSi. gaminebis temperatura (nax. 1.8.7) izrdeba 

molekuluri wonis  gazrdasTan erTad segM -mde, am 

mniSvnelobis zeviT praqtikulad mudmivi rCeba. 

gaminebis temperaturisagan gansxvavebiT denadobis 

temperatura polimerizaciis xarisxis gazrdasTan 

erTad monotonurad izrdeba polimeris qimiuri 

daSlis temperaturamde (CaTvliT). 

 

 

 

 

 

 

 

 

 
 
 

 
 

 

 
nax. 1.8.7. temperaturebis damokidebuleba 

molekuluri wonis logariTmisagan. 

 

mizanSewonilia aRiniSnos, rom polimeris gadas-

vlas erTi fizikuri mdgomareobidan meoreSi aqvs 

relaqsaciuri buneba, amitom maxasiaTebeli tempera-

turebi ,denT  gamT  da .simyT  aris pirobiTi da damoki-

debulia gazomvis meTodze, temperaturis awevis (an 

minisebri mdgomareoba 

maRalelastiuri 
mdgomareoba 

blant-denadi 
mdgomareoba 

Tden. 

Tsimy. 

minisebri 
mdgomareoba 
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dawevis) siCqareze, datvirTvis modebis siCqareze, 

molekuluri struqturis Taviseburebaze da sxva. 

faqtiurad es wertilebi ki araa temperaturul 

skalaze, aramed gadasvlis raime temperatoruli 

intervalia. 

amrigad, saSualo molekuluri wonisa da mole-

kuluri jaWvis cvlilebiT, erTi da igive poli-

meridan SeiZleba miRebuli iqnas rigi nivTierebebisa 

sxvadasxva molekuluri struqturiT, romlebic 

gansxvavdebian fizikur-meqanikuri TvisebebiT. polime-

rebisaTvis damaxasiaTebelia kidev urTierTmoqmede-

bis Zalebis mkveTri gansxvaveba jaWvis gaswvriv 

(valenturi bma) da jaWvebs Soris (molekulaTa Soris) 

bma. 

wrfivi makromolekulis konfiguracia xasiaTdeba 

agreTve kvanZis boloebs Soris manZilis sididiT. am 

sididis mniSvneloba damokidebulia makromolekulis 

sxvadasxva konfiguraciis simravlesTan (nax. 1.8.8). 

 

 

 

 

 

 

 

 
nax. 1.8.8. jaWvuri molekulis konformacia 

a – dauZabavi; b – daZabuli polimeruli 

jaWvi. 

 

mravalmxrivi Teoriuli da eqsperimentuli kvle-

vebis Sedegad damtkicebulia, rom polimeruli tanis 

sruli deformacia Seicavs zogad SemTxvevaSi sam 

e ϑ 

a) 
b) 

ϑ e′ 

r
 

r
 

Zabva 
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Sesakrebs (mdgenels): 1. myisi drekadi ),( 0ε  2. myisi 

plastikuri );( plε  da 3. droSi ganviTarebadi mdgeneli. 

es ukanaskneli Tavis mxriv Seicavs drekad blant e.i. 

cocvadobis an maRalelastiur deformacias −)( cε  

(Seqcevadi cocvadoba), da blanti denadobis e.i. 

Seuqcevadi cocvadobis deformacias ).( denε  
dencpl εεεεε +++= 0 .                (1.8.2) 

idealurad myari sxeulebisaTvis drekadi defor-

macia 0ε  warmoadgens wonasworul mdgomareobas, 

romelic sxva parametrebTan erTad ganisazRvreba 

deformirebis gamomwvevi Zalis mniSvnelobiT. mole-

kulaTa Soris manZilis cvlileba ar aris damoki-

debuli gare Zalis moqmedebis droze. deformacia 

praqtikulad myisierad warmoiqmneba Zalis modebisas 

da aseve myisierad gaqreba Zalis Sewyvetis Semdeg. 

drekadi deformacia dakavSirebulia ZabvasTan 

hukis kanoniT: 

   
El

ll σε =
−

=
0

0 ,                   (1.8.3) 

sadac 0l  da l nimuSis sigrZea deformaciamde da 

deformaciis Semdeg. drekadobis moduli E imyofeba 
garkveul damokidebulebaSi molekulaTa Soris mizi-

dulobis Zalis sididesTan. drekadi )( 0ε  deformacia 

mimdinareobs molekulebs Soris manZilisa da 

savalento kuTxeebis cvlilebiT. gamomdinare aqedan 

gaWimvisas sxeulis moculoba izrdeba, xolo kumSvi-

sas _ mcirdeba. swored amitom drekadi gaWimva 

mimdinareobs sxeulis gaciebiT (temperaturis dacema), 

xolo kumSvisas temperaturis aweviT (gacxelebiT).  
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unda aRiniSnos, rom polimeruli tanis deformi-

rebis suraTi ramdenadme gansxvavdeba zemoT aRweri-

lisagan. maTTvis damaxasiaTebelia deformaciis 

cvlileba drois mixedviT, mcire datvirTvebis SemTx-

vevaSic ki. datvirTvis, drois gazrdasTan erTad 

mcirdeba drekadobis zRvari da nawilakebis Seuqce-

vadi gadajgufeba Tavdeba Zabvis sakmarisad mcire 

mniSvnelobisaTvis. 

Seuqcevadi deformacia ori saxisaa: blanti dena-

doba da plastikuri deformacia. pirveli imiT 

xasiaTdeba, rom dgindeba deformaciis gansazRvruli 

siCqare mcire Zabvebis SemTxvevaSi. plastikuri 

deformacia viTardeba, mxolod maSin roca Zabva 

aRemateba )( plσ is zRvars. magram polimerebTan mimar-

TebaSi xSirad gaurkveveli rCebaT es cneba da nebis-

mier deformacias polimerisas uwodeben plastikurs 

rac ar aris swori. 

myari sxeulis SemTxvevaSi Seuqcevadi deformacia 

ganisazRvreba nawilakebis gadajgufebiT, maTi rigis 

cvlilebiT, ise rom nawilakTa Soris manZilebi 

ucvleli rCeba. sxeulis formis cvlileba am SemTx-

vevaSi ar mimdinareobs Sinagani energiis cvlilebis 

xarjze. aseTi saxis deformirebisas ar arseboben 

Zalebi, romlebic SeZleben daabrunon nawilakebi 

pirvandel mdgomareobaSi. Seuqcevadi deformacia 

viTardeba droSi. Seuqcevadi deformaciis siCqare 

ganisazRvreba Sinagani xaxunis sididiT. siTburi 

efeqti Seuqcevadi deformaciisa ganpirobebulia meqa-

nikuri energiis gardaqmniT siTboSi. 

polimeris fizikuri mdgomareobis mixedviT sruli 

deformaciis mdgenelebi sxvadasxva xarisxiT vlin-

debian: 
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simyifis qvemdgomareobaSi (nax. 1.8.7) polimeruli 

jaWvi mTlianad kargavs moqnilobas, makromolekulis 

konfiguracia aRmoCndeba fiqsirebuli, magram am 

mdgomareobaSic SesaZlebelia calkeuli rgolebis 

damoukidebeli rxevebi. amitom ),(),( υεε pl da  −)den(ε de-

formaciebis wili am qvemdgomareobaSi sakmaod 

mcirea. 

blantdenad mdgomareobaSi warmarTvel rols 

asrulebs blanti denadobis deformacia; drekadi da 

gansakuTrebiT skleronomuli (deformacia, romelic 

droze araa damokidebuli) deformaciebi umniSvne-

loni arian. drekadblanti (maRalelastiuri) defor-

macia temperaturis gansazRvrul intervalSi da 

xsnaris maRali siblantis pirobebSi sakmarisad 

SesamCnevia. 

maRalelastiur mdgomareobaSi warmmarTveli roli 

aqvT maRalelastiur drekadblant deformaciebs, 

romlebic gansazRvraven swored am fizikuri 

qvemdgomareobis saxelwodebasac. maRali statikuri 

datvirTvebis dros es deformaciebi SeiZleba 

gadavidnen denadobis deformaciebSi.  

myisdrekadi da skleronomuli deformaciebi 

polimeris am qvemdgomareobaSi SedarebiT mcire 

mniSvnelobis arian.  

 

 

 

 

 

 

 

 

 

a) 

b) 

g) 



 45 

 

 
nax. 1.8.9. aradrekadi deformirebis saxeebi: 

a – mdgradi; b – ganusazRvreli; 

g – aramdgradi 

 

temperaturul intervalSi, romelic Seesabameba 

iZulebiTi elastiurobis minisebr qvemdgomareobas, 

muSaoben polimerisagan damzadebuli manqanaTa 

nawilebi, konstruqciisa da nagebobis elementebi. am 

qvemdgomareobaSi polimeruli masalebi gamoirCevian 

maRali kuTri simtkiciT da drekadobiT. mcire rols 

am qvemdgomareobaSi TamaSobs skleronomuli da 

ufro mcires Seuqcevadi deformacia denadobis tipis 

(saxis). 

amrigad, polimerebSi maTi struqturisagan da 

samuSao temperaturuli intervalisagan damokide-

bulebiT, statikuri datvirTis dros SeiZleba 

gamovlindes aradrekadi deformirebis procesis sami 

saxe (nax. 1.8.9):  

1. mdgradi, roca deformirebis dro −∞→t ken, de-

formaciebi ,)( const=∞→εε  xolo deformirebis siCqare 

;0→•ε  2°. gaurkveveli mdgomareoba, );( const=•ε  3°. ara-

mdgradi mdgomareoba, (ε da −•ε monotonurad izrde-

bian). 

 

§ 1.9. polimeruli masalebi 
 

teqnikaSi polimeruli masalebis farTod gamoyeneba 

nakarnaxevia imiT, rom maT gaaCniaT kargi meqanikuri 

Tvisebebi. masalis simtkicis gazrdis mizniT qimiuri 

warmoeba amzadebs molekuluri struqturis mqone 
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polimerebs, kerZod kristalur polimerebs. uSvebs 

kompozitebs polimerebis fuZeze da a.S. 

polimeruli masalebidan ganasxvaveben homogenur 

da geterogenurs (boWkovans). 

homogenuri _ iseTi masalebia, romelic Seicavs 

mxolod erT komponents. 

heterogenuli (boWkovani) _ iseTi masalebia, 

romelic Seicavs or da orze met komponents, 

romelTagan TiToeuli komponenti gansxvavdeba erTi 

meorisagan qimiuri SemadgenlobiT, agebulebiT, zemo-

lekuluri struqturiT da a.S.  

homogenur masalebs miekuTvnebian amorfuli 

polimerebi, plastificirebuli polimerebi da sxva. 

Sedgeniloba, molekuluri struqtura da Tvisebebi 

aseTi masalebis erTnairia mTel sxeulSi (erTgva-

rovneba). Tvisebebi SeiZleba iyos erTnairi yvela 

mimarTulebiT (izotropia), an araerTnairi sxvadasxva 

mimarTulebiT (anozotropia). 

heterogenul masalebs miekuTvnebian kristaluri 

polimerebi da polimeruli masalebi SemavseblebiT, 

kerZod armirebuli boWkoebiT. roca masala Sevse-

bulia mxolod boWkoebiT aseT masalas kompoziti 

qvia, roca Semavsebeli qsovilia, maSin masalas 

teqstoliti qvia. roca Semavsebeli qaRaldia, maSin 

masalas getinaqsi qvia, Semavsebeli aris minis boWko 

masalas qvia minaplastiki da rodesac Semavsebeli 

minis qsovilia maSin masalas minateqstoliti qvia da 

a.S.  

kompozociuri (heterogenuli) sxeulebis miRebis 

teqnologiaSi farTod aris danergili maRali simt-

kicis boWkoebi: naxSirbadis, boris, maRalmoduliani 

organuli boWko, foladis da sxva. Sesabamisad  
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boWkos gvarobis mixedviT moixseneba kompoziciuri 

masala kerZod boroplastiki, organoplastiki da a.S. 

armirebuli polimeruli masalebi klasificir-

debian Semdegi zogadi principebis mixedviT: 

a) masalaTmcodneobis mixedviT _ armaturis masalis 

mixedviT (absoplastiki, xeplastiki, metaloplastiki, 

minaplastiki, naxSirplastiki, boroplastiki, organo-

plastiki da a.S) an marticis mixedviT (poliefiris, 

epoqsiduri, fenolis, epoqsofenolis, poliamiduri, 

kremiorganuli da a.S). 

b) teqnologiuri kuTxiT _ nakeTobis miRebisa da 

gadamuSavebis kuTxiT. am principis mixedviT ganas-

xvaveben plastikebs: Camosxmuli, dapresili, saxvevi 

da a.S. damuSavebis xerxebi gavlenas axdenen poli-

meruli masalis fizikur-meqanikur Tvisebebze da 

amitom winaswar SearCeven da gansazRvraven masalis 

gamocdis meTodebs.  

g) konstruqciuli _ armaturis tipisa da misi 

matricaSi Calagebis mixedviT. am principis mixedviT 

gamoyofen masalebis sam ZiriTad jgufs: erTmimar-

Tulebiani (erTganzomilebiT armirebuli), fenovani 

(ori ganzomilebiT armirebuli) da sivrculi (sami 

ganzomilebiT armirebuli). 

Tu erTmimarTulebian masalaSi boWkoebi kveTis 

mimarT Tanabrad arian ganlagebulni, maSin simetriis 

klasis mixedviT mas miakuTvneben monotropul an 

transversalur izotropul masalebs. fenovani masa-

lebi Tu isini miRebuli arian plionkis armirebis 

gziT, aseve miekuTvnebian monotropul masalebs. Tu 

masala armirebulia lentiT, an qsoviliT erTi an 

ormimarTulebiani masalebi arian orTotropulebi 

RerZebis mimarT, romlebic armirebis mimarTulebas 

emTxvevian. armirebis sxva saxeebi (varskvlaviseburi 
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an diagonaluri struqturis da a.S.) qmnian kompo-

ziciur masalebs, romlebic miekuTvnebian simetriis 

ufro rTul klass. maarmirebuli elementebis didi 

raodenobis SemTxvevaSi polimerul masalebs ganixi-

laven rogorc erTgvarovans da anizotropuls. 

magram aucileblad unda gvaxsovdes, rom armirebuli 

plastikebi zogadad struqturis mixedviT arian ara-

erTgvarovani, da nimuSebis gamocdis dros winaswar 

unda Sefasdes cdomileba, romelsac adgili eqneba 

fenovani `konstruqciidan~ mTlian tanze gadasvli-

sas. armirebisaTvis gamoyenebul qsovilebs or jgufad 

yofen: brtyeli da moculobiTi. brtyel qsovilSi 

boWko an Zafi fuZisa da `utokis~ mimarTulebiT 

gadaikvanZebian erT fenad. boWkoebis gamrudebis 

xarisxi sxvadasxva tipis qsovilebSi sxvadasxvaa da 

damokidebulia qsovilis masalaze (polotno, satina, 

kardoni). aseTive TanmimdevrobiT izrdeba qsovile-

biani masalis simtkice. moculobiT qsovilebSi 

`fuZis~ Zafebi gadaikvanZebian `utokis~ ZafebTan 

ramdenime fenis sazRvrebSi. 

 
§ 1.10. konstruqciuli masalebi  

 

konstruqciis Zaluri elementebisaTvis masalis 

SerCevisas gaTvaliswinebuli unda iyos Semdegi 

moTxovnebi: konstruqciis minimaluri masa, teqnolo-

giuri da ekonomikuri faqtorebi, statikuri simtkice, 

medegoba daRlilobiT gamowveuli rRvevisadmi, 

forma da zomebi, garemos pirobebi, romelSidac 

muSaobs konstruqcia. yvela CamoTvlili pirobebi 

xasiaTdeba Semdegi parametrebiT: 

datvirTvis sididiT, mimarTulebiT da xangrZli-

vobiT; datvirTvis saxeoba (mudmivi, mdored cvladi, 
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dartymiTi, cikluri); maqsimaluri temperatura; ZabvaTa 

koncentracia. 

konstruqciis minimaluri masis uzrunvelyofisa-

Tvis iseT masalas irCeven, romelsac umciresi 

simkvrive da udidesi simtkice gaaCnia. amisaTvis 

gamoyenebulia egreTwodebuli masalis efeqturobis 

kriteriumebi (kuTri simtkice da kuTri sixiste). 

kuTri simtkice ( γσ i ) _ es Sefardebaa masalis 

simtkicisa mis kuTr wonaze ργ g= , sadac ρ _masalis 

simkvrivea, g_simZimis Zalis aCqareba. deformaciis 

saxeobisagan (gaWimva, kumSva, Zvra, Runva, grexa, 

grZivi Runva da sxva) damokidebulebiT iσ -s qveS 

igulisxmeba masalis simtkicis zRvari gaWimvisas σ
dr, mrRvevi Zabva kumSvisas kσ , mrRvevi mxebi Zabva τ

dr. Sefardebas ( γσ i )_aqvs sigrZis ganzomileba. (σ dr/

γ )-is fizikuri azri imaSi mdgomareobs, rom is aris 

im vertikaluri mudmiv ganikveTiani elementis sigrZe, 

romelic ganicdis rRvevas sakuTari woniT.  

kuTri simtkicis maxasiaTeblebi Runvisa da 

grexisas Sesabamisad iqneba ( 3
2

eσ /γ ) da ( γτ3 2 ), grZivi 

Runvisas ( γE ) Txeli firfitis Zvraze muSaobisas (

γ3 E ) sadac E – masalis myisi drekadobis modulia 

(deformaciis moduli). 

kuTri simtkice ( γE ) _  es aris masalis deforma-

ciis modulis Sefardeba mis kuTr wonaze. rac metia 

sidideebi (σ dr/γ ) da ( γE ), miT naklebia safreni 

aparatis masa Tanabar pirobebSi. gaxurebuli (tem-

peraturuli) konstruqciisaTvis σ dr, −λα ,,E sidide-

ebs iReben mocemuli T∆  temperaturuli gradientis 

mixedviT. konstruqciis masalis maRaltemperatorul 
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reJimSi kuTri simtkicis kriteriumi ase Caiwereba (σ
dr/ .αλE ). 

sadac α _ wrfivi gafarToebis koeficientia; −λ siT-

bogamtarobis.  

masalis simtkicis maxasiaTeblebi damokidebulia 

ara marto temperaturis sidideze, aramed misi 

konstruqciaze moqmedebis xangrZlivobaze. es piroba 

aucileblad unda Semowmdes eqsperimentulad da 

gaTvaliswinebuli unda iyos simtkiceze gaangariSe-

bis dros. am pirobebSi mniSvnelovani roli akisria 

aRdgenili simtkicis cnebas, romlis qveS igulis-

xmeba masalis droebiTi winaRoba (σ dr) Cveulebriv 

oTaxis temperaturaze, roca manamde garkveuli 

drois ganmavlobaSi imyofeboda maRali temperaturis 

zemoqmedebis qveS. e.i. aRdgenili simtkice, es aris 

winaswar nawrTobi masalis simtkice Cveulebriv 

temperaturaze. am maxasiaTebels Zalian didi mniSv-

neloba aqvs gaangariSebisas, rameTu mravali zebge-

riTi siCqaris safreni aparatis datvirTvis saanga-

riSo reJimi, Seesabameba reJims, bgeramdeli da bgeris 

toli siCqareebis SemTxvevaSi dabali temperaturis 

dros.  

bgeriTi moZraobis SemTxvevaSi mniSvnelovani 

roli akisria masalis iseTi Tvisebebis gaTvaliswi-

nebas, rogoricaa plastikuroba da cocvadoba.      

plastikuroba masalis unaria, STanTqas energia da 

Seamciros temperaturuli Zabvebi rRvevis win. amitom 

plastikuroba mniSvnelovanwilad gansazRvravs masa-

lis Sromisunarianobas konstruqciaSi. 

cocvadoba _ aseve mniSvnelovania aparatebisaTvis 

xangrZlivi temperaturuli zemoqmedebisas, roca 

SedarebiT mcire Zabvebisas masala iwyebs denadobas 

datvirTvis gauzrdelad. deformaciebi am SemTxvevaSi 
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SeiZleba aRmoCndes imdenad mniSvnelovani, rom SesaZ-

lebeli gaxdeba safreni aparatebis aerodinamikuri 

formis cvlileba. 

konstruqciis elementebi, romlebic grZivi-ganivi 

Runvis zemoqmedebas eqvemdebarebian, cocvadobis 

SemTxvevaSi gansakuTrebulad mZime pirobebSi muSao-

ben. cocvadobis deformaciebi, gazrdian ra ganiv 

CaRunvebs, midis mRunavi momentis gazrdamde RerZuli 

Zalebis moqmedebisagan. amitom aucilebeli gaxda 

iseTi axali masalebis Seqmna, romlebsac mcire 

simkvrive da amave dros inarCunebs maRal meqanikur 

Tvisebebs maRali temperaturis zemoqmedebisas. aseT 

masalebs polimeruli kompoziciuri masalebi miekuT-

vnebian, romelTa simtkicis marTva daniSnulebis 

mixedviT aris SesaZlebeli, Semavsebeli boWkos 

mimarTulebis (orientirebis) cvlilebis xarjze dat-

virTvis gaTvaliswinebiT. 

realuri konstruqciis simtkicis sakiTxis gada-

sawyvetad, saWiroa SemuSavdes saangariSi sqema, rome-

lic maqsimalurad SesaZlebel pirobebSi uzrunvel-

yofs konstruqciis srulyofil uavario muSaobas. 
 

§ 1.11. polimerebis meqanikuri Tvisebebis 
daxasiaTeba temperaturuli faqtoris 

gaTvaliswinebiT 
 

dReisaTvis qimikosebis, fizika-qimikosebis da meqa-

nikosi mecnierebisaTvis arsebobs uaxloesi eqsperi-

mentuli Tu Teoriuli gamokvlevebi, romelze 

dayrdnobiTac SeiZleba Seiqmnas iseTi axali poli-

meruli masalebi, romlebsac daniSnulebis mixedviT 

winaswar gansazRvruli Tvisebebi eqneba. sxvadsaxva 

klasis polimerul masalebs gaaCniaT sxvadasxva meqa-
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nikuri Tvisebebi. erTiani klasifikacia plastmasebisa 

da polimerebis ar arsebobs. magram struqturisa da 

Tvisebebis mixedviT aucilebelia gansxvavdes erTi 

meorisagan polimerebi da polimeruli masalebi. 

polimeris sruli deformaciis sami Sesakrebis 

saxiT warmodgenis Sesaxeb  debulebis Tanaavtorebad 

cnobili mecnierebi kobeko, kuvSinski da gureviCi 

iTvlebian, romlebic sxeulis atomur-molekuluri 

Sedgenilobis hipoTezaze dayrdnobiT Tvlian, rom: 

dbpd εεεε ++=)(t .                (1.11.1)  

dε  ewodeba myisi drekadi deformacia, gamowveulia 

polimeris atomebs Soris manZilebisa da molekuluri 

jaWvis savalento kuTxeebis cvlilebiT.  pε  ewodeba 

blanti denadobis anu plastikuri deformacia, 

gamowveulia dagrexili molekuluri jaWvebis Tanda-

TanobiTi mosrialebiT (moSvebiT) _ Sinagani xaxunis 

gaTvaliswinebiT. dbε  ewodeba maRalelastiuri, dre-

kadblanti anu cocvadobis deformacia  gamowveulia 

polimeruli jaWvebis TandaTanobiTi dagrexiT. 

arsebiTi gansxvaveba polimeris fizikuri Tvisebe-

bisa dabalmolekuluri SenaerTis Tvisebebisagan 

imaSi mdgomareobs, rom maRalelastiuri deforma-

ciebi uCndebaT zogierT polimers gansazRvrul tem-

peraturul velSi da meqanikuri zemoqmedebis siCqaris 

pirobebSi. organuli polimerebis molekulur jaWvs 

safuZvlad udevs Cveulebrivi saxis bma.  

−−−−

′′′
|||
3

3

2

2

1

1

|||

R

R

R

R

R

R

CCC ,                 (1.11.2) 

sadac −′11, RR radikalebia.  
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amrigad, wrfivi polimeris jaWvi warmoadgens 

texil xazebs, romelTa kvanZebSi moTavsebulia nax-

Sirbadis atomebi. calkeuli texilis sigrZe aseve 

mosazRvre rgolebs Soris kuTxe (savalento kuTxe) 

ganisazRvrebian mTavari qimiuri ZalebiT (valento-

biT), romlebic moqmedeben atomebs Soris da gare 

Zalebis gavleniT mcired icvlebian. magram yoveli 

rgoli −−− 21 CRCR SeiZleba gansazRvrul temperatu-

rul intervalSi Tavisuflad mobrundes mezobeli 

rgolis −−− 32 CRCR irgvliv savalento kuTxis Seuc-

vlelad. warmovidginoT, rom sawyis momentSi jgufi  

−−−−
|

|

|

|

|

|
321 CCC  

ganlagebulia ise, rogorc es aris nax. 1.11.1-is 

SemTxvevaSi.  

 

 

 

 

 

 

 

 

 
nax. 1.11.1. rgolis deformirebis sqema. 

 

jaWvze modebuli Zalis gavleniT  (C3)  atomi 

iZulebulia gadaadgildes sawyisi `wonasworuli~ (1) 

mdgomareobidan (2) mdgomareobaSi. gadasvlisas (1)-dan 

(2)-Si  (C3)  atomma unda gadalaxos ganzidvis Zalebi 

ganpirobebuli raime ( R ) radikaliT da xasiaTdeba 

energetikuli barieriT nax. 1.11.2 a) da b).  

C
 

C
 

R 
C
 

C
 

(2
 

(1
 

109°2
 

109°2
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nax. 1.11.2. a) da b)  polimeruli molekulis 

deformirebis  sqema. 
es barieri nawilobriv gadailaxeba jgufis siTburi 

moZraobis kinetikuri energiis xarjze, romelic 

dakavSirebulia ( 3C ) atomTan, nawili ki gare Zalebis 

muSaobis xarjze, romelic modebulia gansaxilav 

jaWvze. 

Termodinamikis pirveli kanonis (makrosxeulis 

energiis nazrdi udris masze Sesrulebuli muSaobisa 

da miniWebuli siTbos raodenobis jams STAU ∆+∆=∆ ) 

mixedviT elementaruli muSaoba A∆ , romelic ixar-

jeba polimeris Tundac erTi molekulis deformire-

baze gamoiTvleba formuliT: 

),(),(),( TLSTTLUTLA ∆−∆=∆ ,           (1.11.2) 

sadac T – absolituri temperaturaa, T – molekulis 

jaWvis dagrZeleba, romelic mTliani jaWvisTvis 

;rL =  −∆U Sinagani energiis nazrdia, xolo −∆S ent-

ropiis nazrdi. 

Tu procesi adiabaturia siTbo 0=∆= STϑ , e.i. 

sxeuli gareSe myof sxeulebs siTbos ar gadascems 

da arc iRebs. (1.11.2) gantolebis mixedviT molekulis 

jaWvis deformirebisas unda gaizardos Sinagani 

energia −+Π= KU potencialuri da kinetikuri energiis 

jami. magram radgan potenciuri energia const=Π  

mudmivia, amitom unda gaizardos molekuluri jaWvis 

siTburi moZraobis kinetikuri energia. amrigad sxeulis 

adiabaturi deformirebisas misi temperatura izrdeba, 
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xolo Semdeg TandaTanobiT civdeba (joulis efeqti). 

e.i. 0=∆=∆ UA . roca procesi izoTermulia maSin 

constT =  da constU =  e.i. ar icvleba kinetikuri 

energia, romelic temperaturas gansazRvravs da arc 

molekuluri jaWvis potencialuri energia. amrigad 

sxeulis deformirebaze daxarjuli mTliani muSaoba, 

romelic dakavSirebulia entropiis SemcirebasTan 

gardaiqmneba siTboSi da gadaecema garemos. moleku-

lis jaWvze moqmedi Zabva am SemTxvevaSi ganisaz-

Rvreba (1.11.2)-dan Semdegi TanafardobiT.  

                   ;
dL
dST

dL
dA

−==σ    

radgan  







 == constU

dL
dU

,0 .              (1.11.3) 

*) oriode sityviT muSaobis Sesaxeb. sxeuls SeiZleba 

hqondes mxolod ama Tu im saxis energia, magram ar 

SeiZleba hqondes muSaoba. procesis dawyebamde da 

procesis damTavrebis Semdeg sxeuls ar aqvs muSaoba, 

mas aqvs mxolod energia. muSaoba ar aris Tviseba, 

igi sxeulis mier Sesrulebuli procesis Tvisebaa. 

vinaidan muSaoba ar aris sxeulis Tviseba, ar 

SeiZleba laparaki muSaobis sasrulo an usasrulo 

mcire nazrdis Sesaxeb. SeiZleba laparaki mxolod 

muSaobis sasrulo an usasrulod mcire raodenobaze. 
 

§ 1.12. entropiis gamoTvla 
 

SemoviRoT zogierTi saWiro ganmarteba: 

)∗ makrosidideebia: moculoba, wneva, temperatura, 

energia. mdgomareobas, romelic xasiaTdeba makro-

sidideebiT ewodeba makromdgomareoba. 
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)∗  mdgomareobas, romelic gansazRvrulia imiT, rom 

garkveul ujredSi imyofeba molekulebis garkve-
uli raodenoba, ewodeba sxeulis mikromdgoma-
reoba. 

)∗  maqsimaluri albaTobis mdgomareoba aris statis-

tikuri wonasworobis mdgomareoba. 

)∗ meti albaTobis mdgomareobidan naklebi albaTobis 

mdgomareobaSi gadasvlis process fluqtuacia 

ewodeba. 

)∗  Tu ganmxoloebuli sistema ar imyofeba statisti-

kuri wonasworobis mdgomareobaSi, maSin masSi 

mimdinare procesebis mimarTuleba umetes SemTxve-

vaSi iqneba albaTobis zrdis mimarTuleba (Ter-

modinamikis II kanoni). 

)∗ entropia aris albaTobis logariTmi gamravlebuli 

bolcmanis mudmivaze. 

)∗ yovel makromdgomareobas eTanadeba garkveuli ent-

ropia, romelic gamoiTvleba formuliT .lnWKS =  

polimeruli jaWvis Semadgeneli monakveTebis 

boloebidan manZilebis ganawilebis mixedviT, arade-

formirebul mdgomareobaSi gamoiTvleba entropia, 

aradeformirebuli mdgomareobis uSualod calkeuli 

jaWvebis entropiebis SejamebiT. Tu visargeblebT im 

daSvebebiT, rom deformirebis dros nimuSis mocu-

loba ar icvleba da meore, rom deformireba iwvevs 

jaWvis yoveli monakveTis boloebs Soris manZilebis 

gegmilebis cvlilebas. maSin am ori daSvebis  

gaTvaliswinebiT ganisazRvreba deformirebuli mdgo-

mareobis entropia. deformaciis muSaoba ganisazR-

vreba entropiebis sxvaobis mixedviT am or mdgo-

mareobebSi. deformaciis muSaobis funqciis, wagrZe-

lebiT warmoebulis mixedviT moiZebneba damokidebu-

leba Zabvebsa da deformaciebs Soris. 
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Tu nimuSi ganicdis deformirebas, romelic 

xasiaTdeba gaWimvis sami mTavari xarisxiT, sami 

mTavari urTierTmarTobi mimarTulebiT, maSin Cven 

saqme gvaqvs, cxadia erTgarovani deformirebis zogad 

SemTxvevasTan. 

nax. 1.12.1-dan Cans, rom kubi, romlis wibo erTeu-

lis tolia, deformirebis Semdeg gaxdeba paralele-

pipedi wiboebis sigrZiT ., 21 3 da λλλ  ( −iλ egreTwode-

buli fardobiTi sigrZea, romelic udris 0ll , roca 

,10 =l  maSin ).λ=l  cxadia roca 1>λ  gaWimvis SemT-

xvevaa da roca −<1λ aris kumSva. Tu kubis SigniT 

gamovyofT jaWvis monakveTs, mis boloebs Soris r  
manZiliT, maSin deformaciis Semdeg, manZili boloebs 

Soris gaxdeba r ′  Tu A wertilis koordinatebia 

),,,( zyx  xolo −′A is Sesabamisad ),,( zyx ′′′  (nax. 1.12.2) 

maSin jaWvis afinuri deformaciis Sesaxeb daSvebidan 

miviRebT:  

;1xx λ=′   ;2 yy λ=′   zz 3λ=′ .            (1.12.1) 

im pirobiT, rom koordinatTa RerZebi mimarTulebiT 

emTxveva deformaciis mimarTulebebs erTi molekuli-

saTvis gausis ganawilebis funqcias, roca mxolod x 
koordinati icvleba aqvs Semdegi saxe: 

22
)( 2 xkekxfy −==

π
.                (1.12.2) 

 

 

 

 

 

 

 

 

σ1 

x 

z 

O 

A 

a) 
b) 

r′ 

y
 

r
 

σ3 
σ2 

σ2 σ3 

λ1 
λ2 

λ3 
A′ (x, y, z) 

nax. 1.12.1. erTgvarovani deforma- 
ciis forma: 

a – nimuSi deformaciamde; 
b – nimuSi deformaciis Semdeg. nax. 1.12.3. markomolekulis 

afinuri deformacia 
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Tu Cven gvaqvs mxolod jaWvis N monakveTi, 
romlis erTi bolo imyofeba koordinatTa saTaveSi, 
maSin jaWvTa ricxvi dN, romelTa meore boloebi 
imyofebian dxdydz−  moculobaSi  (nax. 1.12.2) ganisazR-

vreba gantolebiT. 

)(

2
3

3
2222 zyxbebNdN ++−











=

π
.             (1.12.3) 

Tu mxedvelobaSi miviRebT, rom ,2222 zyxr ++=  

entropia ),(ln rwKS =  albaTobis cvlileba 

drerbdrrw rb 222
34

)( −=
π

 da ,22−−= KbCSjaW  maSin miviRebT 

jaWvis monakveTis entropis mniSvnelobas deforma-

ciamde. 

).( 2222
0 zyxKbCs ++−=              (1.12.4) 

jaWvis yvela monakveTis zogadi entropia defor-

maciamde toli iqneba:       

S0 [ ] dxdydzezyxKbCNbdNS zyxb )(2222
3

0
222

)(
2

3
++−

∞−

++−== ∫∫∫∫
∞−

π
. (1.12.5) 

integrebis Semdeg  







 −=

2
3

0
KCNS .                    (1.12.6) 

deformaciis Semdeg DSeiZleba analogiurad Cavwe-

roT gamosaxuleba s da S sidideebisaTvis Tu 

mxedvelobaSi miviRebT  (1.12.1) 

);( 22
3

22
2

22
1

2 zyxKbCs λλλ ++−=              (1.12.7) 
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∫ 



 ++−== )(

2
1 2

3
2
2

2
1 λλλKCNsdNS .        (1.12.8) 

entropiis saZebni cvlileba deformaciisaTvis 

ganisazRvreba (1.12.8) da (1.12.6) gantolebebis sxvaobis 

mixedviT 

)3(
2
1 2

3
2
2

2
10 −++−=−=∆ λλλNKsSs .        (1.12.9) 

 

Tu gavixsenebT, rom Cveni (2) daSvebis Tanaxmad 

nimuSis Sinagani energia deformirebis dros ar 

icvleba e.i. ,0=∆U  amasTan Termodinamikis meore 

kanonis mixedviT, Tavisufali energiis nazrdi  

,sTF ∆−=∆                    (1.12.10) 

da deformaciis muSaoba, tolia Tavisufali F∆  

energiis cvlilebisa nimuSis moculobis erTeulSi 

da ganisazRvreba tolobidan 

).3(
2
1

)3(
2
1 2

3
2
2

2
1

2
3

2
2

2
1 −++=−++==∆ λλλλλλ ENKTAF  (1.12.11) 

gantolebaSi (1.12.11) aris mxolod erTi mudmivi 

),(E  romelic damokidebulia temperaturaze da 

jaWvSi monakveTebis N raodenobaze moculobis erTe-

ulSi. rogorc vxedavT sxeulis fizikuri Tvisebebi 

damokidebuli ar aris molekulebis bunebaze, aramed 

ganisazRvreba mxolod jaWvis monakveTebis raode-

nobiT an kvanZebis ricxviT badeSi. 

Tu nimuSis deformaciebi 321 ,, λλλ  gamowveulia 

Sesabamisad ZabvebiT 321 ,, σσσ  maSin SeiZleba vaCvenoT, 

rom (5.11.13) tolobis safuZvelze SeiZleba miviRoT 

gamosaxulebebi:                              

 );( 2
2

2
121 λλσσ −=− E              (1.12.12,a) 

)( 2
3

2
232 λλσσ −=− E .                        (1.12.12,b) 
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Tu cnobilia deformaciis mniSvnelobebi, maSin 

(1.12.12) tolobebidan saSualeba gveZleva vipovoT 

sxvaobebi Sesabamisi mTavar Zabvebs Soris. (1.12.12)-e 

formulebi SeiZleba sxva formiT Caiweros. 

.

;

;

2
33

2
22

2
11

PE
PE
PE

+=

+=

+=

λσ

λσ

λσ

                   (1.12.13) 

sadac P – nebismieri Zabvaa, siTxeebSi hidrostatikuri 
wnevis analogiuri. imis gamo, rom elastomerebi 

praqtikulad ukumSadi masalebia, P-s damateba λ-s 
mniSvnelobaze arsebiTad ar cvlis mdgomareobas da 

aqedan gamomdinare Zabvebi aucileblad ganusazRvre-

lebi darCebian. kerZo SemTxvevaSi, roca cnobilia 

Tundac mTavari Zabvis mniSvneloba, maSin ganto-

lebaTa sistemas (1.12.13) gaaCnia erTaderTi amonaxsni. 
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Tavi II. modelebis Teoria 
 

§ 2.1. wrfivi deformirebis umartivesi kanonebi 
 

cda gvaCvenebs, rom Zabvebisa da deformaciebis 

mcire mniSvnelobebisaTvis sxeulebis umravlesobis 

deformirebis kanoni SeiZleba aRweril iqnas wrfivi 

gantolebebiT. am gantolebebSi hukis kanonisagan 

gansxvavebiT unda Sediodes t dro, amasTanave kavSiri 
Zabvas, deformaciasa da t dros Soris ar aris 

funqcionaluri, aramed mocemulia diferencialuri 

an integraluri formiT. 

funqcionaluri ),( tσεε =  damokidebulebis SemTx-

vevaSi deformaciis mniSvneloba drois t momentSi ar 
iqneboda damokidebuli datvirTvis procesisagan, e.i. 

Zabvis im mniSvnelobisagan τ momentSi, romelic win 

uswrebda t_dros e.i. ( t<τ ). sinamdvileSi ki τ _ 

momentidan daZabuli mdgomareobis ganviTarebis mTeli 

Semdgomi procesi Zlier kavSirSi imyofeba sxeulSi 

daZabulobis suraTTan drois nebismieri (t) momentis-
aTvis. amitom nebismieri funqcionaluri ),( tσε  damo-

kidebuleba ver daaxasiaTebs deformirebis suraTs 

drois mixedviT. 

drois mixedviT sxeulis deformirebis kanoni 

SeiZleba ganxorciebuli iqnas idealurad blanti 

siTxis magaliTze, romelSidac Zabvebi proporciulia 

deformaciis siCqarisa (niutonis kanoni), 

dt
dεηεησ =′= ,                    (2.1.1) 

sadac η _ siblantis koeficientia. 
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polimeruli da kompoziciuri sxeulebi xasiaTde-

bian, rogorc blanti ise drekadi TvisebebiT (drekad 

_ blanti sxeulebi). drekadi Tviseba daxasiaTebulia 

hukis kanoniT 

    εσ E= .                     (2.1.2) 

sadac E – drekadobis koeficientia, xolo blanti 

Tviseba ki (2.1.1) damokidebulebiT ganisazRvreba. 

kavSiri drekadi da blanti Tvisebisa sxeulSi 

SeiZleba warmovidginoT meqanikuri modelebis-sqeme-

bis saSualebiT, romelic Sedgenilia sasruli an 

usasrulo raodenoba blanti da drekadi elemente-

bisagan, SeerTebuls erTmaneTTan mimdevrobiT an 

paralelurad (nax. 2.1.1). 

 

 

 

 

 
 

nax. 5.12.1 masalis sqematuri modeli  
 

drekadi elementi warmodgenilia zambaris saxiT, 

romlis sixistea E nax. 2.1.1, a. 
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nax. 2.1.1. drekadi da blanti    nax. 2.1.2. maqsvelis modeli 

          elementebi 

blanti elementi warmodgenilia cilindrisa da 

dguSis saxiT da Sevsebulia blanti siTxiT nax. 1.1.1, b. 

cilindris kedlebsa da dguSs Soris aris Tavisu-

fali adgili sadac moZraobs siTxe cilindrSi 

dguSis gadaadgilebis dros (hidrodinamikuri wina-

Roba). 

sxeulis sruli deformacia warmoidgineba 

rogorc jami (nax. 2.1.1). 

     ε = Tαεεε +++ cpd ,                            (2.1.3) 

sadac α _ wrfivi gafarToebis koeficientia, T _ 

temperatura. 

I maqsvelis modeli. rodesac drekadi da blanti 

elementebi SeerTebulia mimdevrobiT (nax. 2.1.2), maSin 

aseT models hqvia maqsvelis modeli, xolo sxeuls 

maqsvelis sxeuli.  

maqsvelma yuradReba miapyro im faqts, rom 

bunebaSi arseboben sxeulebi, romlebsac gaaCniaT, 

rogorc drekadi aseve blanti Tvisebebi. aseTi 

sxeulebi swrafi datvirTvisas aRmoCndebian naklebad 

deformirebadi da cdiloben drekadad aRidginon 

TavianTi forma, datvirTvis moxsnisas. maTi meqani-

kuri urTierTmoqmedeba deformaciis proporciulia 

(hukis kanoni). neli datvirTvisas es sxeulebi 

emorCilebian denadobas, amasTan deformaciis siCqare 

Zabvis proporciulia (niutonis kanoni). magaliTisa-

Tvis ganvixiloT wylis yofaqceva, roca masze 

madeformirebeli Zala moqmedebs. Cveulebriv siCqa-

reze datvirTvisas wyali denadobas emorCileba, da 

SedarebiT martivi cdiT ganisazRvreba siblantis 

koeficienti. magram Tu magaliTad wyals didi 
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siCqariT qvas vesvriT, is aityorcneba wylis zedapi-

ridan, rogorc  myari sxeulis zedapiridan. e.i. neli 

datvirTvisas wyali Txevad sxeuls warmoadgens, 

xolo swrafi datvirTvisas ise iqceva rogorc 

drekadi myari sxeuli. maqsvelis mier Seqmnili 

modeli iZleva drekadblanti sxeulebis yofaqcevas 

deformirebisas. rodesac modelze moedeba Zala, 

maSinve es Zala iwvevs drekadi elementis deformi-

rebas, xolo Semdgom Zalis moqmedebis mTeli drois 

ganmavlobaSi ganviTardeba blanti denadoba, romlis 

Sedegia zogadi deformacins Seuqcevadi nawili e.i. 

is nawili, romelic ar qreba datvirTvis moxsnis 

Semdeg. ase, rom drois yoveli momentisaTvis adgili 

aqvs tolobas: 

    bd εεεεεε +=≡+= 21 ,             (2.1.4) 

sadac −1ε zambaris drekadi deformaciaa, xolo −2ε
blanti elementis Seuqcevadi deformacia.  

σε
E
1

1 = .                   (2.1.5) 

drekadi deformacia viTardeba myisierad da 

deformaciis cvlilebis siCqare, amitom ganisazRvreba 

Zabvis cvlilebis siCqariT. 

dt
d

Edt
d σε

⋅=
11 ,                   (2.1.6) 

sadac −
E
1

zambaris moqnilobaa. 

imis gamo, rom drekadi da blanti elementebi 

mimdevrobiT aris SeerTebuli, amitom orive ele-

mentSi Zabva erTidaigive iqneba e.i.  

;bd σσσ ==   •= bηεσ   da  dεσ E= ;  
dt
dεε =• . 
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niutonis kanonis mixedviT siTxeze modebuli σ 
Zabvis gazrdiT, proporciulad izrdeba am ukanaskne-

lis denadobis siCqare ν. e.i. 

η
σεηνηεσ =⇒≡= •

dt
d b

2 ,             (2.1.7) 

maSin (2.1.4)-is gaTvaliswinebiT gveqneba: 

  
η
σσε

+⋅=
dt
d

Edt
d 1

.                   (2.1.8) 

(2.1.8) gantoleba martivad miiReba Tu (2.1.9) 

sistemidan gamoiricxeba indeqsiani wevrebi 







=
= •

,
,

dεσ
ηεσ
E

b  bd εεε += .               (2.1.9) 

(2.1.8) gantoleba maqsvelis modelis deformirebis 

diferencialur gantolebas warmoadgens. ganvixiloT 

(2.1.8) gantolebis amoxsnis ori SemTxveva: 

1°. )(,00 const
dt
dv === εε

 e.i. es SemTxveva aris droSi 

−σ Zabvis ganviTarebis procesi, romelic mimdina-

reobs mudmivi deformaciis pirobebSi, romelsac 

Zabvis relaqsacia hqvia. e.i. (2.1.8)-dan miviRebT, roca 

;00 =v  

⇒−= dtEd
ησ

σ
 (0-dan t-mde da 0σ -dan σ-mde integrebis 

Semdeg) miviRebT            

   ⇒−=−=⇒−=⇒ ∫∫ tEtEdtEd t
t

ηη
σ

ησ
σ σ

σ

σ

σ
0

0
0

ln
0

      

tE

etE 







−

=⇒−=⇒ ησσ
ησ

σ
0

0

ln .         (2.1.10) 
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aRvniSnoT −= rtE
η

mas relaqsaciis dro ewodeba. 

maSin (2.1.10) ase Caiwereba. 

rt
t

e
−

= 0σσ .                 (2.1.11) 

 

(2.1.11) grafikulad (2.1.2, a) naxazzea mocemuli. 

(2.1.11)-dan, roca ttr = , miviRebT  

e
0σσ = .                   (2.1.12) 

e.i. rt  is droa, romlis ganmavlobaSic Zabva 0σ  

Semcirdeba e-jer. (2.1.12)-dan, roca cdis dro rtt >>  

gacilebiT aRemateba relaqsaciis dros miviRebT 

0
1

0 →→ ∞e
σσ .                (2.1.13) 

(2.1.13)-e eqsperimentulad dasturdeba. aseve SeiZleba 

Cveneba, rom roca rtt << , e.i. ,0→
rr
t

 maSin ,0σσ →  e.i. 

relaqsacia ver aswrebs moxdenas da sawyisi Zabva 

SenarCundeba mTeli cdis ganmavlobaSi, mocemul 

SemTxvevaSi sakmarisad xanmokled. 

2°. SemTxveva (2.1.8) gantolebis integrirebisa aris 

is procesi romelic mimdinareobs const== 0σσ  

mudmivi Zabvis qveS. am process cocvadoba hqvia. e.i. 

(2.1.8)-dan miviRebT, roca 0=dt
dσ  

η
σε

=
dt
d

.                   (2.1.14) 

(2.1.14)-e niutonis kanonis erT-erTi formaa. e.i. 

polimerul-kompozitur sxeulSi mudmivi Zabvis gav-

leniT mimdinareobs blanti denadoba, Zalis moqme-

debis mTliani drois ganmavlobaSi. e.i. deformacia 
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drois proporciulia, sawyis pirobebSi, roca 

).,0( 00 εε === tt  

0
0 ε
η
σε += t .                (2.1.15) 

(2.1.15)-e grafikulad mocemulia (2.1.2, b) naxazze. 

rogorc vxedavT maqsvelis modeli kargad aRwers 

relaqsaciur process polimerul tanSi, xolo 

cocvadobis process ver aRwers, es imas niSnavs, rom 

es modeli ver daaxasiaTebs daZabul mdgomareobas 

drekadblant sxeulSi. 

 

§ 2.2. kelvini-foixtis modeli 

 

maqsvelis modelis muSaobis Sefasebidan naTeli 

gaxda, rom es modeli polimerul masalebSi ver 

afiqsirebs drekadobis Tvisebis arsebobas, hukisagan 

gansxvavebiT im drekadi Tvisebebis arsebobas, 

romlebic warmoiqmnebian makromolekulebis dagrexis 

xarjze. aRniSnuli saxis drekadobis ganviTarebis 

ZiriTadi Tavisebureba drois im monakveTis arsebobis 

aucileblobaSi mdgomareobs, romelSidac is unda 

ganviTardes. garegnulad ixateba iseTi suraTi 

deformirebisa, rom TiTqosda adgili aqvs (drekadi 

sxeulis) zambaris deformirebas blant sxeulSi. 

aseTi msgavseba blant siTxeSi jaWvuri molekulebis 

dagrexis processac gaaCnia. rogorc vxedavT saqme 

exeba blant drekadi sxeulis deformirebisas 

`dagvianebul~ drekad reaqcias, romlis aRwera gan-

xorcielebuli iqna modelis saSualebiT, romelic 

SemuSavebulia kelvinis, xolo mogvianebiT misgan 

damoukideblad foixtis mier. 

es modeli warmoadgens paralelurad xistad 

SeerTebul drekad da blant elementebs (nax. 2.2.1).  
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Tu CavTvliT, rom siTxe ukumSadia, maSin 

myisieri datvirTva blant elementSi araviTar 

deformacias ar gamoiwvevs. drekadi deformacia  

ganviTarebas iwyebs datvirTvidan mxolod garkveuli 

drois gasvlis Semdeg, im droisa, romelic sWirdeba 

datvirTvis modebis momentidan cilindrSi dguSis 

gadaadgilebis dawyebas. 

 

 

 

 

 

 

 

 

 

 

nax. 2.2.1. kelvini-foixtis orelementiani modeli. 

 

maqsvelis modelisagan gansxvavebiT aq deformaciebi 

εεε == bd  drekad da blant elementebSi tolia, 

mxolod gansxvavebulia Zabvebi. saerTo σ Zabva ki 

tolia jamisa:   

 bd σσσ += .                    (2.2.1) 

kelvini _ foixtis sxeuli deformirdeba Semdegi 

diferencialuri gantolebis mixedviT 

0=−+≡+= •

η
σε

η
εηεεσ E

dt
dE ,            (2.2.2) 

romelic miiReba sistemidan 







=
= •

,
,

εσ
ηεσ
Ed

b  db σσσ += .              (2.2.3) 

σ 

t 
σ 

E 

σ 

η 

O 

t 

σ 
E 

ε σ 
2 

t1 

t1 
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drekadi _ dσ  da blanti bσ  _ Zabvebis gamo-

ricxviT. 

(2.2.2) gantoleba )(tε  mimarT warmoadgens Semdegi 

tipis wrfiv diferencialur gantolebas:  





 −=⇒=++′ ∫ ∫∫− dtetQCeytQytPy

dttPdttp )()(
)(0)()( . 

CavTvaloT Zabvis droSi ganviTarebis kanoni 

mocemulad da (2.2.2)-is amoxsnas )(tε -s mimarT eqneba 

saxe:      

] ])(
1

[)(
1

)( dtetCedtetCet
tEtEdtEdtE

∫∫ +⇒



+=

−− ∫∫ ηηηη σ
η

σ
η

ε .  (2.2.4) 

ganvixiloT SemTxveva −== const0σσ cocvadoba. 

(2.2.4)-dan gveqneba: 

E
Cet tE σε η += −)( ,                (2.2.5) 

sawyisi pirobidan, roca ,0=t  0εε = , miviRebT, rom  

E
C σε −= 0 .                    (2.2.6) 

SevitanoT (2.2.6)-e (2.2.5)-Si miviRebT 











−+⇒+−+=

tEtEtE

e
E

ee
EE

t ηηη σεσεσε
__

0

_

0 1)()(       (2.2.7) 

sidides −= ntE
η

cocvadobis dro ewodeba. (2.2.7)-e 

miiRebs saxes: 














−=⇒






 −+= nnn t

t
t

t
t
t

e
E

e
E

et
___

0 11)(
σεσεε .    (2.2.8) 

Tu ,00 =ε  maSin ε ganisazRvreba (2.2.8)-is meore 

SesakrebiT, moduli E ganisazRvreba cdidan cocva-

dobaze Zabvisa da deformaciis sididiT, roca ,∞→t
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siblantis koeficienti ,•=
ε

ση  roca 0→t  da 00 →ε  

(nax. 2.2.1). roca ,0=σ  maSin (2.2.7)-dan 

tE

et ηεε
_

0)( = .                  (2.2.9) 

am SemTxvevis deformaciis relaqsaciis SemTxvevas 

uwodeben (2.2.9)-dan ganisazRvreba drekadi cocvadobis 

dro, romlis ganmavlobaSic  deformacia mcirdeba e

-jer. roca ∞→t  (2.2.8)-dan 
E
σε → -sken. 

   ZiriTadi nakli kelvin-foixtis modelisa mdgoma-

reobs SemdegSi: 

a) cocvadobis kanoni warmoadgens ubralo eqsponen-

cialur damokidebulebas da TanxmobaSi ar modis 

eqsperimentTan. 

b) modeli relaqsaciis process saerTod ver aRwers. 

xSirad ganixileba modeli Semdgari N raodenoba 
kelvin-foixtis modelisagan sxvadasxva relaqsaciis 

droiT TiToeuli.  

am modelis yovel qvemodelSi Zabvis sidide aris 

erTnairi. sruli deformaciis sidide mudmivi Zabvis 

SemTxvevaSi, Seikribeba calkeuli elementebis defor-

maciebisagan: 

).1(
1 _

1

tEN

i i

i
i

e
E

ησε −= ∑
=

               (2.2.10) 

sadac −
iE

1
moqnilobebia zambarebis. 

relaqsaciis drois uwyveti ganawilebis SemTxve-

vaSi, roca )( ∞→N gveqneba: 

dnenI n
t

)1)((
0

_

∫
∞

−=σε ,              (2.2.11) 
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sadac )(nI _moqnilobis ganawilebis funqciaa. radgan 

relaqsaciis drois speqtris gansazRvra, moleku-

luri meqanizmis safuZvelze sirTulesTan aris 

dakavSirebuli, amitom winaswar apriorulad saxel-

deba )(nE  da )(nI  ganawilebis funqciebi. alfreis 

mier dadgenilia, rom relaqsaciis dro ),(n  makro-

molekulis TiToeuli segmentisaTvis dakavSirebulia 

aseve molekuluri jaWvis sigrZesTan: 

  T
U

Nb eAen η∆
⋅= ,                 (2.2.12) 

sadac −b mudmivia, −∆U energiis nazrdi, −T absolu-

turi temperatura. cocvadobis deformacia aseTi 

modelisaTvis aRiwereba Semdegi gantolebis mixedviT: 

dnenIt
H

n
t

]1)[(
0

_

∫
∞

−++= σ
η
σσε .          (2.2.13) 

sabolood mivdivarT im daskvnamde, rom defor-

macia kel-vini_foixtis modelis, drois mcire mona-

kveTis ganmavlobaSi ganisazRvreba mxolod blant 

elementSi dguSis gadaadgilebis sididiT. marTlac, 

rogori didi datvirTvac ar unda moedos models, 

drekadi deformacia ar ganviTardeba imaze adre, 

sanam ar daiwyebs ganviTarebas plastikuri defor-

macia, xolo zogadi deformacia ganisazRvreba 

blanti denadobis siCqariT. swored am faqtis gamo 

klevini-foixtis modeli Seesabameba blant-drekadi 

sxeulebis deformirebis kanons. 

a.aleqsandrovma da i. lazurkinma yuradReba 

miapyres im faqts, rom polimerze gare Zalebis 

moqmedebis Sedagad, maTSi ganviTardeba ori tipis 

Seqcevadi deformacia: drekadi da maRalelastiuri 

(cocvadobis). TiToeuli Sesakrebis wili maTi 

modulebis mixedviT ganisazRvreba formuliT: 
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 σεεε 









+=+=

drc

cdr EE
11

.              (2.2.14) 

deformaciis maRalelastiuri mdgeneli damokide-

bulia droze. maT mierve dadgenili iqna aseve, rom 

relaqsaciuri procesi maRalelastiuri deformaciis 

dadgenisas mudmivi Zalis gavleniT, emorCileba 

eqsponencialur kanonzomierebas. sruli deformaci-

isaTvis maT mier SemoTavazebuli iqna damokidebu-

leba, romelic samarTliania im areSi, romelic 

Seesabameba miniseburi mdgomareobidan maRalelas-

tiur mdgomareobaSi gadasvlas. 

)1(),(
_
τεεε
t

eTt −+= ∞dr ,              (2.2.15) 

sadac −∞ε wonasworuli maRalelastiuri deforma-

ciaa. (2.2.15)-e Seesabameba models, romelSidac dre-

kadi elementi mimdevrobiT aris SeerTebuli kelvini-

foixtis modelTan. e.i. ganixileba sxeulis samele-

mentiani modeli. 
 

§ 2.3. a. iSlinskis `tipiuri sxeuli~-s,          
samelementiani reologiuri (meqanikuri) 

modeli 
 

kelvini-foixtis modelTan mimdevrobiT SevaerTod 

drekadi elementi (nax. 2.3.1).  

miviRebT sxeulis samelementian models, romelsac 

standartuli wrfivi sxeuli an iSlinskis `tipiuri 

sxeuli~ ewodeba. modelis muSaobis principis 

mixedviT miiReba Semdegi sistema: 
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








==+

===+

== •

.;

;;

;

2

1

d2d2d2d1

d1d1d2d1b

bbd1b

σεεεε

σεσσσσ

σηεεε

E

E           (2.3.1) 

 

 

 

 

 

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 

nax. 2.3.1. samelementiani modeli 
               

Tu gamovricxavT calkeul elementebSi Zabvebsa 

da deformaciebs, miviRebT samelementiani modelis 

deformirebis kanons: 

*

2121

21*

21

2 σησεεη
EEEE

EE
EE

E
+

+=
+

+
+

 

saidanac aRniSvnis 

,2EH =   
21

21

EE
EEE
+

= ,   
21 EE

n
+

=
η

. 

E1 

O 

σ 

η 

ε( t) 

σ( t) 
σ 

t 
O 

t 

σ 
E 

σ 
H 

t1 

t1 

E2 
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Semdeg, miviRebT saboloo saxiT samelementiani 

modelis muSaobis diferencialur gantolebas 

,•• +=+ σσεε nEnH              (2.3.2) 

romelsac reologiuri gantoleba hqvia. 

analogourad Tu maqsvelis models paralelurad 

miuerTebT drekad elements (nax. 2.3.2).  

miviRebT gantolebaTa (2.3.3) sistemas, saidanac 

indeqsebis gamoricxviT, (2.3.2) gantolebis msgavsad 

miiReba aseve pirveli rigis (2.3.4) diferencialuri 

gantoleba. 

,

,

,










+=

+=

=

d2d1

d1b

d2b

εεε

σσσ

σσ

    

;

,
,

2

1

d2d2

d1d1

b
*
b

σε

σε
σηε

=

=
=

E

E              (2.3.3) 

•• +=+
+ σησεεη

22

21 )(
E

E
E

EE
.              (2.3.4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                            nax. 2.3.3. oTxelementiani modeli 
 

σ 

σ 

E1 

σ 

η 

σ 

η2 

E2 

η1 

E2 

E1 

nax. 2.3.2. samelementiani 
modeli  
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xolo modelisTvis (nax. 2.3.3), romelic Seicavs or 

blant da or drekad elements, miiReba (gamoyvanas ar 

moviyvanT) meore rigis diferencialuri gantoleba 

(2.3.5). rogorc vxedavT modelSi (nax. 2.3.3) blanti 

elementis gazrdam gamoiwvia diferencialuri ganto-

lebis rigis aweva. 

σσεε ′+=′+′′ nBA .                (2.3.5) 

   e.i. diferencialuri gantolebis rigi, toli aris 

modelSi blanti elementebis ricxvis. amasTanave, 

(2.3.2), (2.3.4) da (2.3.5) gantolebebidan Cans, rom 

modelSi elementebis ricxvis gazrda an maTi sxvada-

sxvanairad SeerTeba ar iZleva deformirebis arsebiTi 

xasiaTis cvlilebas. praqtikuli TvalsazrisiT, 

yvelaze metad amocanebis amoxsnisas iyeneben (2.3.2) 

gantolebas. 

roca deformirebis procesi nela mimdinareobs 

maSin (2.3.2)-Si •ε  da •σ  sidideebi SeiZleba ukuvag-

doT ε da σ sidideebTan SedarebiT, maSin (2.3.2)-dan 

miviRebT Cveulebriv 

σε =E . 

hukis kanons xangrZlivi drekadobis ∞≡ EE  modu-

liT. 

Tu procesi Zalze swrafad mimdinareobs maSin 

(2.3.2)-Si ukuvagdebT εσ , -s da gveqneba gawarmoebuli 

saxiT 

σε  =H . 

hukis kanoni, mxolod drekadobis myisi H moduliT. 

cnobilia, rom EH >  e.i. myisi drekadobis moduli 

yovelTvis metia xangrZliv drekadobis modulze (nax. 

2.3.4).  

  

 

 

E 

ε O 

σ 

H 
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nax. 2.3.4. myisi da xangrZlivi drekadobis modulebi 

naTqvami martivad gamomdinareobs cocvadobis 

diagramidan (nax. 2.3.5). 

    ,, 





 == ∞E

OB
H

OA
kk σσ

 radgan ,OBOA <  amitom .∞> EH  

 ganvixiloT exla (2.3.2) gantolebis amoxsnis 

SemTxvevebi: 

a) mudmivi datvirTva const=σ  (cocvadoba) (2.3.2)-dan 

miviRebT: 

nH
Et

nH
Ett

nH
E

ce
E

e
E

nH
nH

Cet
__

)()( +=⋅+=
σσε .       (2.3.6)  

 

 

 

 

 

 

 

 

 

 

 

nax. 2.3.5. cocvadobis sqematuri mrudi. 

 

−C mudmivis gansazRvrisaTvis aviRoT bunebrivi 

sawyisi pirobebi, roca .)0(  ;0
H

t σε ==  gveqneba:  

σ=σk=const 

ε( t) 

t 

B 

O 

A 
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





 −=−=

EHE
C 11

)0( σσε ;                (2.3.6) 

amoxsnas eqneba saxe: 

 nH
Et

e
EHE

t
_11

)( 





 −+= σσε .              (2.3.7) 

 

radgan EH >  amitom 0
11

<





 −

EH
 yovelTvis, roca 

E
t

H
t σεσε =∞∞=== )(  , ;)0(  ,0 . 

grafiki mocemulia nax. 2.3.6-ze. 

 

 

 

 

 

 

 

 

 

 

 
nax. 2.3.6. cocvadobis mrudi 

 

b) gantvirTva 

myisi gantvirTvisas, roca ,0=σ  maSin (2.3.6)-dan 

miviRebT: 

nH
Et

Cet
_

)( =ε .                     (2.3.8) 

Tu gantvirTvis momentSi, roca 1tt =  deformacias 

hqonda mniSvneloba 0ε , maSin (2.3.8)-dan  

σ=σk=const 

ε( t) 

t O 

σ 
E 

σ 
H 
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nH
Et

nH
Et eC

e
C 00

1 εε =⇒=  

miviRebT: 

nH
ETtt

nH
E

eet 0

)(

0
1

)( εεε ==
−

,             (2.3.9) 

sadac )( 1 ttT −=  droa gantvirTvidan gasuli. gantvir-

Tvidan drois ganmavlobaSi deformacia miiswrafvis 

nulisaken e.i. drekadblanti elementi miiswrafvis 

bunebrivi mdgomareobisaken. narCeni deformaciebi 

TandaTanobiT gaqrebian da deformirebis procesi 

gaxdeba Seqcevadi (nax. 2.3.1). 

g) vTqvaT deformacia const== 0εε  (relaqsacia). 

(2.3.2)-dan miviRebT: 

n
t

n
t

n
t

CeEne
n

ECeEn
_

0
0

_

0 +=









⋅+=⇒=+ • εεσεσσ .  (2.3.10) 

roca 0 ; σσ == ot  pirobidan miviRebT 00 εσ EC −= ; 

(2.3.10) miiRebs saxes: 

n
t

eEEt
_

000 )()( εσεσ −+= .            (2.3.11) 

 (2.3.11)-is grafiks eqneba nax. 2.3.7-ze mocemuli saxe. 

e.i. roca 00 )(,;)0(,0 εσσσ Ett =∞∞=== . 

 

 

 

 

 

 

 

 

 

 

σ( t) 

ε0=cons
 

Eε1 

σ2 

t 
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nax. 2.3.7. relaqsaciis mrudi 

 

rogorc vxedavT, nax. 2.3.1; 2.3.7 mivdivarT im 

daskvnamde, rom samelementiani reologiuri modeli 

cocvadobisa da relaqsaciur procesebs kargad aRwers, 

rac eqsperimentuladac dasturdeba, amitom (2.3.2) 

diferencialuri gantoleba warmoadgens drekad 

blanti (blant drekadi) sxeulebis deformirebis 

reologiur gantolebas. am gantolebis gamoyenebis 

speqtri Zalian didia, gansakuTrebiT kompoziciuri 

masalebisagan damzadebuli konstruqciis an misi 

elementebis gaangariSebis dros. 

II. reologiuri (2.3.2) diferencialuri gantolebis 

gamoyvana.  samelementiani (nax. 2.3.1) modelis saerTo 

deformacia )(ε  warmoidgineba, rogorc jami drekadi 

)( 2E  elementis deformaciisa )( d2ε  da kelvinis mode-

lis )( bd1k εεε ==  deformaciis, (2.3.1) sistemis mesame 

gantoleba. e.i. 

=ε +d2ε kε .                  (2.3.12) 

gavawarmooT (2.3.12), winaswar miviRoT: ;1εε ≡d1  d2ε

;2ε≡  ;1σσ ≡d1  ;2σσ ≡d2  

,2

dt
d

dt
d

dt
d kεεε

+=                 (2.3.13) 

radgan 

,
1

2
2 σε

E
=                      (2.3.14) 

amitom 

dt
d

Edt
d σε

2

2 1
= .                  (2.3.15) 
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kelvinis modelSi jamuri Zabva )( σσσσ =+= bd1k  

tolia mTlian modelSi saerTo ( )σ  Zabvis (2.3.1) 

sistemis meore gantoleba, e.i. 

.1 dt
d

E k

kbd1

ε
ηεσσσ +=+=           (2.3.16) 

 

 

 

(2.3.16)-dan 

.)(
1 1

1 kk

k ε
ηη

σεσ
η

ε EE
dt

d
−=−=            (2.3.17) 

SevitanoT (2.3.17), (2.3.13)-Si da gaviTvaliswinoT 

(2.3.15) da (2.3.12) miviRebT: 

     

;
1

1
)(

1

1

2

11

2

2
11

2
2

1

2

1

2

12

σ
η

ε
ηη

σσ

ε
η

ε
ηη

σσεε
ηη

σσ

ε
ηη

σσε
ηη

σεε

E
EE

dt
d

E

EE
dt
d

E
E

dt
d

E

E
dt
d

E
E

dt
d

dt
d

+−+=

=+−+=−−+=

=−+=−+= kk

 

wevrTa dajgufebis Semdeg gveqneba: 

.
111

)1(
1

22

21

22

11

dt
d

EE
EEdtd

EE
EE

dt
d σσ

η
σσ

η
ε

η
ε

+
+

=++=+  (2.3.18) 

(2.3.18) gantolebis orive mxare gavamravloT 

21

2

EE
E
+
η

-ze miviRebT: 

.
2121

21

21

2

dt
d

EEEE
EE

dt
d

EE
E σησεεη

+
+=

+
+

+
 

saidanac aRniSvnebis Semdeg gveqneba (2.3.2) gantoleba.  
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§ 2.4. sufTa Runva kompoziciuri tanis 
SemTxvevaSi 

 

ა) masaTa geometria. absoliturad myari tanis 

meqanikaSi (Teoriuli meqanika) masis inerciis 

momenti ewodeba, masis winaRobas mobrunebisadmi 

nebismieri RerZis mimarT, romelic sxeulTan aris 

dakavSire-buli. 

nebismieri formis (moxazulobis) sxeulis inerciis 

momenti, sxeulze gamavali romelime z RerZis mimarT, 
toli aris masis elementebis RerZebamde manZilebis 

kvadratebis namravlTa jamis e.i. 

,)()(

,)()(

,)()(

22222)(

22222)(

22222)(

dVzxdmzxdmrI

dVzydmzydmrI

dVyxdmyxdmrI

y
m

y

x
m

x

z
m

z

+=+==

+=+==

+=+==

∫∫∫
∫∫∫
∫∫∫

ρ

ρ

ρ

 

sadac −= dVdm /ρ xvedriTi simkvrivea. −= dxdydzdV  

elementis moculobaa. formulebidan Cans, rom masis 

momenti proporciuli aris sufTa geometriuli 

faqtoris _ sigrZe mexuTe xarisxSi. 

vigulisxmoT, rom 

V moculobis mqone 

sxeuli warmoadgens 

brtyel figuras, rom-

lis sisqea (δ ), farTi  

( F ) da Camocmulia (

Z ) RerZze.  

maSin: 

,dFdzdm ⋅= ρδ  

sadac constdz =δ . 
figuris sisqea da const=ρ _ figuraAerTgvarovania. 

inerciis momenti RerZebis mimarT iqneba: 

r 

r 
r 

(Z) 

(Z) 

nax. 2.4, a. inerciis polaruli 
momenti 
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.)( 22222)( dFyxdzdFrdzdFdzrdmrI
zzz

m
z +==⋅== ∫∫∫∫ ρδρδρ  

am sididis inerciis momenti ewinaaRmdegeba )( zM  

mRunav moments, imisaTvis, rom figura ar mobrundes 

)(z  RerZis garSemo. e.i. integrali dFyx )( 22 +∫  

maxasiaTebelia kveTis inerciis momentis. 

mRunavi momenti )( xM  cdilobs moabrunos figura 

−x RerZis garSemo amasTan masis winaRoba aRniSnuli 

mobrunebisaTvis iqneba: 

∫ ∫∫∫ =+=== dFydzdFzydzdFrdzdmrI xx
m

x
22222)( )()()()( ρδρδρδ . 

sadac ,222 zyrx +=  magram, radgan figura Txelia 

amitom )0( ≈r  e.i. 

 dFydzI m
x ∫= 2)( )(ρδ . 

aseve mRunavi )( yM  momentis moqmedebiT analogiuri 

msjelobidan miviRebT, rom  

dFxdzdFzxdzdFrdzI y
m

y ∫∫∫ =+== 2222)( )()( ρδρδρδ . 

momentebs −yx II ,  ewodebaT ekvatoruli inerciis, 

xolo −zI s polaruli inerciis momenti. 

b) brtyeli kveTis geometriuli maxasiaTeblebi. 

cnobilia, rom Reros gaWimva-kumSvis deformirebi-

sas, simtkice, sixiste, ganikveTebSi aRZruli Zabvebi, 

deformaciis potencialuri energiis sidide da sxva 

damokidebulia Reros ganikveTze. 

farTobi _ es aris Reros ganikveTis umartivesi 

geometriuli maxasiaTebeli. farTobi aris elementa-

ruli farTiT dF elementebis integraluri jami. 

∫=
F

dFF . 

Runvis amocanis Seswavlisas aucilebeli xdeba 

daveyrdnoT Reros ganikveTis zogierT geometriul 
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maxasiaTebels. magaliTad kveTi mdebareobs (yz) 
sibrtyeze, x-is marTobulad (nax. 2.4.1). 

1°. kveTis statikuri momenti, romelime RerZis 

mimarT ewodeba Semdeg gamosaxulebebs:  

∫=
F

y zdFS ;  ∫=
F

z ydFS .               (2.4.1) 

RerZebis mimarTulebis Secvla iwvevs Sesabamisad 

statikuri momentebis niSnis Secvlas. 

Tu RerZi, romlis mimarTac ganisazRvreba stati-

kuri momenti, gadis kveTis simZimis centrze (nax. 2.4.2), 

maSin am RerZis mimarT statikuri momentebi udris 

nuls. 

;00 =⋅=⋅= FFyS cz   .00 =⋅=⋅= FFzS cy  

 

 

 

 

 

 

 

 

 

 
nax. 2.4.1. kveTis statikuri       nax. 2.4.2. centraluri  

          momenti                          RerZebi 

 

simZimis centrze gamaval RerZebs centraluri 

RerZebi ewodeba (nax. 2.4.2).  

rogorc aRniSnuli iyo RerZebis mimarT kveTis 

inerciis momentebi ewodeba Semdeg gamosaxulebebs: 

∫=
F

y dFzI ;2    dFyI
F

Z ∫= 2 .              (2.4.2) 

inerciis polaruli momenti        

O 

z 

y 

z1 

ρ 

y 

z
 

dF 

O 

z 

y 

y1 yc 

zc 

c 
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dFzydFII Px )( 222 ∫ +=== ρ .            (2.4.3) 

inerciis centridanuli momenti     

∫=
F

yz yzdFI ,                     (2.4.4) 

romelic warmoadgens RerZebis asimetriulobis xarisxs. 

e.i. integrali kveTis elementaruli farTobebisa da 

maTi RerZebamde Sesabamisi manZilebis namravlidan. 

RerZebi romelTa mimarT inerciis momentebs aqvs 

eqstremaluri mniSvnelobebi ewodeba inerciis mTavari 

RerZebi. 

mTavari RerZebis mimarT inerciis centridanuli 

momenti udris nuls 0=yzI . 

urTierTmarTobi RerZebidan, romelTagan erTi an 

orive emTxveva kveTis simetriis RerZebs, yovelTvis 

aris inerciis mTavari RerZebi.  

 

1°. Runva drekadi tanis SemTxvevaSi. drekadi 

izotropuli sxeulebis Runvis amocanebi Sesabamis 

literaturaSi amomwuravad aris gaSuqebuli, saxelo-

vani mecnierebis mier. gansaxilav paragrafSi (2.4), Cven 

Segnebulad moviyvaneT drekadi izotropuli Zelis 

sufTa Runvis amocana, imitom, rom mkiTxvels gauad-

vildes Sedarebis gakeTeba, roca is kompoziciuri 

tanis Runvis amocanis ganxilvas daiwyebs.  

Runvis qveS igulisxmeba datvirTvis iseTi saxe, 

romlis drosac Reros ganikveTebSi aRiZvreba mRunavi 

momentebi. Tu mRunavi momenti kveTSi aris erTaderTi 

Zaluri faqtori, xolo ganivi da normaluri Zalebi 

ar monawileoben maSin Runvas sufTa ewodeba. umetes 

SemTxvevaSi Reros ganikveTebSi garda momentebisa 

aRiZvrebian kidev ganivi Zalebi aseT SemTxvevaSi 
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Runvas ganivi ewodeba. Rero romelic ZiriTadad 

Runvaze muSaobs ewodeba Zeli. 

Zelze erT sibrtyeSi gare Zalebis moqmedebis 

Sedegad, romelic gadis Zelis RerZze (Zalebis 

brtyeli moqmedeba), maSin Reros ganikveTebSi 

aRiZvrebian Siga Zaluri faqtorebi (Zalvebi) kerZod. 

 

1. ganivi Zala Q , romelic moqmedebs ganivi kveTis 

sibrtyeSi da gadis mis simZimis centrze. 

2. grZivi Zala N , romelic modebulia kveTis 

simZimis centrze kveTisadmi marTobulad. 

3. mRunavi momenti M , moqmedebs ganikveTis marTobul 

sibrtyeSi. mRunav momentebs aRniSnaven aseve yM  

da zM -iT. RerZebi y da z moTavsebuli arian Zelis 

ganiv kveTSi, romelTa mimarT moqmedebs momenti. 

 

mRunavi momenti ganiv kveTSi moqmedebs zx sibr-

tyeSi dadebiTia Tu is Zelis marjvena (a) nawilis 

marcxena fuZeze moqmedebs saaTis isris moZraobis 

mimarTulebiT, xolo marcxena (b) nawilis marjvena 

fuZeze saaTis isris sawinaaRmdegod. grZivi N  Zala 

dadebiTia Tu is  gamWimavia. ganivi Zala dadebiTia 

Tu is a) nawilis marcxena fuZeze mimarTulia zeviT, 

xolo b) nawilis marjvena fuZeze mimarTulia qveviT. 

(nax. 2.4.3 da nax. 2.4.4). 

 

 

 

 

 

 

 

Q  

M 

C C 

x 

M y 

z 

a b 

M 

C 

C 
Q  

Q  Q  

N  
N  

N  N  
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nax. 2.4.3. ganivkveTSi moqmedi      nax. 2.4.4. kveTSi moqmedi  

          Zalebi                            Zalebi 

 

mRunavi momenti, grZivi da ganivi Zalebi yovel 

ganiv kveTSi dakavSirebulia ZabvebTan aRZruls imave 

kveTebSi Semdegi formulebiT. 

∫=
F

z ydFM ,σ  ∫=
F

ydFQ ;τ  ∫=
F

dFN ;σ  2

2

  ;
dx

Mdq
dx

dMQ == .  (2.4.5) 

sufTa Runvis dros .0=N  

Rero mRunavi momentis moqmedebis dros gaiRuneba, 

xolo AB da CD sworebi darCebian sworebad da 

marTobulad Reros gaRunuli RerZisadmi mn. aqedan 
gamodis, rom Zelis SigniT iseve xdeba, rogorc 

waxnagebze, rom brtyeli ganivi kveTebi deformaciamde, 

deformaciis Semdegac rCebian brtyelebad. mxolod 

boWkoebis gaWimvis, xolo meoris SekumSvis xarjze.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

z1 

dϕ 

M 

z 
dF 

O 

ρ 

z
 

m 

y 

k1 

D A 

x 

x 

y 

z 

h z 
k 

n 

dϕ 

dS C1 
k1 

n1 

D1 A1 

m1 

B1 

M 

z 

O 
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nax. 2.4.5. Reros Runvis sqema. 

 

   aqedan Cans, rom Zels gaaCnia fena (boWko), 

romelic arc iWimeba da arc ikumSeba da aseT fenas 

ewodeba neitraluri (naxazze mn). Zelis simetriis 

sibrtyis, kveTis sibrtyesTan TankveTis xazs z – RerZi 
davamTxvioT, neitraluri yx fenis zy sibrtyesTan 
gadakveTis xazs neitraluri RerZi hqvia ( −y RerZi). 

vaCvenoT, rom neitraluri RerZidan z manZiliT 

daSorebuli fenis grZivi deformacia sufTa Runvis 

dros toli aris                                   

=ε æ , zZ
ρ
1

= .                    (2.4.6)                                                            

−ρ simrudis radiusia _ 1om .  

zmk = ; ;11 mndsnm ==    ϕρdds = ; 

      ϕϕϕρϕρ zddszdddsdzmnKK =−+=−+=−=∆ )(1    

      zz
d

zd
ds

zd
mn

æ====
∆

=
ρϕρ

ϕϕε . r.d.g.           

 

aseve mtkicdeba, rom neitraluri fena ar  defor-

mirdeba, marTlac 011 =
−

=
mn

nmmn
σε  Runvis Teoriis 

Tanaxmad damokidebulebas e.i. normaluri Zabvis gamo-

saTvlel formulas (e.i. neitraluri Sridan z 
manZilze fenebSi) miviRebT (2.4.6)-is gaTvaliswinebiT 

hukis kanonidan: 

  zHzHH æ===
ρ

εσ .               (2.4.7) 

e.i. Zabva proporciulia farTiTi dF elementidan  

manZilisa neitralur RerZamde y da ar aris damo-
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kidebuli meore y koordinatze. jerjerobiT ucnobia 

sidide ρ an ( æ
1
=

ρ
)  simrude. gardavqmnaT (2.4.7)-e 

imisaTvis, rom miviRoT Runvis ZiriTadi gantoleba. 

saWiroa davagegmiloT elementaruli Zala dFσ  

(intensivoba) koordinatTa RerZebze da SevadginoT 

wonasworobis gantolebebi:                 

0;0;0;0;0,0 ====== ∑∑ ∑ ∑ ∑ ∑ zyx MMMZYX , (2.4.8) 

saidanac sami ∑ ∑ ∑ === 0;0;0 zy MMX  gantolebidan 

miviRebT 

∑ ∫ ∫ =⇒=−=
F F

dFdFX 00 σσ . 

elementaruli Zalvis dFσ  momentebi y da z 
RerZebis mimarT iqneba zdF ⋅σ  da ydF ⋅−σ  xolo 

elementaruli yvela Zalvebis momentebis jami y da z 
RerZebis mimarT iqneba  

∫ ⋅
F

zdFσ  da ∫−
F

ydFσ . 

ekvivalentobis pirobidan gveqneba 

∫ =
F

dF ;0σ  ∫ −=
F

MzdF ;σ  ∫ =
F

ydF 0σ .          (2.4.9) 

miRebuli sami gantoleba sakmarisia normaluri 

Zabvis gansazRvrisaTvis dF kveTSi koordinatebiT (

zy; ) e.i.  

),( zyϕσ = .                  (2.4.10) 

SevitanoT (2.4.7), (2.4.9)1-Si gveqneba: 

;00 ≠⇒== ∫∫
FF

EzdFEdF
ρρ

σ  ∫ =
F

zdF 0 . 

e.i. figuris statikuri momenti neitraluri −y
RerZis mimarT udris nuls. rac imas niSnavs, rom 
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neitraluri RerZi gadadis kveTis simZimis centrSi. 

exla SevitanoT (2.4.7)-e (2.4.9)-Si gveqneba: 

     
y

y
FF HI

MMIHMdFzHzdF =⇒−=−⇒−=−= ∫∫ ρρρ
σ 12 , 

e.i.  
yHI

M
=æ ,                (2.4.11) 

sadac yHI  Zelis sixistea Runvisas, II y =  inerciis 

momenti neitraluri RerZis mimarT. me-(2.4.11) formula 

sinTezia sami amocanis: geometriuli mxare warmodge-

nilia simrudiT 
ρ
1
 da kveTis inerciis I momentiT, 

fizikuri _ masalis drekadobis H moduliT, da 

statikuri mxare warmodgenili gare Zalebis M  

momentiT. me-(2.4.11) aris Runvis ZiriTadi gantoleba. 

rac Seexeba (2.4.9)-s e.i. 

∫ ∫ =⇒=
F F

zydFydF 00σ , 

is warmoadgens kveTis inerciis centridanul moments, 

romlis nulTan toloba Tavsebadobis mesame pirobas 

warmoadgens. 

mocemuli sistema sufTa Runvis ZiriTadi ganto-

lebebia izotropuli sxeulisaTvis: 

zæ=ε , 

HI
M

=æ ,                   (2.4.12)                                 

z
I

Mz
HI
MHH === εσ . 

rogorc vxedavT (2.4.12)-dan maqsimaluri Zabvebi 

Runvisas aRiZvreba neitraluri y RerZidan maqsimalu-

rad daSorebul wertilebSi. e.i. 
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maq.maq. z
I
M

y

=σ .                 (2.4.13)   

aRvniSnoT  y
y W

z
I

=
maq

 da mas kveTis winaRobis 

momenti vuwodoT Runvisas. e.i.  

yW
M

=maqσ .                   (2.4.14)  

es formula ZiriTadad warmoadgens Zelis simtki-

ceze gaangariSebis dros Runvisas. 

marTkuTxa kveTisaTvis zomebiT b da h gveqneba: 

,
12

3bhI y =   ;
2
hz =maq   

6

2bhWy = .           (2.4.15) 

Runvisas Zelis drekadi deformaciis energia gani-

sazRvreba M momentis muSaobiT ori kveTis kuTxur 

dϕ  gadaadgilebaze. 

ϕddU
2
1

= ,                   (2.4.16) 

magram ,dy
HI
Mdyd

y

==
ρ

ϕ  miviRebT: 

 ∫=
 yEI

dyMU
2

2

.                  (2.4.17) 

2°. Runva kompoziciuri tanis SemTxvevaSi.  
ganvixiloT drekadblanti Reros sufTa Runvis 

amocana, romlis deformirebis diferencialur gan-

tolebas aqvs Semdegi saxe: 
•• +=+ σσεε nEnH .             (2.4.18) 

SevitanoT (2.4.18)-Si, (2.2.12) gveqneba: 

*ænHz æEz+ *ænHIzM
I
nz

I
M

⇒+= • æEI+ = •+ nMM ; (2.4.19) 



 91 

(2.4.19)-e warmoadgens drekad blanti Reros Runvis 

diferencialur gantolebas. 

ganvixiloT cocvadoba Runvisas e.i. roca 

.constM =  miviRebT (2.4.19)-dan. 

nH
E

+*æ *ææ ⇒=
nHI
M

+ æ
nH
E

0=−
nHI
M

.     (2.4.20) 

(2.4.20)-e aris Runvis dros cocvadobis diferen-

cialuri gantoleba. vaintegroT (2.3.20)-e, t cvladiT 

gveqneba: 

t
nH
Et

nH
Et

nH
E

Ce
EI
Me

E
nH

nHI
MCe

−−
+=⋅+= )(æ . 

roca ,0=t  
HI
M

=)0(æ  miviRebT: −=
HI
MC ,

11






 −=

EHI
M

EI
M

 

e.i. 










 −
−=






 −−=

t
nH
Et

nH
E

e
H

EH
EI
Me

H
E

EI
M

EI
M __

11(æ .     (2.4.21) 

rogorc vxedavT (2.4.21) gansxvavdeba drekadi (2.4.21) 

amoxsnisagan.  

Zelis CaRunvebi mis sigrZesTan SedarebiT miviRoT 
mcire sidideT, amitom simrude æ SeiZleba Seicva-

los CaRunvis meore warmoebuliT sigrZiT 







=′′ 2

2

dx
ydy . 

CaRunva y ise, rogorc M _ momenti moiazreba t 
droisa da kveTis sigrZeze mdebareobis x-is funqcia. 
e.i. );,( txyy =   ).,( txMM =  da                 

≈′′y
32 )1(

æ
y

y
′+

′′
= .               (2.4.22) 

ganvixiloT exla sufTa Runvis dros relaqsaciis 

procesi const== 0ææ , e.i. rogor ganviTardeba ReroSi 

Zabvebi roca æ=ε ,constz =  miviRebT (2.4.18)-dan; 
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  0æ
1

n
Ez

n
nHEn =+⇒+=+ ••• σσεεσσ ⇒+ *æHz  

0æ
1

n
Ez

n
−+⇒ • σσ 0= .          (2.4.23) 

(2.4.13) 









⋅+=⇒ n

t
n
t

ne
n
EzCe 0

_
æσ 0

_
æEzCe n

t

+= , 

roca 0=t , ,0 I
Mz

==σσ  maSin 0=C . 

gveqneba: 

zH
I

Mz
æ==σ .                  (2.4.24) 

e.i. Zabva drekadblant ReroSi icvleba simaRleSi 
wrfivi kanoniT da es Zabva droze ar aris damoki-
debuli. Zabva iseTive darCa, rogorc drekadi Reros 
Runvis dros (2.4.12) toloba. Tu (2.4.24)-Si davuSvebT, 
rom 0=z , maSin vRebulobT, rom neitralur RerZze 
(fenaze) Zabvebi ar moqmedeben. 

 

 

 
 
 
 
 

 
 
nax. 2.4.6. simrudis ganviTareba 

droSi 
 

roca x=0 da x= l  vRebulobT  

CaRunvis mniSvnelo-bebs 

Sesabamisad y(0,t)=0, y( l ,t)=0. 
Reros Camagrebis wertilebSi. 

P 

P 

5
 

5
 

5
 
5
 

10
 

10
 

10
0 

24
0 

nax. 2.4.7. a. Runvaze 
gamocdis calke 

elementi 

M=const 

t 

M 
EI 

O 

æ 

M 
IH 
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eqsperimenti Catarebul iqna specialur danadgarze 

(nax. 2.4.7), xolo cdiseuli monacemebi mina-teqstolit 

( )2503
8 −−TC -Tvis ar-mirebis mimarTulebiT )0( 0=α  

mo-cemulia cxrilSi (2.4.1). naxazze 2.4.8, mocemulia 

Runvisas cocva-dobis mrudebi mina-teqstolit 

−−10(T Э )DT -Tvis. 

formula (2.4.21) Tu gaviTvalis-winebT (2.4.22)-s ase 
Caiwereba: 










 −
−=






≡′′

t
nH
E

e
H

EH
EI
M

dx
dy

dx
dy

_
1 .   (*) 

 
nax. 2.4.7. Runvaze seriuli gamocdis procesi 

 
(*) warmoadgens gaRunuli Zelis RerZis dife-

rencialur gantolebas. simrudis cvlileba drois 

mixedviT mocemulia (nax. 2.4.6)-ze. orjer x-iT integ-
rebis Semdeg (*) aseT saxes miiRebs: 



 94 

 








 −
−=

∫ ∫ t
nH
E

l l

e
H

EH
EI

Mdxdx
txY

_
0 0 1),( .             (2.4.25) 

 



 

cxrili 2.4.1 

minateqstoliti ( 2503/8 −−TC ), Runvisas miRebuli monacemebi. armirebis 

mimarTuleba ,0°=α  ,200 CT =   tenianoba  %70=W  

Zabva 

kgZ/sm2 
deforma- 

cia 

dro, datvirTvis Semdeg, saaTebSi  

001,01 =τ  01,02 =τ  1,03 =τ  14 =τ  105 =τ  1006 =τ  10007 =τ  

775
4,01

=

== rσσ
 

e

T

mm 

ε
ε
Y

 

0,414 

0,388 

0,388 

0,421 

0,393 

0,394 

0,426 

0,398 

0,399 

0,432 

0,406 

0,405 

0,447 

0,418 

0,419 

0,468 

0,435 

0,439 

0,492 

0,461 

0,460 

1550
5,02

=

== rσσ
 

e

T

mm 

ε
ε
Y

 

0,895 

0,801 

0,790 

0,907 

0,805 

0,802 

0,934 

0,817 

0,825 

0,939 

0,833 

0,855 

0,995 

0,860 

0,879 

1,031 

0,904 

0,911 

1,088 

0,976 

0,960 

2325
6,03

=

== rσσ
 

e

T

mm 

ε
ε
Y

 

1,303 

1,212 

1,210 

1,320 

1,225 

1,225 

1,352 

1,247 

1,254 

1,393 

1,288 

1,293 

1,460 

1,369 

1,356 

nimuSi 

_ 

gawyda 

nimuSi 

 

gawyda 
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Tu CavTvliT, rom dro  mudmivia, maSin 

(2.4.22)-is x-iT integrebiT miviRebT: 

           

 da  mudmivebi ganisazRvreba Semdegi pirobi-

dan, roca  maSin  da ( . 

miviRebT, rom ,02 =C  xolo   

2
1

_
1

le
H

EH
EI
MC nH

Et






 −
−−= , 

sabolood gveqneba: 

a) kveTis mobrunebis kuTxisaTvis 

le
H

IH
EI
Mxe

H
EH

EI
M

dx
dy nH

Et
nH
Et










 −
−−









 −
−==

_2_
1

2
1ϑ .   (2.4.26) 

   b) gaRunuli Reros RerZis gantolebisaTvis nebis-
mieri x da t-saTvis. 

     =








 −
−−









 −
−= lxe

H
EH

EI
Mxe

H
EH

EI
Mtxy nH

Et
nH
Et

_2_
1

2
1

2
),(   

).(1
2

2_
lxxe

H
EH

EI
M nH

Et

−








 −
−=                (2.4.27) 

)( constt =

.1
2

),(

1

21
2_

1

_

CxCxe
H

Eh
EI
Mtxy

Cxe
H

EH
EI
M

dx
dy

y
nH
E

t
nH
E

++








 −
−=⇒

⇒+








 −
−=

1C 2C

0( =x )0=y )0 ,
2

==
dx
dybx
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nax. 2.4.8. cocvadobis mrudebi 

sadac ,73,92,01 2dr
mm

kg
== σσ  ,59,143,02 2dr

mm

kg
== σσ   

       






 =
2dr

mm

kg
65,48σ ; ,46,194,03 2dr

mm

kg
== σσ   

              ,240524 2dr
mm

kg
== σσ  ydrek.=2,8mm,  ydrek.=4,2mm,   

        ydrek.=5,7mm,  ydrek.=7,0mm. 
 
 

 
 
 
 
 
 
 
 
 

σ4 

σ3 

σ2 

σ3 
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0,25 

0 50 100 150 200 

y,
(m
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Tavi III. Teoriuli da eqsperimentuli 
cocvadoba 

 
nawili I. cocvadobis wrfivi Teoria 

 
§ 3.1. memkvidreobis anu bolcmanis Teoria 

 

deformaciis ganviTarebis process drois mixed-

viT mudmivi Zabvis gavleniT cocvadoba ewodeba. 

cocvadoba, rogorc procesi vlindeba SedarebiT 

xangrZlivi drois ganmavlobaSi, manqanaTa nawilebSi, 

konstruqciis elementebSi, Zalur danadgarebSi da 

izomeba aTeuli, aseuli Tu aTaseuli saaTebiT. mis 

Seswavlaze miZRvnilia uamravi gamokvleva Sromebisa 

da monografiebis saxiT. kompoziciur sxeulebSi 

cocvadobis procesis Seswavla modelebis Teoriaze 

dayrdnobiT ver iZleva deformirebis realur suraTs, 

rogoradac ar unda gaizardos modelSi elementebis 

ricxvi. piriqiT mravalelementiani modeliT sargeb-

loba dakavSirebulia rTuli maTematikuri xasiaTis 

gamoTvlebTan.  

Tavdapirvelad cocvadoba aRwerili iyo bolcmanis 

SromebSi da moixsenieboda memkvidreobis Teoriis 

saxelwodebiT, romelsac safuZvlad edo Sejamebis 

anu superpoziciis principi da emyareboda or hipo-

Tezas: 

1. drekadi Zalebi damokidebulia ara marto myi-

sierad miRebul gadaadgilebaze, aramed mis Semdgom 

ganviTarebul deformaciebzec, romlebic datvirTvis 

drois zrdasTan erTad TandaTanobiT mcirdebian. 

2. drois sxvadasxva momentisaTvis miRebuli 

deformaciebis gavlena Sejamdeba e.i. gaerTiandebian 

uSualo Sekrebis gziT.  
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CavTvaloT,  rom kompoziciur sxeulze garkveuli  

drois τ momentSi modebuli iyo Zabva (datvirTva) 

),(τσ ij  romlis gavleniT τ∆  drois ganmavlobaSi 

sxeulma miiRo deformacia. Tu sxeuls datvirTvas 

movxsniT maSin ukve miRebuli deformacia romeliRac 

t momentisaTvis, romelic τ-s aRemateba )( τ>t  defor-

macia proporciuli iqneba Zabvis moqmedebis xangrZ-

livobis τ∆ -si. Zabvis )(τσ ij  mniSvnelobisa da raime 

)( τ−tK  funqciisa romelic damaxasiaTebelia mocemuli 

sxeulisaTvis da warmoadgens monotonurad klebad 

funqcias. am funqcias memkvidreobis koeficienti anu 

gavlenis funqcia ewodeba da asaxavs t momentSi 

deformaciaze im Zabvis gavlenas, romelic modebuli 

iyo sxeulze τ momentSi. 

e.i.                 εσε ∆+=
E
tt )(

)( .                  (3.1.1) 

sadac ε∆  damokidebulia ττσ ∆)(  da )( τ−tK -ze amasTa-

nave )(τσ -s moqmedeba sxvadasxva t<τ  droisaTvis 

ikribeba.  

),(
)( τττσε −∆=∆ ∑ tK

E
             (3.1.2) 

e.i.         

)(
)()(

)( τττσσε −∆+= ∑ tK
EE

tt .           (3.1.3) 

gadavideT zRvarze (3.1.3)-Si, roca 0→∆τ  miviRebT. 

∫ −+=
t

dtK
EE

tt
0

)()(
1)(

)( ττστσε .          (3.1.4) 

(3.1.4)-e warmoadgens volteras tipis me_2 gvaris 

integralur gantolebas, romlis amoxsnas eqneba 

Semdegi saxe: 
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∫ −−=
t

dtTEtEt
0

)()()()( ττετεσ ,            (3.1.5) 

sadac )(tT  relaqsaciis siCqaris funqciaa. 

amboben, rom deformaciebs wrfivi Tviseba aqvT 

TuU Zabvebis wrfiv kombinacias, Seesabameba deforma-

ciebis wrfivi kombinacia: 

2121 εεσσ KK +=+ . 

(3.1.4) da (3.1.5) gantolebebi gamoiyenebian wrfiv 

SemTxvevaSi isini sxva formiT SeiZleba ase Caiweros: 

 ∫ −Π=
t

dtt
0

),()()( τστε                (3.1.6) 

∫ −=
t

tdtRt
0

).()()( ετσ                 (3.1.7) 

(3.1.6) da (3.1.7) gantolebebi warmoadgenen volteras 

tipis I gvaris integralur gantolebebs. sadac 

−−Π )( τt funqcia aris monotonurad klebadi droTa 

sxvaobis funqcia, an erTganzomilebiani drekadi 

sistemis moqnilobis anu cocvadobis funqcia. roca 

0=t , moqnilobis funqcia  

EK

1)0(
)0(П ==

σ
ε  

drekadobis Sebrunebuli modulis sididis tolia. 

Tu (3.1.6) da (3.1.7) gantolebebis marjvena mxareSi 

movaxdenT nawilobiT integrirebas miviRebT (3.1.4) da 

(3.1.5) gantolebebs. 

marTlac (3.1.6)-dan nawilobiTi integrebiT miviRebT: 

∫ −+−=
t

dtttt
0

1 )()(П)0()(П)()0(П)( ττστσσε . 

aRvniSnoT 

 ,
1

)0(П
E

=     )(
1

)(П ττ −=−′ tK
E

t .         (3.1.8) 
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gveqneba  

∫ −+=
t

dtK
EE

tt
0

)()(
1)(

)( ττστσε .           (3.1.9) 

(3.1.9)-e warmoadgens volteras tipis II_gvaris 

integralur gantolebas )(tσ -s mimarT, romelic 

blanti drekadobis memkvidreobis Teoriis ZiriTad 

Tanafardobas warmoadgens. 

davuSvaT, rom constt K ==σσ )(  maSin (3.1.9)-dan  

miviRebT cocvadobis gantolebas. 

 







+= ∫

t
K dK

E
t

0

)(1)( ττσε .              (3.1.10) 

gavawarmooT (3.1.10)-e gveqneba 

dt
tdEtK

K

)(
)(

ε
σ

= .                  (3.1.11) 

rogorc vxedavT )(tK  funqcia, romelic (3.1.9)-e 

integraluri gantolebis guls warmoadgens aris 

deformaciis siCqaris funqcia, roca ,,0 ∞→=
dt
dt ε

 

maSin )(tK  funqcias unda axasiaTebdes singularobis 

Tviseba e.i. ,)0( ∞=K  amasTan (3.1.9)-dan Cans, rom integ-

rali unda iyos sasruli sidide. aseTi Tvisebis 

funqciebs susti singula-

robis mqone funqciebs 

uwodeben. moxerxebulobi-

saTvis SemdegSi )(tK  funq-

cias cocvis siCqaris funq-

cias vuwodebT. rogorc 

(3.1.11)-dan Cans )(tK -s gra-

fiks eqneba Semdegi saxe 

(nax. 3.1.1). 

K( t) 

t O 
nax. 3.1.1. cocvadobis siCqa-
ris funqciis damokide- 

buleba drosagan 
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safexurebiani datvirTvisas, roca )()( tht Kσσ =  

sadac  





≥
<

=
.0,1
,0,0

)(
t
t

th  

xevisaidis funqciaa. (3.1.11)-dan gveqneba 

∫∫ −Π=−Π=
t

K

t

K dt
d

dhtt
00

)()(
)(

)()( ττδτσ
τ
τστε .     (3.1.12) 

aRvniSnoT )(
)( t

dt
tdh δ=  _ mas dirakis funqcia hqvia. 

dirakis )(tδ  funqciis Tvisebebis Tanaxmad: 

∫
∞

∞−

=− )()()( tfdtf ττδτ . 

miviRebT (3.1.12)-dan 

K
K

tttt
σ
εσε )(

)()()( =Π⇒Π= .            (3.1.13) 

(3.1.11) ase gardavqmnaT 

)(
)()(

)( tE
dt
dEt

dt
dE

dt
tdEtK

KK

•Π==







==

π
σ
εε

σ
.    (3.1.14) 

−Π )(t funqcias cocvis funqcia ewodeba. (3.1.14)-dan 

gamomdinareobs, rom gavlenis funqcia cocvis 

funqciis siCqaris proporciulia. 

SevniSnoT, rom wrfivi deformirebisas cocvis 

funqciebi erTmaneTs emTxveva, yvela Kσ  da t-saTvis. 

Kσ -s udides mniSvnelobas roca moqnilobis mrudebi 

erTmaneTs emTxveva ewodeba wrfivi deformirebis 

aris sazRvari. (3.1.1)-e da (3.1.5) gantolebebi mxolod 

am SemTxvevisaTvis gamoiyenebian. roca Zabva aRemateba 

sasazRvro mniSvnelobas da Sesabamisad mrudebi ar 

qmnian viwro konas, maSin wrfivi gantolebiT 
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sargebloba ar SeiZleba, aseT SemTxvevaSi mimarTaven 

arawrfiv Teorias. 

ganvixiloT SemTxveva rodesac sxeuli muSaobs 

rTuli daZabuli mdgomareobis pirobebSi, maSin 

wrfivi deformirebis kanoni SeiZleba ase warmovad-

ginoT: 

,)()(
2
1

2
)(

)(
0

τττ dStK
GG

tS
te ij

t

C
ij

ij −+= ∫

ZvrisaTvis 

                 (3.1.15) 

romelic ase SeiZleba CavweroT 

)()()(
0

ττ ij

t

Cij dStte −Π= ∫ ,                (3.1.16) 

sadac







− bi.komponente deviatoris tenzoris sdeformacii

bia,komponente deviatoris tenzoris Zabvis

)(

~)(

te
tS

ij

ij
 

 







 −
=−=

,31

,21

11 ,~
~)(

ε

ε
ε

δε
e

ete ijijij   

,
,~

32

22

,12

ε
ε

ε

e−  








− e~33

23

13

ε
ε
ε

,       (3.1.17) 

sadac 
)1(2 0µ+

=
EG  Zvris moduli;  

       −0µ puasonis koeficienti; 

  −ijε deformaciis tenzoris komponentebi; 

       −




≠
=

=
ji
ji

ij ,0
,1

δ kronekeris simbolo; 

       −=++= ϑεεε
3
1

)(
3
1~

332211e moculobiTi deformacia, 

       −ϑ dilatacia; 

       −− )( τtKC Zvris cocvadobis siCqaris funqcia; 

       −Π )(tC Zvris cocvadobis funqcia. 
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)(
2
1

)( tK
G

t CC =Π . 

moculobiTi deformaciis kanoni ase 

warmovidginoTY 

 ∫ −+=
t

dtK
BB

tt
0

)(~)(
1)(~

)( ττστσϑ υ ,          (3.1.18) 

an             

 )(~)()(
0

τστϑ υ dtt
t

−Π= ∫ .                (3.1.19) 

sadac B – moculobiTi drekadobis modulia da 

)21(3 0µ−
=

EB , 

       −++= )(
3
1

)(~
332211 σσσσ t birTvuli tenzori. 

−)(tKυ moculobiTi cocvadobis siCqaris funqciaa 

da  

 )(
1

)( tK
B

t υυ =Π .                  (3.1.20) 

wrfivi cocvadobis gantolebebi, rTuli daZabuli 

mdgomareobisas roca datvirTvebi mudmivia, e.i. 

,0
ijij SS =    Kt σσ ~)(~ = . 

(3.1.15)-dan da (3.1.18)-dan miiReba: 





















+=









+=

∫

∫

.)(1
~

)(

,)(1
2

)(

0

0

0

ττσϑ

ττ

υ dK
B

t

dK
G

S
te

t
K

t

C
ij

ij

             (3.1.21) 

(3.1.21)-dan miviRebT cocvis siCqaris funqciebs 

,
2

)( 0 dt
de

S
GtK ij

ij
C =   

dt
dBtK

K

ϑ
συ ~)( = . 
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safexurebiani datvirTvisas roca  

              ),()( thStS ijij =   )(~)(~ tht Kσσ = . 

sadac       







 −
=−=

31

21

11
~

~)(
σ
σ

σσ
σδσ ijijij tS  

32

22

12
~

σ
σσ

σ
−   









−σσ
σ
σ

~
33

23

13

,     (3.1.22) 

    −++= )(
3
1~

332211 σσσσ birTvuli tenzori. 

(3.1.16) da (3.1.19)-dan gveqneba: 

),()( 0 tSte Cijij Π−  da )(~)( tt K υσϑ Π= . 

saidanac miviRebT Zvrisa da moculobiTi cocva-

dobis funqciebs (moqnilobas) 

𝛱𝛱𝐶𝐶(𝑡𝑡) =
𝑒𝑒𝑖𝑖𝑖𝑖 (𝑡𝑡)
𝑆𝑆𝑖𝑖𝑖𝑖0

;          𝛱𝛱𝑣𝑣(𝑡𝑡) =
𝜗𝜗(𝑡𝑡)
𝜎𝜎�𝑘𝑘

. 

Semavali gantolebebSi (3.1.6), (3.1.8), (3.1.15) da (3.1.16) 

sidideebi σσϑε ~,,,,,  daijij Se  gaizomebian cocvadobaze 

eqsperimentidan, xolo sidideebi )(),(,,, tKtKBGE C  da 

)(tυΚ  ganisazRvrebian moklevadiani eqsperimentidan. 

aRniSnuli sidideebis gansazRvra warmoadgens 

drekadblanti sxeulebis meqanikis mTavar amocanas.  

unda aRiniSnos, rom blanti drekadobis Teoriis 

amocanebis gadawyvetis saqmeSi didi wvlili aqvT 

Setanili cnobil rus mecnierebs: i. robotnovs, 

a.rJanicins, a. iSlinskis da m. koltunovs. 

relaqsaciuri procesebis aRweris mizniT 

i.robotnovis mier Semotanilia integraluri ganto-

lebis gulis saxe: 

),1(
)(

)(
α

α

+Γ
−

=−
StStR . 

romlis rezolventaa: 
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[∑
=

=

+

++Γ
−

−=−≡∋
Sn

n

nn

n
StStStK

0

)1(

)1)(1(
)(

)()(
α

β α

α ,          (3.1.23) 

 

sadac −βα , masalis parametrebia, ,0)1( >+α  −+Γ )1( α  

gama funqciaa )1( α+  argumentis. −∋α funqcias 

robotnovis funqcias uwodeben, is databulirebulia 

da arsebobs cxrilebis saxiT. 

a. rJanicinis mier SemoTavazebul relaqsaciis 

guls aqvs Semdegi saxe: 

α

β

−

−−

−
=− 1

)(

)(
)(

St
AeStR

St

,                (3.1.24) 

romlis rezolventa m. koltunovis, mieraa miRebuli 

Semdegi saxiT: 

∑
∞=

=

−−

Γ
−Γ⋅

−
=−

n

n

nnst

n
stA

st
estK

1

)(

)(
)()]([

)(
)(

α
α αβ

,         (3.1.25) 

sadac −βα ,,A masalis parametrebia. 

parametrebis −βα ,,A gansazRvrisaTvis cocvadobis 

eqsperimentuli mrudebis bazaze damuSavebulia algo-

riTmi, xolo miaxloebiTi sainJinro SefasebebisaTvis 

praqtikuli Rirebuleba grafikulma agebebma miiRo 

(nax. 3.1.2).  

moyvanili mrudebi (nax. 3.1..2) aRweren wrfiv de-

formaciebs σ-s mimarT. am SemTxvevaSi −)(tI moqnilo-

bis funqciis drosagan damokidebuleba ar izrdeba 

Zabvis σ-s gazrdasTan mimarTebaSi. xolo izoqronebi 

iσ( ~ ),iε  amyarebs kavSirs Zabvasa da deformacias 

Soris drois fiqsirebuli mniSvnelobebisaTvis. 

vaCvenoT exla Tu ra formaluri kavSiri arsebobs 

drekadobis klasikur Teoriasa da blanti drekado-

bis Teorias Soris. Tu visargeblebT superpoziciis 

principiT SegviZlia miviRoT (3.1.6) da (3.1.7) tolobebi. 
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marTlac: t momentSi deformaciis nazrdi ),(tε∆  rome-

lic gamowveulia drois τ momentSi )(τσ  Zabvis )(τσ∆  

nazrdiT ),( t<τ  proporciulia Zabvis nazrdis e.i. 

      nax. 3.1.2. wrfivi blantidrekadoba; a) deformirebis  

(cocvadobis) mrudebi sxadasxva donis datvirTvisaTvis 

);( 012 σσσσ >>>>n  b) moqnilobis mrudi, romelic 

Zabvaze damokidebuli araa; g) izoqronebi ),( ii εσ ⋅  

)...( 012 ttttn >>> . 

 

),()()( τστε ∆−Π=∆ tt  

an 

)()()( τετσ ∆−=∆ tRt . 

Tu am tolobebs jer SevajamebT da Semdeg 
zRvarze gadavalT miviRebT (3.1.6) da (3.1.7) tolobebs. 
aqedan isic mtkicdeba, rom (3.1.6) da (3.1.7) tolobebi 
garkveuli kanonzomierebis dacviT aris miRebuli. 
(3.1.26) toloba gamosaxavs iseT Tvisebas, romelic 
waagavs drekadobis klasikuri Teoriis amosaval 
kanons, rom deformaciis nazrdi proporciulia  
Zabvis nazrdis, magram (3.1.26) Seicavs )( τ−Π t  funqcias, 

romelic droTa )( ττ ∆=−t  sxvaobazea damokidebuli, 

swored amitom gvaqvs saqme blantidrekadobis 
TeoriasTan. 

b I( t) g 

t3 

a 

t
 

σ 

t2 t0 t1 

ε( t) 

t ε 

t3 

t2 

t0 

t1 

σ3 
σ2 

σ0 
σ1 

σ4 

σ0, σ1, σ2,…,σn 
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§ 3.2. Zabvis relaqsacia 
 

sxeulSi drois mixedviT Zabvis cvlilebas mudmivi 

deformaciis dros relaqsacia ewodeba. 

relaqsirebadi Zabvis gamosaxuleba SeiZleba miviRoT 

Semdegi gantolebidan. 

             ∫
∞

−−=
0

)()()()( ττετεσ dtTEtEt .          (3.2.1) 

roca ,)( constt K == εε  (3.2.1)-dan miviRebT 

),)(1()(
0
∫ −−=
t

K dtTEt ττεσ               (3.2.2) 

sadac )(tT -s relaqsaciis siCqaris funqcia hqvia. 

dt
td

E
tT

K

)(1
)(

σ
ε

−= .                 (3.2.3) 

rogorc iTqva (3.2.1) gantoleba warmoadgens Semdegi 

  ∫ −+=
t

dttK
EE

tt
0

)()(
1)(

)( τστσε .           (3.2.4) 

integraluri gantolebis amoxsnas, amasTanave 

rogorc cnobilia integralur gantolebaTa Teoriidan 

)(tK  da )(tT  funqciebs Soris arsebobs kavSiri. 

∫ −=−
t

dTtKtKtT
0

)()()()( τττ .            (3.2.5) 

(3.2.5) saSualebiT SeiZleba ori K da T funqcie-
bidan ganisazRvros erTerTi, Tu cnobilia maT Soris 

romelime erTi. 

(3.2.1) gantoleba CavweroT Semoklebuli meore 

saxiT. 

∫ −=
t

dtRt
0

)()()( τετσ .                (3.2.6) 
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romlis nawilobiTi integrebiT da aRniSvniT 

,)0( ER =  ETtR =′ )( .                (3.2.7) 

gamoyenebiT miiReba (3.2.1) gantoleba.  

safexurebiani deformirebisas ),()( tht Kεε =  (3.2.6)-dan 

miviRebT: 

)()()(
)(

)()(
00

tRdtttRdt
dt

tdhtRt
t

Kk

t

K ∫∫ =−=−= εδτεετσ . 

saidanac 

K

ttR
ε
σ )(

)( = .                     (3.2.8) 

(3.2.8)-s relaqsaciis moduli, an kidev relaqsaciis 

funqcia hqvia, da roca 0=t  gveqneba 

ER
K

==
ε
σ )0(

)0( . 

)(tΠ  da )(tR  funqciebs Soris arsebobs kavSiri 

1=Π ∗∗R , 

sadac (*)-iT aRniSnulia laplasi-karsonis gardaqmna.  

,)(
0

dttep ptπ∫
∞

−∗ =Π   dttRepR pt )(
0
∫
∞

−∗ = . 

radgan )(tK  funqcias aqvs gansakuTrebuloba 

roca 0=t , ,)( ∞→tK  amitom (3.2.5) tolobis ZaliT 

davaskvniT, rom )(tT  funqciac roca 0=t  aris singu-

laruli e.i. .)( ∞→tT  (3.2.3)-e formulidan roca 0=t  

vRebulobT, rom 

−∞=
dt

td )(σ
. 

Tu gaviTvaliswinebT, rom )0(0 σσε ==KE , maSin (3.2.2) 

ase CavweroT 
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∫=
− t

dtTt
00

0 )(
)( τ

σ
σσ

.              (3.2.9) 

saidanac vRebulobT, rom          

∫ ≤
t

dtT
0

1)( τ .                 (3.2.10) 

safexurebiani deformirebisas relaqsaciis mrudebs 

eqneba Semdegi saxe: 

 

 

 

 

 

 

 

nax. 3.2.1. mudmivi deformaciebi. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

nax. 3.2.2. relaqsaciis mrudebi. 

 

O 

ε( t) 

t 

ε1 

ε2 

ε3 

ε4 

σ( t) 

4 

t
 

σ4(0
 

O 

σ3(0
 
σ2(0
 

σ1(0
 

3 

2 

1 
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mcire deformirebisas relaqsirebadi Zabva Tanda-

Tan mcirdeba da SeiZleba miiRos nulovani mniSvne-

loba (3.2.1), an kidev mudmivi (3.2.2) . orive SemTxvevaSi  

∞→
→
tdt

d 0σ
. deformaciis didi mniSvnelobebisaTvis Zabvis 

vardnis siCqare gaxdeba mudmivi, magram nimuSze 

gaCndeba yeli mrudebi (3) da (4), (nax 3.2.2). 

wrfivi deformirebisas, relaqsaciis modulebis 

Sesabamisi mrudebi ttR ~)( erTmaneTs emTxvevian. 

rodesac sxeuli muSaobs rTuli daZabuli 

mdgomareobis pirobebSi maSin wrfiv gantolebebs 

eqneba Semdegi saxe (ZvrisaTvis): 

τττ detTGtGetS ij

t

Cijij )()(2)(2)(
0

−−= ∫ ,         (3.2.11)                              

xolo moculobiTi deformirebisas gveqneba, 

ττϑτϑσ υ dtTBtBt
t

o

)()()()(~ −−= ∫ .            (3.2.12) 

an kidev 

)()()(
0

ττ ij

t

Cij detRtS −= ∫ ,              (3.2.13) 

)()()(~
0

τϑτσ υ dtRt
t

−= ∫ .               (3.2.14) 

sadac CT  da υT  Zvrisa da moculobiTi relaqsaciis 

siCqaris funqciebia. xolo CR  da υR  Zvrisa da 

moculobiTi relaqsaciis modulebi. 
safexurebiani deformirebisas 

),()( 0 thete ijij =   )()( 0 tht ϑϑ = . 

(3.2.11) da (3.2.12) gantolebebidan miviRebT Zvrisa da 

moculobiTi relaqsaciis gantolebebs. 

))(1(2)(
0

0 ττ dTGetS
t

Cijij ∫−= ,             (3.2.15) 
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∫−=
t

dTBt
0

0 ))(1()(~ ττϑσ υ .               (3.2.16) 

igive pirobebSi (3.2.13) da (3.2.14)-dan gveqneba: 

),()( 0 tRetS Cijij −   )()(~ 0 tRt υϑσ = . 

saidanac miviRebT Zvrisa da moculobiTi relaq-

saciis funqciebs, 

,
)(

)( 0
ij

ij
C e

tS
tR =   

o

ttR
ϑ
σ

υ
)(~

)( = , 

                ;2)0( GRC =    BR =)0(υ . 

 

§ 3.3. kompoziciuri sxeulebis relaqsaciaze 
gamocdis meTodi 

 

eqsperimentuli kvleva 
 

relaqsaciaze gamocdis standartuli gziT, gani-

sazRvreba Semdegi maxasiaTeblebi: 

Zabvis relaqsacia (vardna)

)~)(( ttσ

 _ unda dafiqsirdes 

Zabvis vardnis sidide drois mixedviT da aigos 

grafiki  (nax. 3.3.1), cxriluri monacemebis 

mixedviT (cxr. 3.3.1).  

relaqsaciis procesi ori stadiisagan Desdgeba. 

I. relaqsaciuri medegoba I stadia )0S (  _ aRniS-

navs Zabvis Semcirebis sidides relaqsaciis procesis 

pirvel stadiaSi da ganisazRvreba DC sworis 

eqstrapolirebis gziT ordinatTa RerZamde (nax. 3.3.1) 

da tolia sididis  

0

0
0 σ

σ ′
=S  

−0σ sawyisi Zabvaa. 
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nax. 3.3.1. relaqsaciis mrudi. 

 

cxrili 3.3.1. 

sxeuli ,200−Π   ,200 CT =   %,70=W  kveTis farTobi 
2mm 970=F , 

,11,0
2r

mm

kgZ
 =σ   %55,0=Kε ,     

2r
mm

kgZ
 048,044,00 == σσ  

t wT P kgZ 2mm

kgZ
 )(tσ  

0

)(
σ
σ t

 
K

t
ε
σ )(

 

0 

2 

4 

6 

8 

10 

20 

30 

40 

60 

90 

120 

180 

240 

300 

4320 

47 

46,5 

46,0 

46,0 

46,0 

“-“ 

45,5 

45,0 

“-“ 

44,3 

44,0 

“-“ 

44,0 

“-“ 

“-“ 

42,0 

0,048 

0,0479 

0,0474 

0,0474 

0,0474 

“-“ 

0,0469 

0,0463 

“-“ 

0,0457 

0,0454 

“-“ 

0,0454 

“-“ 

“-“ 

0,0433 

1,0 

0,998 

0,988 

0,988 

0,988 

“-“ 

0,977 

0,977 

“-“ 

0,952 

0,946 

“-“ 

0,946 

“-“ 

“-“ 

0,902 

8,72 

8,71 

8,62 

8,62 

8,62 

“-“ 

8,53 

8,42 

“-“ 

8,31 

8,25 

“-“ 

8,25 

“-“ 

“-“ 

7,87 

20 15 5 

B 

0 
A 

∆σ γ0 

σ0 

t 

σ( t) 
4 

t, wT 

σ, kg/mm2 

O 

3 

2 

1 

5 

6 

D C 
σ′0 

4 
3 
2 
1 

5 

6 
7 
8 
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II. relaqsaciuri medegoba II stadia −)( 0γ  axasia-

Tebs BC sworis abscisTa RerZTan daxris kuTxes da 
tolia 

AB
AC

tg
==

α
γ 1

0 . 

am orive maxasiaTeblis mniSvneloba imaSi mdgoma-

reobs, rom isini damokidebuli ar arian sawyis 0σ  

Zabvisagan roca ip=≤ σσ 0  sadac pσ  aRniSnulia simtki-

cis zRvari mocemuli sxeulisaTvis.  

 

III. muSaobis dro (t dasaSvebi) 

)ln(ln 00 das.dasaS σσγ −′=t

_ romlis ganmavlo-

baSi sawyisi Zabva mcirdeba minimalur dasaSvebamde 

(tdasaS.) da tolia 

 

nimuSis forma, zomebi da moTxovnebi iseTivea, rac 

cocvadobaze gamocdis dros. 

1) Zabvis relaqsaciaze gamocdas awarmoeben gamo-

sacdel danadgarze, romelic Sesdgeba nimuSis damWe-

risagan, Zaluri sistemisa, avtomaturi sistemisagan, 

romelic ganapirobebs sawyisi deformaciis ucvle-

lobas da gamzomi TviTCamweri mowyobilobisagan, 

romelic afiqsirebs Zabvis vardnas drois mixedviT. 

am mizniT rekomendebuli iyo gamosacdeli uni-

versaluri manqana firma `instroni~ (inglisi).  

2) Zalurma da avtomaturma sistemebma unda 

uzrunvelyos nimuSze sawyisi datvirTvis modeba da 

Tavis droze Zalvis mdored vardna, unda uzrun-
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velyos sawyisi deformaciis mudmivoba sizustiT ara 

umetes 0,5% da datvirTvis gazomvis sizuste araume-

tes 1%. 

 

 
sur. 3.3.2. universaluri sacdeli manqana  

`instroni~-1115. 

 

 
3) nimuSze datvirTvis modeba da Zabvis vardna 

dafiqsirdeba maSinve am ukanasknelis davardnisTa-

nave. 

4) gamocdis damTavrebis Semdeg aigeba mrudebi (

)~)( ttσ  romliTac ganisazRvrebian (I _ III) kriteriu-

mebi (cxrili 3.3.2).  
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cxrili 3.3.2 

Zabvis relaqsaciis kriteriumebi sxvadasxva 

masalisaTvis 

mm, 10=h  ,200 CT =  %70=W  

 

s
ig

r
Ze
 

mm
 

s
is

qe
 

mm
 

relaqsaciis 

koeficienti 
0γ -is cvli-

leba sisqis 

mixedviT %-Si I  

stadia 

II 

stadia 

organuli 

mina 

2 

60 

2 0,960 150 8,0 

6 0,940 155 4,3 

10 0,920 160 0 

minateqsto- 

liti 

DT ∋−−10  

30 

2 0,985 355 7,8 

6 0,975 370 3,9 

10 0,970 385 0 

100 

 

2 0,985 415 5,7 

6 0,970 480 2,3 

10 0,960 440 0 

minateqsto- 

liti 

 

2503/8 −−TC  

30 

2 0,990 525 8,7 

6 0,980 550 4,3 

10 0,970 575 0 

180 

2 0,985 505 12,0 

6 0,975 540 6,0 

10 0,965 575 0 

 
SeniSvna: procentuli cvlilebebis gansazRvrisas nimuSis 

sawyisi sisqea mm. 10=h  

 

§ 3.4. kompoziciuri sxeulebis cocvadobaze 
gamocdis meTodi 

 

eqsperimentuli kvleva 
 

gamocdis standartuli meTodi Sedgenilia konst-

ruqciuli plastmasebisaTvis (homogenuri da kompozi-
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ciuri), romliTac ganisazRvreba Semdegi maxasiaTeb-

lebi (avtori g. zodelava): 

1) cocvadobis pirobiTi zRvari _ Zabvaa, romelic 

mocemuli temperaturisa da dadgenil gamocdis 

droSi iZleva nimuSis mocemul deformacias an 

Camdgari cocvadobis mocemul siCqares. 

2) cocvadobis maxasiaTebeli _ ewodeba mocemul 

(t) droSi da mocemul temperaturaze (T) fardobiTi 
deformaciis )( T

tε  Sefardebas sawyis myis drekad 

deformaciasTan da aRiniSneba 

T

T
tT

t
0ε
εϕ = .                      (3.4.1) 

3) cocvadobis zoma _ ewodeba cocvadobis fardo-

biT deformacias mocemul droSi da temperaturaze 

da gamowveulia 1 kgZ/mm2 ZabviT. misi ganzomilebaa 

mm2/kgZ 

T
t

T
t ε

σ
β 1

= .                     (3.4.2) 

cocvadobis maxasiaTebelsa )( T
tϕ  da )( T

tβ -s Soris 

arsebobs kavSiri: 

,T
t

TT
t H βϕ ⋅=   .T

T
tT

t H
ϕβ =             (3.4.3) 

marTlac (3.4.1)-dan gveqneba 

σε
σεϕ T

T
tT

t
0

= . 

roca 1=σ  kg/mm2 sidide σε T
t  iqneba cocvadobis 

zoma ),( T
tβ  xolo sidide T

T
t

H
1

=
σ
ε

 aris myisi 

drekadobis modulis Sebrunebuli sidide, saidanac 

(3.4.3) cxadia. 
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4) cocvadobis saSualo siCqare )( tK  procentebSi 

%100
12

12 ⋅
−
−

=
tt

Kt
εε

, 

sadac −1ε deformaciaa %-Si, 1t  drois Sesabamisi; 
  −2ε deformaciaa %-Si, 2t  drois Sesabamisi. 

5) cocvadobis moduli )( tE  kgZ/sm 2  gamoiTvleba 

formuliT 

100⋅=
t

tE
ε
σ

. 

6) cocvadobis dro )(ϑ  saaTebSi_droa nimuSze 

sruli datvirTvis modebidan deformaciis (%-Si) 

mocemuli sididis miRebamde. 

7) xangrZlivoba _ droa saaTebSi nimuSze datvir-

Tvis modebidan mis gawyvetamde. 

cocvadobaze gamocdisas gamoiyeneba: 

1) nimuSebi 2_tipis 11262_68 standartis mixedviT, 

zomebis varirebiT (sigrZe, sisqe, sigane) sakmarisad 

farTe sazRvrebSi (sur. 3.4.3). 

2) nimuSebi konstruqciuli plastmasisagan (kompo-

ziciuri) mzaddeba meqanikuri damuSavebiT. sxeulis 

furclebi saTanado mimarTulebis (0°, 90°, 45°, 30°,…) 

CvenebiT iWreba almasis wreebiT. gacieba xdeba wyal-

emulsiis saSualebiT. 

3) amoWris radiusi 60=r mm yvela nimuSisaTvis 

erTnairia. 

4) cocvadobaze gamocda warmoebs specialur 

mowyobilobaze, (ИП-4М), romelic Sesdgeba: nimuSis 

damWerebisa, Zaluri sistemisa da deformaciis 

gamzomi xelsawyoebisagan (sur. 3.4.1−3.4.4). 
4a) Zaluri sistemiT nimuSze mdored moedeba 

winaswar gansazRvruli mudmivi datvirTva da Senar-
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Cunebuli iqneba eqsperimentis damTavrebamde, cdomi-

leba ar aRemateba 1%-s. 

4b) deformaciis gasazomad gamoiyenebian xelsawyo-

ebi, romlebic uzrunvelyofen gazomvas cdomilebiT 

±±0,01 mm. 

sur. 3.4.1. cocvadobaze gamocdis universaluri 
danadgari ` ИП-4М~. 

 
sur. 3.4.2. nimuSi kumSvaze gamaxurebeli mowyobilobiT 

(avtori g. soselia) 
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sur. 3.4.3. cocvadobaze gamosacdeli nimuSi. 

 

4g) deformaciebi izomeba agreTve meqanikuri ten-

zometrebiT (МК-3), romelic uSualod nimuSze arian 

damagrebuli, am SemTxvevaSi nimuSis bazis sigrZe 

miiReba 100 =l  mm-is tolad. deformaciis gazomva 

winaRobis tenzogadamwodebiT romlebic dawebebulia 

nimuSze, garkveuli mosazrebis gamo rekomendebuli 

ar aris. 

5) danadgarze ИП-4М, (sur. 3.4.4) damontaJebulia 

mowyobiloba temperatoruli gamocdisaTvis, romel-

sac ±2°C cdomilebiT SeuZlia nimuSze mogvces 300°C 
temperatura.  

6) gamocdis win nimuSisaTvis Seqmnilia Semdegi 

pirobebi: mudmivi temperaturis 20°C±2°C fardobiTi 

tenianobis %,565 ±=W  80_90 saaTis ganmavlobaSi. 

7) gamocdis win unda gaizomos nimuSis zomebi 

0,01mm sizustiT aranakleb sam wertilSi, xolo 

sigrZe sizustiT 0,1 mm. 

8) gamocda warmoebs laboratoriaSi sadac dacu-

lia mudmivi (20°C±1°C) temperatura da tenianoba (

%).565 ±  
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sur. 3.4.4. cocvadobaze temperaturuli gamocdis  

procesi (gaWimva). 

 

9) manqanaze Camagrebul nimuSze modeben winaswar 

datvirTvas ara nakleb 10% muSa datvirTvisa da 

aiReba nulovani anaTvlebi tenzometrebze. SemdegSi 

winaswari datvirTva CaerTveba muSa (eqsperimentul) 

datvirTvaSi. 

10) anaTvlebi gamocdis procesSi aiReba sawyis 

periodSi (1, 2, 5 wuTi) SemdegSi (1/4, 1/2, 1/3, 10, 20 

saaTi) da a.S. 

11) Sedegebis damuSaveba xdeba 18197)72 sdandartis 

mixedviT. 

12) gamocdis procesSive an damTavrebis Semdeg 

yoveli konkretuli temperaturisaTvis aigeba cocva-

dobisa )~)(( ttε  (nax. 3.4.1) da izoqronuli mrudebi 

))(~)(( tt εσ  (nax. 3.4.2) da ganisazRvreba cocvadobis 

maxasiaTeblebi (ixileT cxrilebi (3.4.1)_(3.4.4). 
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nax. 3.4.1. cocvadobis mrudebi. 

 

 

nax. 3.4.2. izoqronuli mrudebi. 
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cxrili 3.4.1  

nimuSi _ sxeulis geometriuli maxasiaTeblebi, 

°= 0α . 

 

s
ig

an
e 

b 
mm
 

s
is

qe
 

h 
mm
 

kv
eT

is
 

f
ar

T
o
b
i
 

F 
mm

2  muSa moculoba mm3 

30=l mm 60=l mm 120=l mm 180=l mm 

 

 

3 

2 

4 

6 

8 

10 

6 

12 

18 

24 

30 

180 

360 

540 

720 

900 

360 

720 

1080 

1440 

1800 

720 

1440 

2160 

2880 

3600 

1080 

2160 

3240 

4320 

5400 

 

 

5 

2 

4 

6 

8 

10 

10 

20 

30 

40 

50 

300 

600 

300 

1200 

1500 

600 

1200 

1800 

2400 

3000 

1200 

2400 

3600 

4800 

6000 

1800 

3600 

5400 

7200 

9000 

 

 

7 

2 

4 

6 

8 

10 

14 

28 

42 

56 

70 

420 

840 

1260 

1680 

2100 

840 

1680 

2520 

3360 

4200 

1680 

3360 

5040 

6720 

8400 

2520 

5040 

7560 

10080 

12600 

 

 

10 

2 

4 

6 

8 

10 

20 

40 

60 

80 

100 

600 

1200 

1800 

2400 

3000 

1200 

2400 

3600 

4800 

6000 

2400 

4800 

7200 

9600 

12000 

3600 

5400 

10400 

14400 

18000 
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cxrili 3.4.2 

kompoziciuri sxeulebis ZiriTadi meqanikuri 

maxasiaTeblebi sxvadasxva temperaturaze, (gaWimva α
=0°) 

deformirebis siCqare 9,0=V mm/wT, ,200 CT =   %70=W  

 

sxeulis 

marka 

 

mrRvevi Zabva 
2mm

kgZ
, drekadobis 

moduli 
2sm

kgZ
 

20°C 60°C 120°C 180°C 
 

minateqstoliti 

2503/8 −−TC  

 

 

 

225000
52

 

 

200000
42

 

 

100000
14

 

 

100000
14

 

minateqstoliti 

DT ∋−1  205000
45

 
182000

41
 

72700
28

 
40500

15
 

 

mina boWko 

RCBAM ∋−  (1:1) 

 

 

 

242000
57

 

 

183000
40

 

 

152000
34

 

 

12000
5,28

 

 

SeniSvna: mricxvelSi moTavsebulia mrRvevi Zabva, 

mniSvnelSi drekadobis moduli. 
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cxrili 3.4.3 

    cocvadobis kriteriumebi ( 60=l  mm, 10=b  mm, ,200 CT =   

%70=W , )0°=α  

sxeuli 
sisqe 

mm h 

cocvadobis siCqare, 
sT

%
 

dro 1=t  sT-mde 4=t  sT-mde 8>t  sT 

0,3 0,5 0,7 0,3 00,5 0,7 0,3 0,5 0,7 

DT ∋−1  

2 

6 

10 

0,02 

0,02 

0,02 

0,045 

0,060 

0,100 

0,060 

0,110 

0,165 

0,0066 

0,0066 

0,0066 

0,010 

0,013 

0,016 

0,066 

0,0100 

0,0150 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2503/8 −−TC  
2 

6 

10 

0,33 

0,33 

0,33 

0,052 

0,085 

0,13 

0,095 

0,145 

0,210 

0,012 

0,012 

0,012 

0,0093 

0,0110 

0,0130 

0,0130 

0,0150 

0,0170 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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cxrili 3.4.4 

              cocvadobis kriteriumebi ( 60=l  mm,  10=b  mm,  ,200 CT =    

%70=W , )0°=α  

sxeuli 

 

sisqe 

mm 

h 

cocvadobis moduli 

2sm

kgZ
 

cocvadobis zoma 

kgZ

sm2

 
cocvadobis 

maxasiaTebeli 

σ3,0 r σ5,0 r σ7,0 r σ3,0 r σ5,0 r σ7,0 r σ3,0 r σ5,0 r σ7,0 r 

DT ∋−1  

2 

6 

10 

269000 

269000 

269000 

276000 

268000 

260000 

262000 

254000 

243000 

3,7.10-6 

3,7.10-6 

3,8.10-6 

3,6.10-6 

3,7.10-6 

3,8.10-6 

3,7.10-6 

3,7.10-6 

3,7.10-6 

1,07 

1,22 

1,24 

1,08 

1,00 

1,25 

1,25 

1,28 

1,35 

2503/8 −−  

2 

6 

10 

263577 

263577 

263577 

257000 

250800 

242900 

235240 

227700 

220700 

3,7.10-6 

2,7.10-6 

3,7.10-6 

3,8.10-6 

2,9.10-6 

4,1.10-6 

4,2.10-6 

4,3.10-6 

4,5.10-6 

1,06 

1,09 

1,12 

1,15 

1,18 

1,24 

1,24 

1,27 

1,33 

 
  SeniSvna: kriteriumebi aRebuli Camdgari cocvadobis stadiaSi. 
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$ 3.5. cocvadobis wrfivi Teoria 
 

rogorc ukve iTqva sxeulSi mudmivi ZabviT 

gamowveuli deformaciis ganviTareba drois mixedviT 

aris cocvadoba. 

fizikur-meqanikuri maxasiaTeblebi sxeulisa, ro-

melsac cocvadobis Tviseba gaaCnia aRiwereba para-

metrebiT, romlebic invarianruli arian nebismieri 

daZabuli mdgomareobis mimarT stacionalur tempera-

turul velSi. aseT parametrebad memkvidreobis 

TeoriaSi miRebulia drekadi mudmivebi da gavlenis 

)(tK  da )(tT  funqciebis A,,βα  parametrebi. es para-

metrebi ganisazRvrebian cocvadobaze eqsperimentidan. 

Cveulebriv cocvadoba procesia, romelic mimdina-

reobs sxeulSi mudmivi datvirTvis gavleniT Zalze 

mcire drois monakveTSi. e.i. egreTwodebuli safexu-

rebiani datvirTvis gavleniT Semdegi kanonis mixedviT 

  )()( tht Kσσ = ,                    (3.5.1) 

sadac  ,constK =σ    




<
≥

=
0,0
0,1

)(
t
t

th _ xevisaidis funqciaa. 

sawyis momentSi safexurebiani datvirTvisas roca 

)0( +=t  sxeulSi aRiZvreba drekadi deformaciebi an 

drekad plastikuri (didi Kσ -Zabvebis dros), xolo 

Semdeg drois mixedviT ganviTardeba cocvadobis 

deformacia. amasTanave mrudi tt ~)(ε  roca += 0t  

gadadis drekadi an drekad plastikuri mdgomareo-

bidan mis Semdgom drekad blant mdgomareobaSi 

mdored, gardatexis gareSe. naTqvami maTematikurad 

ase Camoyalibdeba: roca 0=t  maSin ∞→
dt
dε

 (nax. 3.5.1).  

rogorc vxedavT (nax. 3.5.1) cocvadobis siCqare 

mcirdeba TandaTan da garkveuli drois Semdeg iRebs 
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nulovan an mudmiv mniSvnelobas. mrudi  a, ),0( =′ε  

mrudi b ).( const=′ε  nu-

lovani siCqaris dros 

cocvadobas SemosazRv-

ruli ewodeba. xolo 

meore SemTxvevaSi coc-

vadobas Camdgari ewodeba. 

maRali Zabvebis dros b 
mrudze AB ubani Semci-
rdeba da gadava gada-

Runvis D wertilSi 

(mrudi C) e.i. cocvado-

bis siCqare mudmivi mniS-

vnelobidan daiwyebs 

gazrdas. aseT cocvado-

bas SemousazRvreli hqvia. rogorc Camdgari ise 

SemosazRvruli cocvadobis dros nimuSi-sxeuli 

ganicdis rRvevas. gamoyenebisaTvis mniSvnelovania 

SemTxveva roca saZebnia Zabvebis iseTi maqsimaluri 

mniSvnelobebi, romlis drosac cocvadoba Semosaz-

Rvrulia. 

cocvadobis mrudis MN ordinati (nax. 3.5.1) 

Seicavs deformaciis sam Sesakrebs (mdgenels) 

 pdbd εεεε ++=)(t ,                  (3.5.2) 

sadac −dε drekadi deformaciaa, −dbε drekadblanti, 

−pε plastikuri. deformaciis es mdgenelebi ganisaz-

Rvrebian cocvadobaze eqsperimentidan safexurebiani 

datvirTva gantvirTvis dros (nax. 3.5.2). magram safe-

xurebiani datvirTvis (myisierad) ganxorcieldeba, A 
da C wertilebis dafiqsireba teqnikurad ganuxorcie-

lebeli amocanaa (nax. 3.5.2). ris gamoc Sesabamisad 

Znelia deformaciis mdgenelebis zusti mniSvnelobe-

b N 

a 

M 
t 

t 
O 

σ3 

σ1 

ε( t) 

σ2 

B 
A 

t 

σ( t) 

O 
D C 

nax. 3.5.1 
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bis gageba. OA monakveTi (nax. 3.5.2) Seicavs drekad 

deformacias da SeiZleba 

drekad plastikursac, xolo 

BC monakveTi Seicavs mxolod 

drekad deformacias. dreka-

di deformaciis gansazRvra 

warmoadgens mniSvnelovan 

amocanas, radgan Tu cno-

bili iqneba −dε deformacia, 

maSin formulidan 
dε

σ KE =  

ganisazRvreba drekadobis 

moduli. 

marTlac cocvadobis (3.1.10) gantolebidan miviRebT 

∫+=
t

K

dttKtE
0

,)(1
)(

σ
ε

 

saidanac 

  
)(
)(

)(

)(1
0

t
t

t

dttK
E

K

t

e

T

ε
ε

σ
ε

=
+

=
∫

.               (3.5.3) 

sadac eε , −Tε Sesabamisad eqsperimentaluri da Teo-

riuli mrudebia. xolo gavlenis funqciebs aqvs 

Semdegi saxe: 

,1−−= αβ tAeT t   ∑
∞

=

−

Γ
Γ

=
1 )(

)]([
)(

n

nnt

n
tA

t
etK

α
α αβ

.     (3.5.4) 

           )10( <<α  

Teoriuli Tε  mrudi A,,βα  parametrebis sxvadasxva  

mniSvnelobisaTvis databulirebulia da arsebobs 

cxrilebis saxiT (ixileT damateba K cxrilebi), xolo 

t1 
t O 

ε( t) B 

A 

t 

σ( t) 

O 

D C 

nax. 3.5.2 

t1 

εe 

εp 
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cxrili 3.5.1 

gaWimvisas cocvadobis deformaciebi. 3(−ΠΒΠ  wlis), 220=dσ  kgZ/sm2, CT 020=  

Dd
r
o
 

t 

05,0;035,0;075,0 === βα A  

22=σ  kgZ/sm2 

05,0;0787,0;1,0 === βα A  

33=σ  kgZ/sm2 

05,0;0536,0;01,0 === βα A  

44=σ  kgZ/sm2 

)(tε  
0

0

ε
εε −

 ∫ Kdt  )(tε  
0

0

ε
εε −

 ∫ Kdt  )(tε  
0

0

ε
εε −

  ∫ Kdt  

 

0 

0,25 

0,5 

1,0 

1,5 

2,0 

3,0 

5,0 

20,0 

30,0 

45,0 

50,0 

 

0,00385 

0,00617 

0,00639 

0,00701 

0,00752 

0,00763 

0,00777 

0,00789 

0,00797 

0,00874 

0,00842 

0,00844 

 

0 

0,6025 

0,6597 

0,8207 

0,6532 

0,9818 

1,0182 

1,0493 

1,0701 

1,1662 

1,1870 

1,1922 

 

 

0,6192 

0,6852 

0,83608 

0,96162 

0,9937 

1,0355 

1,0626 

1,1157 

1,1958 

1,2101 

1,2173 

 

0,00577 

0,00960 

0,01014 

0,01072 

0,01103 

0,01166 

0,01202 

0,01229 

0,01335 

0,01372 

0,01395 

0,01461 

 

0 

0,6637 

0,7574 

0,8578 

0,9116 

1,0208 

1,0831 

1,1282 

1,3136 

1,4228 

1,4255 

1,4547 

 

 

0,6961 

0,7828 

0,9206 

0,9516 

1,0353 

1,1068 

1,14772 

1,4228 

1,4455 

1,4432 

1,4846 

 

0,0077 

0,0134 

0,01408 

0,01484 

0,01497 

0,01550 

0,01600 

0,01640 

0,01764 

0,01830 

0,01909 

0,01939 

 

0 

0,7415 

0,8285 

0,9273 

0,9442 

1,01289 

1,0779 

1,1298 

1,2857 

1,4285 

1,4792 

1,5182 

 

 

0,7579 

0,8309 

0,9312 

0,9553 

1,02156 

1,1887 

1,1429 

1,2910 

1,4586 

1,4819 

1,6136 
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eqsperimentuli mrudi −eε aigeba cocvadobaze cdi-

seuli monacemebidan cxrili 3.5.1, (nax. 3.5.3) drekadi 

mudmivebisa da parametrebis gansazRvris meTodi 

romelsac SeTavsebis meTodi hqvia, ekuTvnis cnobil 

rus meqanikoss m. a. koltunovs. 

aRvniSnoT 
K

ttI
σ
ε )(

)( ≡  da avagoT mrudebi ttI ~)(  

cxrili 3.5.2. an xSirad 

mimarTaven naxevar 

logariTmul koordi-

natebs ).lg~)(( ttI  (nax. 

3.5.4)-ze mocemulia aseT 

mrudTa gasaSualebu-

li ojaxi (minateqs-

toliti )3/8−TC  age-

buli sxvadasxva tem-

peraturis (20°, 60°, 
120°, 180°C) dros. 

rogorc naxazidan Cans 

yovel konkretul temperaturaze wrfivi sxeulisa-

Tvis moqniloba )(tI  ar aris damokidebuli Kσ  

Zabvaze. e.i. Zabvebis  mcire mniSvnelobebisaTvis da 

drois mokle SualedSi moqnilobis )lg~)(( ttI  

mrudebi Calagdebian viwro zolSi (mrudTa kona) (nax. 

3.5.4), xolo Zabvis garkveuli mniSvnelobidan (wrfivi 

deformirebis sazRvari) mrudTa kona TandaTanobiT 

gaiSleba, rac maT arawrfivobaze miuTiTebs (nax. 

3.5.4). aRsaniSnavia, rom Zabva Kσ  da dro t, romlebic 

gamijnaven wrfiv da arawrfiv areebs erTimeoresTan  

mWidro kavSirSi imyofebian e.i. rac ufro maRalia 

Zabva miT ufro adre daiwyeba gadaxra wrfivi aridan 

nax. 3.5.3  
tn tk t2 

σ1 

t 

σn 

σ2 

σk 

ε(
 t)

 

t1 O 
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da piriqiT dabali Zabvebis areSic Tu dro sakmarisad 

didia SeimCneva arawrfivi damokidebuleba. 

cxrili 3.5.2 

moqnilobis 
K

ttI
σ
ε )(

)( =  funqciis saSualo mniSvnelobebi 

(gaWimva _ )ΠΒΠ   CT 020=  

dro 
t sT 22

)(
=σ
ε t

 
33
)(

=σ
ε t

 
44
)(

=σ
ε t

 
K

tI
σ
ε )(

=saS  

 

0 

0,25 

0,5 

1,0 

2,0 

3,0 

4,0 

5,0 

22,0 

30,0 

50,0 

 

0,0000568 

0,0001055 

0,00011545 

0,0001436 

0,000154 

0,0001782 

0,0002595 

0,000168 

0,0001826 

0,0002068 

0,0002086 

 

0,0000648 

0,0001161 

0,000132 

0,000150 

0,000175 

0,000189 

0,00019 

0,000197 

0,000229 

0,000248 

0,000254 

 

0,0000729 

0,000129 

0,000145 

0,000162 

0,000177 

0,000188 

0,000193 

0,000197 

0,000225 

0,000250 

0,000254 

 

0,0000648 

0,0001168 

0,000131 

0,000150 

0,000175 

0,000188 

0,00019 

0,000197 

0,000299 

0,000248 

0,000254 

 

wrfivi kanoniT sxeulis deformirebis meore 

kriteriumia cocvadobis izoqronuli )~( εσ  mrude-

bis ageba (nax. 3.5.5). yoveli konkretuli sxeulisaTvis 

sxvadasxva Zabvaze da mudmiv temperaturaze avagebT 

cocvadobis tt ~)(ε  mrudTa ojaxs (nax. 3.5.3) da 

erTidaigive konkretuli drois nttt ,..., 21  mniSvnelobe-

bisaTvis (dro am SemTxvevaSi parametris rols 

asrulebs) da ZabvisaTvis veZebT deformaciis mniSv-

nelobebs e.i. gveqneba wertilTa simravle  

nttnnttnn == ′′′ )},(),....,,(),,{(,....,)},(),...,,(),,{( 22112211 1
εσεσεσεσεσεσ . 
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wrfivi drekad-blanti sxeulisaTvis izoqronebi 

)~( εσ  swori xazebia, xolo arawrfivisaTvis izox-

ronebi mrudi xazebia (nax. 3.5.5), magram masze mainc 

SeiZleba gamovyoT raRac sworxazovani ubani Kσσ < , 

romelSic deformireba wrfivi kanoniT mimdinareobs. 

 

 

 

 

 

 

 

 

 

 

 

 

 
izoqronebis )~( εσ  wrfivoba warmoadgens aucile-

bel pirobas wrfivi deformirebis, xolo sakmarisi 

pirobaa wrfivi superpoziciis principi. 

gaangariSebis miaxloebiTi meTodebis gamoyenebiT 

deformirebis arawrfivi Teoria uban-uban gawrfi-

vebis gziT, SeiZleba miyvanil iqnes deformirebis 

wrfiv Teoriaze, (a. iSlinskis Teoria). 

 

$ 3.6. gavlenis funqciebis SerCeva 
 

rogorc ukve aRvniSneT cocvadobisa da relaq-

saciis siCqaris )(tK  da )(tT  funqciebis mrudebi 

SeiZleba agebuli iqnas cocvadobisa da relaqsaciis 

mrudebis gawarmoebiT:  

 

nax. 3.5.5 

σ(
 t)

 

O εk 

t2 

ε1 εn 

σk 

ε( t) 

t1 tk tn 

ε2 

nax. 3.5.4 

16 

1,6 0,8 0 

kg
Z 

(4) 

I(
t)⋅
10

4  

12 

 8 

4 

18
0°
C
 

(3) 

(2) 
60°C  

mm
2  

120°C  

lg, sT -0,8 

(1) 
20°C  
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dt
dEtK

K

ε
σ

=)( ,                    (3.6.1)  

da  

dt
td

E
tT

K

)(1
)(

σ
ε

−= .                 (3.6.2)  

magram subieqturi xasiaTis Secdomebma SeiZleba 

migviyvanos araswor Sedegebamde. amitom praqtikaSi 

mimarTaven gavlenis funqciebis Caweras analizurad, 

romlebic parametrebis garkveul raodenobas. Seica-

ven literaturaSi xSirad gvxvdeba gavlenis funqciebi 

Cawerili eqsponentis tAe β−  an eqsponentTa jamis 
t

n
nA β−∑  saxiT. magram aseTi funqciebi ver axasiaTeben 

cocvadobis mrudebs sawyis momentSi e.i. roca 0=t  

maT aqvT sasruli saxe, rac ar Seesabameba fizikurad 

movlenis srul suraTs.  

CamovTvaloT pirobebi, romlebsac unda akmayofi-

lebdes gavlenis funqciebi: 

1. ∞=
→

)(lim
0

tK
t

 e.i. roca ∞→=
dt
dt ε

,0  amitom gantole-

bidan ∫ −+=
t

dTtKtKtT
0

)()()()( τττ  gamomdinareobs, rom 

,)( ∞⇒tT  roca 0=t . 

2. integrali ∫ −
t

dK
0

)( ττ  krebadi unda iyos. 

3. ∫ ≤
t

dttT
0

,1)(  erTs ar unda aRematebodes e.i. ganto-

lebidan 

∫∫ =
−

⇒−=
tt

K dTtdttTEt
00 0

0 )(
)(

))(1()( ττ
σ
σσεσ ,   )( 0σε =KE . 
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aseTi susti singularobis mqone funqciebi kargad 

aRweren deformirebul procesebs. 

ganvsazRvroT exla integraluri gantolebis 

rezolventa misi mocemuli gulis mixedviT. 

a. rJanicinis mier mocemulia guli Semdegi saxiT 

;)( 1
1

α

β
αβ

−

−
−− ==

t
AetAetT

t
t  10( <<α ).         (3.6.3) 

laplasis dttfepf pt )()(
0
∫
∞

−∗ =  gardaqmnis mixedviT 

gantolebebi 

∫ −+=
t

dtK
EE

tt
0

)()(
1)(

)( ττστσε ,            (3.6.4) 

  ∫ −==
t

dtTEtEt
0

)()()()( ττετεσ ,            (3.6.5) 

gvaZlevs 

),1( *** KE +=σε   )1(
1 *** T
E

−= εσ , 

saidanac 

  
)(1

)(
)( *

*
*

pT
pTpK

−
= .                   (3.6.6) 

(3.6.3) gantolebis laplasis gardaqmna iqneba 

α
αβαβ

β
α

)(
)(

)( 1

0

)(1

0

*

+
Γ

=== −
∞

+−−−
∞

− ∫∫ p
AdtteAdtteeApT tptpt .   (3.6.7) 

−Γ )(α funqciaa eileris. SevitanoT (3.6.7), (3.6.6)-Si 

miviRebT 

)()(
)(

)(*

αβ
α

α Γ−+
Γ

=
Ap

ApK .                (3.6.8) 

(3.6.8)-s mimarT gamoviyenoT gadaadgilebis Teorema 

)),()(( * sfetf sττ −÷−  

romlis Tanaxmad (3.6.8)-is originali iqneba        
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)(
~

)( tKetK tβ−= .                    (3.6.9) 

sadac )(
~ tK  originalia funqciis  

)(
)(

)(
~*

α
α

α Γ−
Γ

=
Ap

ApK .                (3.6.10) 

(3.6.10)-is marjvena mxare warmovidginoT usasrulo 

geometriuli progresiis jamis saxiT: 
n

n p
ApK 







 Γ
= ∑

∞

=1

* )(
)(

~
α
α

.               (3.6.11) 

advilad davrwmundebiT, rom 1  ,
)(

)(
1

>
Γ

=
−

k
k

ttf
k

 

funqciis gamosaxuleba aris kppf /1)(* = . amrigad, 

(3.6.10) funqciis originali iqneba                       

∑∑
∞

=

∞

=

−

Γ
Γ

=
Γ

Γ
=

11

1

)(
)]([1

)(
)]([

)(
~

n

nn

n

nn

n
tA

tn
tAtK

α
α

α
α αα

.       (3.6.12) 

SevitanoT ,
~K  (3.6.9)-Si da miviRebT saZebn rezol-

ventas: 

    ∑
∞

=

−

Γ
Γ

=
1 )(

)]([
)(

n

nnt

n
tA

t
etK

α
α αβ

.              (3.6.13) 

(3.6.13)-e mwkrivi Tanabrad krebadia t-s mimarT drois 
nebismieri sasruli intervalisaTvis. 

 

$ 3.7. gavlenis funqciebis, parametrebisa da 
drekadi mudmivebis gansazRvra 

 

ganvixiloT gavlenis 

 ;)( 1−−= αβ tAetT t  da  ∑ Γ
Γ

=
−

)(
)]([

)(
n

tA
t

etK
nnt

α
α αβ

.   (3.7.1) 

funqciebis A,,βα  parametrebis gansazRvris meTodi. 
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warmovidginoT cocvadobisa da relaqsaciis 

gantolebebi Semdegi saxiT 

 ∫=
− t

k

k dttTt

0

;)(
)(

σ
σσ

  ∫=
− t

k

k dttKt

0

)(
)(
ε

εε
.      (3.7.2) 

sadac  ,constE kk == εσ   const
E kk == σε 1

. 

eqsperimentuli mrudi  

ttt
k

k ~
)(

)(
σ
σσσ −

≡e ,                 (3.7.3)   

da Sesabamisi 

∫≡
t

tdttTt
0

~)()(Tσ .                  (3.7.4)  

Teoriuli mrudebi unda SeuTavsdnen erTmaneTs 

gamomdinare (3.7.2)-dan. igive iTqmisDSemdegi mrudebis-

Tvisac 

     ttt
k

k ~
)(

)(
ε
εεε −

≡e ,  ∫≡
t

tdttKt
0

~)()(Tε .       (3.7.5) 

amisaTvis sasurvelia gvqondes sakmarisi raodenoba 

Teoriuli mrudebisa ( t~Tσ ) da ( t~Tε ), romelTa Soris 

SevarCioT iseTebi romlebic SeuTavsdebian eqsperi-

mentul mrudebs ( t~eσ ) ( t~eε ) agebuls igive masStabSi. 

radgan Teoriuli )(tTσ  da )(tTε  mrudebi ganisazRvre-

bian parametrebis ee A,,βα  konkretuli mniSvnelobisa-

Tvis amitom cocvadobisa da relaqsaciis eqsperimen-

tuli gantolebebi Seicaven T da K funqciebs A,,βα  

parametrebis igive mniSvnelobisaTvis e.i. 
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.),,,(
)(

,),,,(
)(

0

0

dtAtKt

dtAtTt

ee

t

e
k

k

ee

t

e
k

k

βα
ε

εε

βα
σ
σσ

∫

∫

=
−

=
−

 

magram radgan sawyisi deformaciebis Kεε =)0(  

gansazRvra eqsperimentidan SeuZlebelia da amdenad 

sidide kkt εεε /])([ −  ver CaiTvleba cnobilad da zemoT 

aRniSnuli Sedareba mrudebisa e T  da εε  gaZneldeba, 

magram Tu cnobili iqneba drekadobis moduli, maSin  

advilad ganvsazRvravT sawyis )0( =t  deformaciebs 

E
k

k
σε =  da meTodi iqneba savsebiT gamarTlebuli. 

drekadobis modulisa da parametrebis gansazRvra 

SeiZleba ganxorcieldes eqsperimentuli moqnilobis 

mrudisa  

k

tt
σ
εε )(

)( ≡e ,                     (3.7.6) 

da Teoriuli mrudis 

 ∫ −+=
t

dtKt
0

)(1)( ττεT .               (3.7.7) 

SeTavsebiT agebuls logariTmul koordinatTa 

sistemaSi (nax. 3.7.1), cocvadobis gantolebidan  

∫+=
t

k

dttKtE
0

)(1
)(

σ
ε

,                 (3.7.8) 

gamomdinareobs, rom 

 ∫+=+
t

k

dttKtE
0

))(1lg(
)(

lglg
σ
ε

.            (3.7.9) 
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manZili msgavs mrudebs Soris  da eεlg Tεlg  loga-

riTmul sistemaSi toli aris Elg  nebismieri t da 

)(tK  funqciisaTvis. 

e.i. 

∫ −+=
t

k

tdttKE
0

)(
lg))(1lg(lg

σ
ε

, 

an 

k

t

t

dttK

t
tE

σ
εε

ε
)(

)(1

)(
)( 0

∫+
==

e

T .               (3.7.10) 

radgan )(tK  damokidebulia droze da A,,βα  

parametrebze amitom aigeba cxrili funqciisa 

 dtAtK ii

t

i ),,,(1
0

βαε ∫+=T ,              (3.7.11) 

parametrebis sxvadasxva mniSvnelobisaTvis da 

drois farTo diapazonisaTvis im raodenobiT, rom 

maT Soris yovelTvis moiZebnos iseTi, romelic msgavsi 

iqneba eqsperimentuli (3.7.6) mrudisa. (3.7.11) integrali 

databulirebulia da arsebobs cxrilebisa da grafi-

kebis saxiT, cxrili (3.7.K), (nax. 3.7.П), mrudi # 7.  

amave dros SeiZleba aRmoCndes, rom mrudi )(teε  ar 

SeuTavsdes misive msgavs mruds )(tTε s. maTi SeTavsebi-

saTvis sakmarisia mrudi )(tTε  gadavaadgiloT tlg  

RerZisa da vertikaluri RerZis gaswvriv. magram 

rogorc (3.7.9)-dan Cans Zvra ordinatTa RerZis 

gaswvriv toli iqneba ,lg E xolo tlg _RerZis gaswvriv 

Zvra tolia t koordinatis wrfivi gardaqmnisa e.i. 

eT ktt =  vaCvenoT naxazze (3.7.1). 
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.lglglg

,lglglg

e

T
eT

e

T
eT

ε
ε

εε =⇒−=

=⇒=−

EE

t
tkktt

           (3.7.12) 

Teoriuli )( Tε  da eqsperimentuli )( eε  mrudebis 

SeTavsebis procesi Semdegnairad xorcieldeba: sasur-

velia cal-calke aigos standartul logariTmul 

qaRaldebze TiToeuli mrudi Tε  da eε  aqedan 

gamWirvale qaRaldze (kalka) gadavitanoT Teoriuli 

mrudi da movZebnoT ubnebi sadac es orive (Teoriuli 

da eqsperimentuli) mrudi erTimeores SeuTavsdeba. 

viRebT nebisnier wertils eqsperimentuli mrudis 

SeTavsebis ubnidan vT. wertili ).20(, =etA  aseve 

aviRoT ubnis nebismieri wertili )1( 0 =tB  Teoriuli 

mrudisaTvis da ganvsazRvroT k koeficientis sidide 

formulidan  .
20
1

==
e

T

t
tk  

 

                                  

 

 

 

 

 

 

 

 

 

 

 

nax. 3.7.1 

2 

B 
A 

C 

1 

O 

εe 

lg
 σ

k 
ε(

 t)
 

lg
(1
+∫

K
dt
) 

lgk 

lgte lgtT lgt 

εT 

lg
E  
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cnobili k-saTvis da mocemuli masalisaTvis 

gamovTvaloT )(tK  gulis βα ,,A  parametrebi e.i. 

;075,0=Tα  ;05,0=Tβ  .0272,0=TA   

;075,0=== eT ααα  ;0025,0== Te ββ k  0286,0== Te AkA α . 

gamovTvaloT axla myisi drekadobis (E) moduli, 

risTvisac eqsperimentuli dro unda aviRoT SeZle-

bisdagvarad didi. e.i. 240=et  da gamovTvaloT 

12240
20
1

=⋅=⋅= eT tkt  cxrilidan (3.7.K) ;075,0=Tα  

0272,0=TA ; 05,0=Tβ ), viRebT integralis (Teoriuli 

mrudi) mniSvnelobas ∫ =+
12

0

726,1)(1 dttK  da vyofT mas 

aRebuli droisaTvis 240=et  eqsperimentuli mrudis 

mniSvnelobaze. 

e.i. 

,1027,0
780
211,0

)780(
)240( 4

1

−⋅==
=
=

σσ
ε

K

x t
 

2sm

kg
64000104,6

1027,0
726,1

1027,0

11
4

44

12

0

12

0 =⋅=
⋅

=
⋅

+
=

+
= −−

∫∫ KdtKdt
E

k

x

σ
ε

. 

gamovTvaloT axla sawyisi deformaciebi da movax-

dinoT cocvadobis mrudebis modebis wertilebis 

Sesworeba: 

0122,0102,1210
4,6

78 441
01 =⋅=⋅== −−

E
σε , 

,0183,0103,1810
4,6

117 442
02 =⋅=⋅== −−

E
σε  
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.0244,0104,2410
4,6

156 443
03 =⋅=⋅== −−

E
σε  

SeniSvna: dro t, mocemuli cxrilidan aris iseTive, rogorc 

es aris eqsperimentSi, e.i. an wm, an wT, da a.S. 

              

 

$ 3.8. puasonis koeficientis µ -s gansazRvra 
SeTavsebis meTodiT 

 

magaliTi 

hukis kanonis Tanaxmad cnobilia, rom Zabva 

deformaciis proporciulia, e.i.  

xEεσ =  ),0( >xε                  (3.8.1) 

xolo ganivi deformaciis SemTxvevaSi proporciuloba 

SenarCundeba Semdegi saxiT: 

xy µεε −= ,                     (3.8.2) 

e.i. ganivi deformacia grZivis proporciulia da aqvs 

uaryofiTi niSani. Reros Seviwroeba ganivi mimarTu-

lebiT tovebs iseT STabeWdilebas, rom TiTqosda 

adgili aqvs ganivi mimarTulebiT Reros RerZis 

paraleluri Sreebis erTi meoreze zewolas raRac 

sididis ZabviT. sinamdvileSi ki aseTi Zabvebi ar 

arseboben. Reroze moqmedebs mxolod gamWimavi Zabva. 

ganivi Seviwroebis )(tµ  funqcia ganisazRvreba Semdeg-

nairad. 

 )(

)(

)( t
x

t
yt

ε
ε

µ = .                      (3.8.3) 

sadac −==
)0(
)0(

)0( 0
x

y

ε
ε

µµ puasonis koeficientia. 
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cocvadoba ganivi deformirebisas ganivi cocvadoba 

),(tyε  roca constt k ==σσ )(grZ  SeiZleba aRiweros 

Semdegnairad: 

    ⇒−+= ∫ ))(1(
0

21
0 ττµ

σ
ε

dtK
E

t

k

y  saidanac gamomdinareobs, 

rom gulis parametrebis gansazRvris meTodi grZivi 

da ganivi deformirebisas erTidaigivea, xolo 

vertikaluri gadaadgileba tolia 







E
0µ  sididis. 

e.i. ))(1(
0

11
0 ττµ

σ
ε

dtK
E

t

k

y −+=⇒ ∫ , saidanac, radgan E 

cnobilia miviRebT: 

ττ

σ
ε

µµ
dtK

E

t
k

y

)(1
)0(

0
11

0

−+

⋅
==

∫
. 

aq ∫+
t

Kd
0

1 τ  mniSvnelobas viRebT cxrilidan nebis-

mieri Teoriuli −= Ttt droisaTvis romelic=12, xolo 

−⋅ E
k

y

σ
ε

eqsperimentuli mniSvnelobaa, roca ,
k
t

tt T
e ==  

sadac k – horizontaluri gadaadgilebaa. (3.8.1) cxri-

lidan gveqneba 

258,03,6041,0103,6
726,1

1007,0
726,1

103,6
780
056,0

4
4

4

0 =⋅=⋅⋅
⋅

=
⋅⋅

=
−

µ . 

SeniSvna 1*) )0(yε  mniSvnelobad Cven aviReT masTan 

axlos mdgomi mniSvneloba ;056,0)1( =yε  xolo Zabva 
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 cxrili 3.8.1 

drekadi mudmivebis gansazRvra masala _ orgmina 

2dr
sm

kg
780=σ  

 

     t, 
wT 

2sm

kg
78  1,01 == Bσσ  

2sm

kg
117  ,15,02 == Bσσ  

2B
sm

kg
15601563 == σσ  

xε  yε  
x

yt
ε

ε
µ =)(  xε  yε  

x

yt
ε

ε
µ =)(  xε  yε  

x

yt
ε

ε
µ =)(  

 

1 

5 

10 

50 

90 

120 

180 

240 

300 

 

0,175 

0,184 

0,185 

0,198 

0,202 

0,204 

0,209 

0,211 

0,216 

 

0,056 

0,061 

0,062 

0,068 

0,069 

0,070 

0,073 

0,075 

0,076 

 

0,32 

0,33 

0,335 

0,34 

0,34 

0,24 

0,349 

0,355 

0,35 

 

0,262 

0,268 

0,274 

0,284 

0,290 

0,293 

0,298 

0,304 

0,306 

 

0,084 

0,087 

0,089 

0,095 

0,098 

0,099 

0,102 

0,105 

0,106 

 

0,32 

0,32 

0,32 

0,33 

0,337 

0,37 

0,34 

0,345 

0,346 

 

0,354 

0,370 

0,375 

0,393 

0,400 

0,409 

0,415 

0,419 

0,422 

 

0,115 

0,123 

0,125 

0,134 

0,137 

0,141 

0,144 

0,146 

0,148 

 

0,324 

0,33 

0,33 

0,34 

0,34 

0,34 

0,346 

0,348 

0,35 

 

 

 

143 
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 nax. 3.8.1. grZivi (σ ~εxx)          nax. 3.8.2. ganivi (σ ~εyy) 

    gaWimvis diagrama              gaWimvis (Seviwroebis)               

                                         diagrama. 

 
 nax. 3.8.3. grZivi cocvadoba      nax. 3.8.4. ganivi cocvadoba 

 
 

nax. 3.8.5. grZivi izoqronebi    nax. 3.8.6. ganivi izoqronebi 
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nax. 3.8.7. puasonis koeficien-  nax. 3.8.8. puasonis koeficien- 

  tis Zabvisagan damokidebu-     tis damokidebuleba Zabvaze 

  lebis diagrama.               da droze. 

 

isevea, rogorc E-s gamoTvlis dros iyo aRebuli 

. 

   2*) cxriluri monacemebis damuSavebis sqematuri 

Tanmimdevroba SemdegSi mdgomareobs: 

   moklevadiani eqsperimentidan aigeba grZivi (3.8.1) 

da ganivi (3.8.2)  gaWimvis diagramebi. aseve unda aigos 

grZivi da ganivi cocvadobis mrudebi da maTi Sesaba-

misi izoqronebi da moqnilobis mrudebi. ganisazRvros 

SeTavsebis meTodiT mocemuli masalisaTvis integra-

luri funqciis parametrebi, ganisazRvros drekadi 

mudmivebi, maT Soris puasonis koeficienti da aigos 

Sesabamisad misi droze da Zabvaze damokidebulebis 

(3.8.7) da (3.8.8) grafikebi. 

 

 

 

 

 

 

 

2r
sm

kg
 780=σ
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cxrili 3.8.2 

grZivi moqnilobis gamoTvla 

t,wT 781
1 =

=Π
σ
ε x

x  
1172

2 =
=Π
σ

ε x
x  

1563
3 =

=Π
σ

ε x
x  saSΠ  

 

1 0,00224 0,002239 0,002269 0,002249 22,5·10-4 
5 0,002358 0,00229 0,00237 0,002337 23,3·10-4 

10 0,00237 0,00234 0,00240 0,00237 23,7·10-4 

50 0,00253 0,00242 0,00251 0,00248 24,8·10-4 

90 0,00258 0,00247 0,00256 0,002538 25,4·10-4 

120 0,00261 0,00250 0,00262 0,00257 25,7·10-4 

180 0,00267 0,00254 0,00266 0,00262 26,2·10-4 

240 0,00271 0,00259 0,00268 0,00266 26,6·10-4 

300 0,00276 0,00261 0,00271 0,00269 26,9·10-4 

 

 

cxrili 3.8.3 
ganivi moqnilobis gamoTvla  

t, 
wT 781

1
1 =

=Π
σ

ε y
y  

1172

2
2 =

=Π
σ

ε y
y  

1563

3
3 =

=Π
σ

ε y
y  saSΠ  

 

1 0,00071 0,000717 0,000737 0,00072 7,2⋅10-5 
5 0,00078 0,00074 0,000788 0,000769 7,6⋅10-5 

10 0,00079 0,00076 0,00080 0,000787 7,8⋅10-5 

50 0,00087 0,00081 0,000858 0,00085 8,5⋅10-5 

90 0,00088 0,00083 0,00087 0,00086 8,6⋅10-5 

120 0,00089 0,00084 0,00090 0,00087 8,7⋅10-5 

180 0,00093 0,00087 0,00092 0,00091 9,1⋅10-5 

240 0,00096 0,00089 0,00093 0,00092 9,2⋅10-5 

300 0,00097 0,00091 0,00094 0,00094 9,4⋅10-5 

 

 

 

 

 

 



 147 

nawili II. cocvadobis arawrfivi Teoria 
 

$ 3.9. memkvidreobis Teoria 
 

1°. m. koltunovis meTodi. 

Tu moqnilobis 
k

t
σ
ε )(

Ueqsperimentuli mrudebi erTma-

neTs ar emTxvevian e.i. ar arian Calagebuli viwro 

zolSi, maSin sxeuli ar emorCileba deformirebis 

wrfiv kanons da Sesabamisad cocvadobis procesis 

aRwerisaTvis ar SeiZleba gamoyenebul iqnas wrfivi 

Teoria. 

ganvixiloT deformirebis arawrfivi damokidebu-

lebis umartivesi SemTxvevebi, romlebic emyarebian 

msgavsebis Teorias. 

a) cocvadobis mrudebis msgavseba.

constk =σ

  

davuSvaT, rom cocvadobis mrudebi (nax. 3.9.1) 

sxvadasxva  ZabvisaTvis msgavsni arian e.i. 

nebismieri maTgani SeiZleba SeuTavsdes meores Tu 

SevamcirebT an gavzrdiT mis ordinats raime ricxviT 

æ ),( kk σ  romelsac msgavsebis koeficienti ewodeba da 

damokidebulia Zabvaze. 

=),( kt σε  æ ),()( 0σεσ tkk ,                 (3.9.1) 

sadac −),( 0σε t cocvadobis sabazo mrudia, æ )( kk σ _msgav-

sebis koeficienti. 

visargebloT arawrfivi Semdegi integraluri 

gantolebiT (m. koltunovis gantoleba) 

∫ −+=
t

dtKtt
0

)()()]([)( ττψτσψε .            (3.9.2) 

roca constt k ==σσ )(  (3.9.2)-dan miviRebT 
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)()(])(1)[(),(
0

tfdtKt
t

kkk ∫ ≡−+= σψττσψσε ,     (3.9.3) 

sadac ∫ −+=
t

dtKtf
0

)(1)( ττ . drekadobis (E) modulisa da 

gavlenis funqciis βα ,,A  parametrebis gansazRvrisa-

Tvis gamoviyenoT wina paragrafSi moyvanili meTodi. 

(3.9.1) da (3.9.3) gantolebebidan gveqneba:  

æ
)(
)(

)()(
)()(

),(
),(

)(
000 σψ

σψ
σψ
σψ

σε
σεσ kkk

kk tf
tf

t
t

=
⋅
⋅

== .       (3.9.4) 

Teoriul ttft ~)()( ≡Tε  mrudebs Soris SevarCioT 

iseTi mrudi, romelic msgavsi iqneba cocvadobis 

tt ~),( 0σε  mrudis ise, rom  

 =),( 0σε t æ ⇒⋅ )()( 00 tTεσ æ
)(
),(

)( 0
00

TT t
t

ε
σεσ = .      (3.9.5) 

sadac æ )( 00 σ  msgavsebis koeficientia ),( 0σε t  da )(tTε  

mrudebisa, da toli aris ),( 0σε t  mrudis vertikaluri 

Zvris sididis imisaTvis, rom is SeuTavsdes Teoriul 

)(tTε  mruds. 

SevitanoT (3.9.5) toloba (3.9.1)-Si da miviRebT: 

=),( kt σε  æ )( kk σ  æ ( ) )(00 tTεσ ⋅ .           (3.9.6) 

(3.9.3)-e formulidan, roca 0=t , (3.9.6) miiRebs Semdeg 

saxes: 

=),0( kσε æ )( kk σ ·æ 1)0();(1)( 00 ==⋅ Tεσψσ k .    (3.9.7) 

e.i.  

  =)( kσψ æ )( kk σ · æ )( 00 σ                (3.9.8) 

sadac −= )]0([)( kk σψσψ warmoadgens myisi (sawyisi) 

deformirebis funqcias, romlis gansazRvrisaTvis 

gamoviyenoT wina paragrafSi aRwerili meTodi. 

mocemuli cxrilebis (3.9.1) mixedviT SeiZleba aigos, 

cocvadobis mrudebi.  
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meTodis sailustraciod ganvixiloT zogadi maga-

liTi (masalaze ar mivuTiTebT). vTqvaT cocvadobis 

mrudebs aqvs (3.9.1) naxazze warmodgenili saxe.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nax. 3.9.1. cocvadobis sqematuri mrudebi. 

 

msgavsebis koeficientis misaRebad `patara~ ordi-

nati unda gaiyos `didze~ e.i. sabazo 0σ  Zabvis Sesaba-

misi sididis deformaciaze, drois konkretuli ktt =  

mniSvnelobisaTvis e.i. 

            æ  ,
),(
),(

)(
0σε

σεσ
k

kk
kk t

t
=  

      ;530 



=

2r
sm

kg
σ  )61,0(; =kkσ _ Zabvaa 

sabazo Zabvad miviRoT  

2sm

kg
1590 =σ .               æ 65,0

)159,(
)106,(

),(
),(

0

1
1 ===

t
t

t
t

ε
ε

σε
σε

; 

t, wT 

ε, %  
σ0=159kg/mm2 

t1 tn O t=tk 

b 

σ1=106kg/mm2 

σ2=53kg/mm2 

σ3=42kg/mm2 

σ4=31,8kg/mm2 

σ5=26,5kg/mm2 

σ6=21,2kg/mm2 

a 
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;1595303,03,00 =⋅== rσσ      æ 24,0
)159,(
)53,(

),(
),(

0

2
2 ===

t
t

t
t

ε
ε

σε
σε

; 

;1065302,02,01 =⋅== rσσ           æ 16,0
)159,(
)4,42,(

),(
),(

0

3
3 ===

t
t

t
t

ε
ε

σε
σε

; 

;535301,01,02 =⋅== rσσ              æ 12,0
)159,(
)8,31,(

),(
),(

0

4
4 ===

t
t

t
t

ε
ε

σε
σε

; 

                           æ 10,0
)159,(
)5,26,(

),(
),(

0

5
5 ===

t
t

t
t

ε
ε

σε
σε

; 

;4,4253008,008,03 =⋅== rσσ                                      

;8,3153006,006,04 =⋅== rσσ    æ 08,0
)159,(
)2,21,(

),(
),(

0

6
6 ===

t
t

t
t

ε
ε

σε
σε

; 

;5,2653005,005,05 =⋅== rσσ  

2,2153004,004,06 =⋅== rσσ ; 

funqcia =)( kσψ æ ⋅)( kk σ æ 0 .        

mrudi )3,0;( 0 rσσε =t  unda aigos logariTmul sis-

temaSi da SevuTavsoT mis msgavs ∫+=
t

dttKt
0

)(1)(Tε  

Teoriul #15 mruds, (nax. Π1), romlis parametrebia 

.0221,0;05,0;025,0 === TTT Aβα  horizontaluri ZvriT 

miviRebT ,10001,0 3−===
e

T

t
tk  xolo vertikaluri ZvriT 

miviRebT æ ,1066,1 3
0

−⋅=  garda amisa æ 0  kidev SeiZleba 

gamoiTvalos cxrilebis saSualebiT, nebismieri t-sa-
Tvis   

æ 300
0 1066,1

)(

),(

)(

);( −⋅===
e

e

T

e

ktf
t

tf
t σεσε

. 

aqve unda moxdes masalis maxasiaTebeli parametrebis 

;Te ββ k=  ;Te AkA ⋅= α  eT ααα == ; gamoTvla. avagoT funq-
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cia )( kσψ  (formula 3.9.8) Semdegi mniSvnelobebis 

mixedviT. 

=)(10 1
3 σψ  æ )( 11 σ æ ;079,166,165,00 =⋅=  

=)(10 2
3 σψ æ )( 22 σ æ ;40,066,124,00 =⋅=  

=)(10 3
3 σψ æ )( 33 σ æ ;265.066,116,00 =⋅=  

=)(10 4
3 σψ æ )( 44 σ æ ;20,066,112,00 =⋅=  

=)(10 5
3 σψ æ )( 55 σ æ ;166,066,11,00 =⋅=  

=)(10 6
3 σψ æ )( 66 σ æ ==⇒=⋅= ),0()(132,066,108,0 60 Kσεσψ  

        ;10132,0)2,21;0( 3−⋅== ε  

radgan )( kσψ  funqciis mniSvnelobebi warmoadgenen 

sawyisi deformaciis mniSvnelobebs ),,0( kσε  e.i.  

).,0()( kk σεσψ =  SeiZleba amis Semdeg avagoT myisi 

deformirebis mrudi kk σσψ ~)(  (nax. 3.9.2) da yoveli 

kσ -saTvis gamovTvaloT modulebi  

  
)(),0( k

k

k

k
k EE

σψ
σ

σε
σ

=== . 

 5
36 106,1

10132,0
2,21

⋅=
⋅

= −E ;           53
5 106,110

166,0
5,26

⋅=⋅=E ; 

 ;106,110
199,0

8,31 53
4 ⋅=⋅=E            53

3 106,110
166,0

4,42
⋅=⋅=E ;  

 ;103,110
398,0
53 53

2 ⋅=⋅=E            53
1 1098,010

079,1
106

⋅=⋅=E ; 

 .1095,010
66,1

159 53
0 ⋅=⋅=E     

2sm

kg5
3456 106,1 ⋅===== EEEEE .  

yvela ZabvisaTvis, romelic ar aRemateba 5,42≤σ  

gvaqvs ,106,1 5⋅=E  xolo yvela ZabvisaTvis, romelic 

aRemateba wrfivi deformirebis zRvars e.i. ;1,02 rσσ =  

;3,0; 01 rσσσ = miviRebT .01 EEE >>  Zabvis sididis gazr-
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dasTan dakavSirebiT roca kk σσ >−1  e.i. 43=σ  

mniSvnelobis zeviT moduli E mcirdeba plastikuri 

deformaciebis warmoqmnasTan dakavSirebiT. plasti-

kurobis TeoriaSi aseT moduls mkveTi moduli 

ewodeba. rogorc gairkva (3.9.3) gantolebaSi Semavali 

wevri −)( kσψ warmoadgens myisi deformirebis funqcias, 

misi saSualebiT SesaZlebelia gamoiTvalos drois 

sawyisi nulovani mniSvnelobisa da yvela ZabvisaTvis 

Sesabamisi cocvadobis mrudebis sawyisi (myisi) 

mniSvnelobebi, rogorc namravli msgavsebis koefici-

entebis [æ ⋅)( kk σ æ 0 ]. 

 

 

 

 

 

 

 

 

 

 

 
nax. 3.9.2. sawyisi deformaciebis damokidebuleba 

Zabvisagan. 

 

im SemTxvevaSi Tu amocanis pirobiT ar aris 

gaTvaliswinebuli mocemuli masalisaTvis gavlenis 

funqciis parametrebis ),,( βαA  gansazRvra, maSin 

SeTavsebis meTodis gamoyeneba zedmet gamoTvlebTan 

iqneba dakavSirebuli. gamosavali imaSi mdgomareobs, 

rom mas Semdeg rac gansazRvruli iqneba msgavsebis æ
)( kk σ  koeficientebi, æ 0 -is gamoTvla SesaZlebeli 

1,2 0,4 0,8 

40 

120 

0,6 0,2 1,8 0 

80 

160 

1,4 1,6 

σ kg/sm2 

ϕ (σk)⋅10
3 
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iqneba gamocdis moklevadiani (1_2 wT), −)~( εσ diag-

ramidan, aRniSnuli diagrama nebismier SemTxvevaSi 

unda aigos, radgan masalis mrRvevi Zabvis gamoTvla 

sxvanairad ver moxerxdeba. tolobidan 

=≡ )(),0( kk σψσε æ ⋅)( kk σ  æ 0 .            (3.9.9) 

−),0( kσε sidideebi nebismieri ZabvisaTvis aiReba 

−)~( εσ diagramidan, romelic gansazRvravs Sesabamisad 

)( kσψ  funqcias e.i. (3.9.9)-dan  

                                                        

                                                   (3.9.10)  
                                                                           

amis Semdeg, rogorc aRniSnuli iyo aigeba myisi 

deformirebis mrudi (nax. 3.9.2) da gamoiTvleba 

drekadobis modulebi Zabvis nebismieri mniSvnelobi-

saTvis. deformirebis, rogorc wrfivi aseve ara-

wrfivi ubnebisaTvis. 

  MmagaliTi. msgavsebis Teoriis gamoyenebiT kumSvaze 

arawrfivi relaqsirebisas mocemuli sxeulisaTvis 

vipovoT  deformirebis kanoni (nax. 3.9.2, cxrili 3.9.1). 

Teoriuli )(tTσ  da eqsperimentuli )(teσ  mrudebis 

SeTavsebiT miviRebT sxeulis Semdeg parametrebs: (m. 

koltunovi, cxr. K2, nax. Π2. mrudi #4).  

      ;1==
e

T

t
tk   ;3,0=α  ;05,0=β  0340,0=A ; 

     ;ααα == Te  ;AAkA == Te
α    æ0=0,098;    æ 1=0,73; 

      æ2=0,59;   =)( kεψ  æ0·æ k . 

sawyisi Zabvebi iqneba: 

      
2mm

kgZ
098,0)(%39,1

),0(
0

0

0 === εψε
εσ , 

      === )(%77,0
),0(

1
1

1 εψε
εσ æ0æ 1=0,098·0,73=0,07154

2mm

kgZ
, 

  ),0( kσε   

   æ k(σk) 
æ0= . 
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=== )(%55,0
),0(

2
2

2 εψε
εσ æ0æ 1=0,098·0,59=0,05782

2mm

kgZ
. 

cxrili 3.9.1. 

sxeuli ;200−Π  970=F mm2;  
2r

mm

kgZ;
 11,0=σ ;   kgZ; 85=P  

;088,08,00 2r
mm

kgZ
 == σσ    %39,1=kε  

 

t 
wT 

 

P 
kgZ 

 

)(tσ  

kgZ/mm2 

 

k

t
ε
σ )(

 

 

0

)(
σ
σ t

 

 

∫−= Tdt1Tσ  æ0= )(
),( 0

t
t

Tσ
εσ

 

0 

2 

4 

6 

8 

10 

20 

30 

50 

60 

90 

120 

300 

1440 

85,4 

82,0 

80,5 

79,5 

78,5 

77,9 

76,0 

75,5 

74,0 

73,5 

73,0 

72,8 

72,6 

68,5 

0,088 

0,085 

0,083 

0,082 

0,081 

0,080 

0,078 

0,077 

0,076 

0,076 

0,075 

0,075 

0,075 

0,071 

6,33 

6,12 

5,97 

5,9 

5,83 

5,76 

5,61 

5,47 

5,47 

5,47 

5,39 

5,39 

5,39 

5,11 

1 

0,966 

0,943 

0,932 

0,920 

0,909 

0,886 

0,864 

0,864 

0,864 

0,852 

0,852 

0,852 

0,807 

_ 

0,8635 

0,8356 

0,8183 

0,8059 

0,7965 

0,7711 

0,0530 

0,7530 

0,7516 

0,7503 

0,7502 

`_~ 

`_~ 

_ 

0,098 

0,098 

0,098 

0,099 

`-~ 

`_~ 

`_~ 

`_~ 

`_~ 

`_~ 

`_~ 

`_~ 

`_~ 

 

drekadobis moduli  
k

kE
ε
εσ ),0(

= , 

      ;05,7
0139,0
098,0

0 2mm

kgZ
 ==E    ;23,9

00775,0
07154,0

1 2mm

kgZ
 ==E  

      .51,10
0055,0

05782,0
2 2mm

kgZ
 ==E  

relaqsaciis gantoleba 200−Π -saTvis iqneba 

      







⋅−= ∫ −−

t
t

kk dttet
0

7,005,0034,01)(),( εψεσ , 
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romlis grafikia wyvetili xazi (nax. 3.9.3)-ze 

 

 
 
 
 
 
 
 

 

 
 

 
 

nax. 3.9.3. relaqsaciis mrudebi, ;200−Π  grafikze 
       wyvetili xazi Seesabameba Teoriul mruds. 

 

2°. izoqronuli mrudebis msgavseba. i. rabotnovis 
meTodi. maSin, roca moqnilobis mrudebi erTmaneTs 
ar emTxvevian da arc cocvadobis mrudebia msgavsi, 
xolo izoqronuli mrudebi ar arian swori xazebi, 
magram msgavsebia, es imas niSnavs, rom deformireba 
ar mimdinareobs wrfivi kanoniT. deformirebis 
arawrfivi procesis aRwerisaTvis visargebloT i. 
rabotnovis Semdegi gantolebiT. 

∫ −+=
t

dtKt
0

)()()()( ττστσεϕ .             (3.9.9) 

(3.9.9)-dan miiReba cocvadobis gantoleba, roca 

constt k ==σσ )(  

)()(1)(
0

tfdK k

t

k σττσεϕ =







+= ∫ .           (3.9.10) 

(3.9.10)-Si −)(εϕ aproqsimaciis funqciaa sawyisi 

deformirebis )~( εσ  mrudis an izoqronuli mrudis 

),(εσσ =  roca .0=t   

2 1 3 5 4 6 

σ kg/mm2 

t, sT 

0 

10 

20 

30 

5 

15 

25 

2 

1 
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izoqronebis msgavsebis koeficientTa erToblioba 

iqneba 

k
k σ

εϕλ )(
= ,                    (3.9.11) 

sadac −kσ izoqronebis ordinatia, roca ktt =  

),1,0( nk ⋅⋅⋅=  (3.9.11) Sefardeba mogvcems moqnilobis 

mruds, romelic (3.9.10) gantolebis Tanaxmad unda 

SeuTavsdes Teoriul mruds ).()( tft =Tε  

magram radgan )(tε -s mniSvneloba, roca 0=t  ar 

aris sando mniSvnelobis, amitom )(εϕ  (3.9.11)-e tolo-

baSi jerjerobiT gansazRvrulad ar SeiZleba CaiTva-

los. amitom )(εϕ -is nacvlad aviRoT izoqrona 

),(εσσ =   roca ,1tt =   romelic  aRvniSnoT ).,( 11 tεσσ ≡   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nax. 3.9.4. izoqronuli mrudebi. 

100 ε⋅103 

σ kg/sm2 

10 11 

60 20 0 

9 7 8 6 3 5 4 

100 

200 

300 

2 

1 
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radgan (3.9.10) gantolebis Tanaxmad  yvela izoxrona 

msgavsia, amitom adgili aqvs tolobas 

     ...),3,2(
),(
),(

,
111 =′=≡ k

t
t

k
kkk

λ
εσ
εσ

σ
σ

           (3.9.12) 

sadac −′kλ msgavsebis koeficientia kσ  da 1σ  izoqro-

nebisa nebismieri erTi da igive ε-saTvis, romelic 

aRniSnavs imas, rom nebismieri wertili )2(  , ⋅⋅=kkσ  

izoqronis SeiZleba gadaviyvanoT 1σ  izoqronis Sesa-

bamis wertilSi (igive ε-saTvis) misi ordinatis −′kλ
sidideze gamravlebis Sedegad. −′kλ ganisazRvreba 

(3.9.12) formuliT. SemdegSi izoqrona ),( 11 tεσ  msgavsi 

unda iyos )()0,( εϕεσ ==t  izoqronis, rac gvaZlevs 

   1
1

)( λ
σ
εϕ

= .                   (3.9.13) 

1λ -is ageba jerjerobiT ar SeiZleba, radgan )(εϕ  

ucnobia (3.9.12) da (3.9.13) formulebidan gamomdina-
reobs, rom  

kkkk σλσλλσλεϕ =⋅′== 111)( ,  )( 1 kk λλλ ′⋅= .     (3.9.14) 

 

 

 

 

 

 

 

 

 

 
nax. 3.9.5. SeTavsebis sqema 

 

lg
(1
+∫

K
dt
) 

εT 

lgtT lgt lgte 

lg
λ 1

 

B 

lg
λ′

k(
t)  

A 

O 

λ′
k(

t)  

lgk 

C 
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gaviTvaliswinoT (3.9.10) gantoleba da gveqneba: 

,)()( 1 kkk tf σλλσεϕ ⋅′==  

saidanac 

∫ =+=′
t

k tfdttK
0

1 )()(1λλ .             (3.9.15) 

aq −1λ ucnobi parametria misi gansazRvrisaTvis 

(3.9.15) ase warmovidginoT 

.lg))(1lg(lg
0

1 ∫ ′−+=
t

kdttK λλ            (3.9.16) 

aqedan cxadia, rom 1λ  ganisazRvreba AB monakveTiT, 
xolo k ganisazRvreba horizontaluri ZvriT )(tkλ′  

mrudis sidideze BC. viciT ra 1λ  avagebT myisi 

deformirebis mruds ,)( 11σλεϕ =  romelsac aproqsimi-

rebas gavukeTebT Sesabamisi funqciiT, −)(tf funqciis 

parametrebi ganisazRvreba mocemuli formulebiT, 

moduls gavigebT formuliT 
0

)(
→

=
εε

εϕ
d

dE . 

cxrili 3.9.2 

sruli deformaciis mniSvnelobebi %-Si minaplastiki  
,2−ΠCC struqtura 1, gaWimva mimarTulebiT 

.25,45 CT °=°=α  
 

 dro 

t wT 

Zabva  
2sm

kg
σ  

50 100 200 300 400 500 625 700 

0 
100 

101 

102 
103 

  104 

2⋅104 
4⋅104 
7⋅104 
105 

0,049 
0,061 
0,068 
0,077 
0,094 
0,120 
0,130 
0,138 
_ 
_ 

0,1 
0,13 
0,149 
0,174 
0,214 
0,278 
0,300 
0,330 
0,360 
0,390 

0,214 
0,284 
0,313 
0,385 
0,508 
0,696 
0,703 
0,733 
0,782 
0,883 

0,304 
0,454 
0,522 
0,642 
0,850 
1,05 
1,22 
1,32 
1,42 
1,52 

0,400 
0,615 
0,730 
0,910 
1,22 
1,59 
1,91 
2,01 
2,10 
2,20 

0,54 
0,89 
1,08 
1,34 
1,76 
2,25 
2,42 
2,62 
2,73 
_ 

0,701,30 
2,05 
2,32 
3,04 
_ 
_ 
_ 
_ 
_ 
_ 

0,78 
1,87 
2,33 
3,20 
4,15 
5,20 
5,40 
5,65 
5,67 
5,69 
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cxrili 3.9.3 

sruli deformaciis mniSvnelobebi %-Si, minaplastiki 
,2−ΠCC struqtura 1, gaWimva °= 45α mimarTulebiT,  

temperatura .40 CT °=  

    
   dro 

t wT 
Zabva 

2sm

kg
 σ  

124 227 327 427 624 
0 
100 
101 
102 
103 
104 

2·104 
4·104 

0,185 
0,342 
0,405 
0,518 
0,678 
0,848 
0,885 
0,930 

0,33 
0,66 
0,82 
1,05 
1,34 
1,60 
1,66 
1,74 

0,44 
1,18 
1,53 
1,97 
2,40 
2,70 
_ 
_ 

0,58 
1,71 
2,22 
3,21 
4,17 
4,30 
5,03 
5,25 

0,90 
2,92 
4,19 
5,63 
7,86 
_ 
_ 
_ 

 

cxrili 3.9.4 

izoqronuli mrudebi Ct °= 25  

1σσ =  

)1( 1 =t  
2σσ =  

)10( 2
2 =t  

3σσ =  

)10( 3
3 =t  

4σσ =  

)10( 4
4 =t  

5σσ =  

)104( 4
5 ⋅=t  

kσ  kε  kσ  kε  kσ  kε  kσ  kε  kσ  kε  

 50 
100 
200 
300 
400 
500 
625 
700 

0,06 
0,13 
0,28 
0,45 
0,615 
0,89 
1,3 
1,87 

50 
100 
200 
300 
400 
500 
625 
700 

0,07 
0,17 
0,385 
0,642 
0,91 
1,34 
2,32 
3,2 

50 
100 
200 
300 
400 
50 
625 
700 

0,09 
0,214 
0,51 
0,85 
1,22 
1,76 
3,04 
4,15 

50 
100 
200 
300 
400 
500 
_ 
700 

0,12 
0,278 
0,696 
1,05 
1,59 
2,25 
_ 
5,2 

50 
100 
200 
300 
400 
500 
_ 
700 

0,138 
0,33 
0,733 
1,32 
2,01 
2,62 
_ 
5,65 

 

viTvliT izoqronebis msgavsebis koeficientebs.     

[ ])( kkk tεσσ = ,    )1(,
)(
)(

1
11 =′=′ λ

σ
σλ

kk
k t

t
 )104;10;10;10( 4432 ⋅=kt , 

 250,1
500
625

2

1
2 ===′

σ
σλ ,     46,1

427
625

3

1
3 ===′

σ
σλ , 
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 78,1
351
625

4

1
4 ===′

σ
σλ ,      083,2

300
625

5

1
5 ===′

σ
σλ .   

e.i. wertilebiT ),( kkt λ′  (102;1,25); (103;1,64); (104;1,81); 

(4·104;2,18) aigeba logariTmul koordinatebSi kλ′  
erTobliobisa da misi msgavsi )(tf  Teoriuli 

mrudebi, romlis parametrebia: ;25,0=Tα  ;05,0=Tβ  

;0734,0=TA  cxr. K3. grafiki Π3; # 9 mrudi. mrudebis 

SeTavsebiT gamoiTvleba 

;10
102
102 2

3
−=

⋅
⋅

==
e

T

t
tk  

da misi Sesabamisi eqsperimentuli mrudis paramet-

rebi; 

   ;25,0== Te αα    ;10205,010 32 −− ⋅=⋅=⋅= Te ββ k   

   .02,0
62,3

0734,0
10

0734,0
0734,0)10( 25,02 ===⋅=⋅= −

Te AkA α  

 

 

 

 

 

 

 

 

 

 

 
nax. 3.9.6. msgavsi izoqronebi 

 

gamovTvaloT exla mrudebis vertikaluri Zvris 

sidide .1λ  gantolebidan 

σ5 
σ4 
σ3 

σ2 

σ0 

σ t1=10°=1 
t2=102 

t3=103 
t4=104 

t5=4⋅104 

ϕ(ε) 

ε A 
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,
1

)(1)(

0
1

0
1

k

t

t

k

Kst

dttKtf

λ
λ

λλ

′

+
=

⇒+==′

∫

∫
 

    13,1
25,1
41,1

25,1

1
11010

2

1

0
1

22 ==
=′

+
=⇒=⋅==

∫
−

λ
λ

Kdt
ktt eT , 

   14,1
64,1
87,1

64,1

1
101010

3

10

0
1

32 ==
=′

+
=⇒=⋅==

∫
−

λ
λ

Kdt
ktt eT , 

      3,1
8,1
34,2

8,1

1
101010

4

100

0
1

242 ==
=′

+
=⇒=⋅==

∫
−

λ
λ

Kdt
ktt eT , 

    10,1073,1
18,2
34,2

18,2

1
11010

5

400

0
1

22 ===
=′

+
=⇒=⋅==

∫
−

λ
λ

Kdt
ktt eT , 

    17,1168,1
4
67,4

4
1,13,14,113,1

,1 ===
+++

=saSλ , 

   e.i. 17,11 =λ . 

  avagoT funqcia kk σλλεϕ ⋅′= 1)(  gveqneba: 

    25,731625117,1)( 1111 =⋅⋅=′⋅= σλλεϕ ; 

    25,73125,117,1)( 2212 =⋅=′⋅= σλλεϕ ; 

    4,72942746,117,1)( 3313 =⋅⋅=′⋅= σλλεϕ ; 

    206,73935180,117,1)( 4414 =⋅⋅=′⋅= σλλεϕ ; 

    18,76530018,217,1)( 5515 =⋅⋅=′⋅= σλλεϕ . 

nulovani izoqrona anu )(εϕ  funqciis grafiki 

mocemulia 3.9.6 naxazze. 
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$ 3.10. arawrfivi blanti drekadobis Teoriis 
mixedviT, ganmeorebiTi gavlenis funqciebis 

gansazRvra 
 

ganvixiloT blanti drekadobis kuburi Teoriis 

gavlenis funqciis parametrebis gansazRvris cxriluri 

meTodi, romlis gantolebas aqvs Semdegi saxe: 

dssstKbdssstKt
E

t
tt

)()()()()(
1

)(
0

3
3

0
1 ∫∫ −+








−+= σσσε .  (3.10.1) 

vTqvaT gvaqvs sxvadasxva kσ  ZabvisaTvis cocva-

dobis tt −)(ε  mrudTa ojaxi, romlebic miRebulia 

safexurebiani datvirTvis Sedegad gavlenis 1K  da 3K  

funqciebi ase warmovidginoT 

        ∑
∞

=

−

Γ
Γ

=
1 )(

)]([
)(

i i

nn
ii

t

i n
tA

t
etK

ii

α
α αβ

.            (3.10.2) 

amocana imaSi mdgomareobs, rom cocvadobis 

mrudTa ojaxis saSualebiT ganvsazRvroT mudmivebi 

E, b da gavlenis 31, KK  funqciebis iii A,,βα  )3,1( =i  

parametrebi. avagoT moqnilobis tt
K

~
)(

σ
ε

 mrudTa ojaxi, 

romelTa nawili kσσ ≤≤0  Seesabameba wrfivi defor-

mirebis ares e.i. Seqmnian viwro konaTa zols, xolo 

danarCeni aRmoCndebian am konis gareT. 

(3.10.1) gantoleba moqnilobis mrudebisaTvis, roca 

)()( tht kσσ =  miiRebs Semdeg saxes: 

     ττσττ
σ
ε dKbdK

E
t t

k

t

k

)()(1
1)(

0
3

2

0
1 ∫∫ +








+= .      (3.10.3) 

ganvixiloT wrfivi deformirebis σσ ≤< k0  are, 

maSin (3.10.3) ase gadavweroT: 
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







+= ∫

t

k

dK
E

t
0

)(1
1)( ττ

σ
ε

.               (3.10.4) 

SeTavsebis meTodiT ganvsazRvroT moduli E da 

111 ,, Aβα  parametrebi gavlenis 1K  funqciis. viciT ra 

E da 1K  (3.10.2) gantoleba CavweroT arawrfiv areSi 

wrf.σσ >K . 

,)()(1
)(

0
3

0

2
1 ττσττ

σ
ε dKbEdKtE

tt

k
k

∫∫ ++=         (3.10.5) 

an 

    ττσττ
σ
ε dKbEdKtE

t

k

t

k

)()(1
)(

0
3

2

0
1 ∫∫ =








+− ,       (3.10.6) 

aRvniSnoT 









+−≡ ∫

t

k

dKtEtI
0

1 )(1
)(

)( ττ
σ
ε

,             (3.10.7) 

 

radgan (3.10.7)-Si yvela sidide cnobilia, amitom 

)(tI  cnobili funqciaa da (3.10.6) ase CavweroT 

      ττσ dKbEtI
t

k )()(
0

3
2 ∫= .                (3.10.8) 

(3.10.8)-Si ucnobia mxolod b da 3K . 

avagoT (3.10.7) naxevar logariTmul sistemaSi 

ttI lg~)(  mrudi. b mudmivisa da ),,( 3333 AK βα  funqciis 

parametrebis gansazRvrisaTvis visargebloT 

ttAK
t

lg~),,,( 333
0

3 βα∫ ,               (3.10.9) 

funqciis grafikebiT romelTa Soris unda moiZebnos 

ttI lg~)(  mrudis msgavsi. horizontaluri ZvriT gani-

sazRvreba )( eT ktt =  k koeficienti da 3K  funqciis 

parametrebi, xolo b mudmivi ganisazRvreba formuliT  
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∫
= t

k dtKE

tIb

0
3

2 )(

)(

τσ
,                 (3.10.10) 

sadac ett = . 

 

$ 3.11. cocvadoba drois mixedviT cvladi 
datvirTvis SemTxvevaSi (gaWimva) 

 

polimeruli tanis cocvadobas ori Tavisebureba 

gaaCnia, riTac ganasxvavebs maT liTonebis cocvado-

bisagan. 

pirveli Tavisebureba aris cocvadobis deforma-

ciebis Seqcevadoba-saxelwodebiT `maRalelastiuri~ 

deformacia. meore aris mniSvnelovnad naklebad 

gamoxatuli arawrfivoba.  

liTonebisaTvis drois mixedviT deformaciis 

siCqaris nazrdis damokidebuleba Zabvisagan imdenad 

didia, rom garkveuli Zabvis (cocvadobis zRvari) 

qveviT an ar SeimCneva, an kidev imdenad mcirea, rom 

mas praqtikuli mniSvneloba ar gaaCnia. 

polimeruli tanisaTvis cocvadobas adgili aqvs 

Zalze mcire Zabvebis SemTxvevaSi da icvleba wrfivi 

kanonis mixedviT. 

aRniSnuli garemoeba saSualebas iZleva SerCeuli 

iqnas cocvadobis meqanikuri Teoria. kerZod pol-

imeruli tanis cocvadobis Seswavlis saqmeSi 

aRiareba moipova bolcmanis drekadi memkvidreobis 

Teoriam, romelic, rogorc adre iyo aRniSnuli 

emyareba superpoziciis anu Sejamebadobis princips. 

aRniSnuli Teoriis Semowmeba xdeboda mravali eqspe-

rimentis safuZvelze, rogorc pirdapiri, ise cvladi 

ganmeorebiTi datvirTvebis SemTxvevaSi. memkvidreobis 
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arawrfivi damokidebuleba ganxiluli iyo rozovskis 

mier Semdegi saxiT: 

∫ −+=
τ

ϑϑσϑτϑστε
0

)](,[)()( df .           (3.11.1) 

Teoriis Semowmeba xdeboda datvirTvis Semdegi 

programis mixedviT. nimuSi Zalian swrafad wm) 10( =τ  

ganmavlobaSi daitvirTa 
2sm

kg
50=σ  Zabvamde (nax. 3.11.1) 

da am datvirTvis qveS gaCerda erTi saaTis ganmavlo-

baSi, Semdeg ganitvirTa da ise gaCerda erTi saaTis 

ganmavlobaSi. Semdeg ganmeorda analogiuri ciklebi Zab-

visaTvis ;100
2sm

kg
 =σ .150

2sm

kg
=σ  ukanaskneli 

2sm

kg
150=σ  

ciklis Semdeg moxda gantvirTva 10 saaTis xangrZli-

vobiT. Semdeg moyva ciklebi 300,200=σ  da 
2sm

kg
400 (nax. 

3.14.2). aseTi datvirTvis programa saSualebas iZleva 

Semowmdes (3.11.1)-is samarTlianoba rogorc wrfivi, 

ise arawrfivi deformirebis SemTxvevaSi.  

 

 

 

 

 

 

 

 

 

 

nax. 3.11.1.  СПС-2 minaplastikis cocvadoba cvladi  

      datvirTvis SemTxvevaSi. 150;100;50=σ kg/sm2. 
 

ε, %  

σ=50 kg/sm2 

τ 

σ=100kg/sm2 

σ=150kg/sm2 

σ =0 

0,4 

0,2 

0 

0,3 

0,1 
σ =0 

σ =0 

1mm=1 wT 
1mm=1 wT 
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nax. 3.11.2. СПС-2-is cocvadoba cvladi datvirTvis 

SemTxvevaSi, 400;300;200=σ kg/sm2. 

 

Teoriisa da eqsperimentis SeTavsebis mizniT meti 

sizustis dacvis gamo gamoyenebul iqna koordinatTa 

)lg,(lg cετ  sistema, sadac −cε cocvadobis deformaciaa. 

amosaval ciklad miRebuli iyo cikli ,100
2sm

kg
 =σ  

radgan 
2sm

kg
 50=σ  ZabvisaTvis deformacia mcirea da 

mosalodnelia sizustis dakargva. ormag logariT-

mul sistemaSi miRebul iqna  sakmaod zusti wrfivi 

damokidebuleba.  

,lglg 0 τε nC +=c  sadac 198,0=n  da constC =0 . 

amosavali )100(
2sm

kg
 =σ  mrudiT miRebul iqna Teo-

riuli mrudebi yvela danarCeni ciklebisaTvis, 

rogorc wrfivi, ise arawrfivobis gaTvaliswinebiT.  

cdis meore seria (3.11.1) gantolebis Semowmebis 

mizniT exeba deformaciis relaqsaciis SemTxvevas, 

ε, %  
σ=400 kg/sm2 

σ=200kg/sm2 

σ=300kg/sm2 

σ =0 

0,6 

0,2 

0 

0,4 

1,0 

σ =0 
σ =0 

1mm=1 wT 

0,8 

τ 
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rodesac moxda nimuSebis sruli gantvirTva, romelic 

datvirTuli iyo (1000~1500) saaTis xangrZlivobiT. 

cda mimdinareobda, rogorc wrfiv areSi ),( prσσ <   

aseve arawrfiv )( prσσ >  areSi. 

   Sedegad miRebul iqna sruli damTxveva 

eqsperimentisa TeoriasTan. 

 

$ 3.12. cocvadoba kumSvis deformirebisas 
 

eqsperimentuli kvleva. 

maRali simtkicis mqone polimeruli sxeulebi, 

rogorc wesi anizotropulia. anizotropuli sxeulebi 

sivrciTi simetriiT xasiaTdeba, rac mniSvnelovan 

wilad amartivebs maTi meqanikuri Tvisebebis Ses-

wavlas. 

kumSvisas cocvadobaze Seswavlil iqna oTxi saxis 

kompoziciuri sxeuli: 

1. minaplastiki )2(216090)( 2 −Π−−ΗΠ+−− CCMCCACTT δ  

  jvaredini struqturis (struqtura I). 

2. korduli minateqstoliti ,78−−Φ∋ BMT  

3. minateqstoliti ,
22
5

101 Π∋+−T  

4. minateqstoliti  .5122
3
8

Π∋+ΥTC  

moklevadiani gamocdebi arastandartuli tipis 

nimuSebze Catarda universalur wnexebze ЦДМ-10  da 
ЦД-20, romlebsac datvirTvis diapazonis sxvadasxva 

skala gaaCniaT.  

deformaciebis gazomva xdeboda saaTis tipis 

tenzometris saSualebiT danayofis fasiT 0,01 mm, 
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aseve tenzogadamwodebiT. gazomva xdeboda, rogorc 

ganivi  aseve  grZivi   deformaciebis.   koordinatTa 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
nax. 3.12.1. kumSvisas moklevadiani mrudebi armirebis 

mimarT sxvadasxva kuTxeze (ЭТФ-ВМ) 
 

)~( σε  sistemaSi (nax. 3.12.1), masala ЭТФ-ВМ, mocemuli 

aris moklevadiani gamocdis grafikebi datvirTvis 

sxvadasxva kuTxeze, armirebis )0( 0=α  mimarT. xolo (

)2−ΠCC -saTvis mocemuli aris (nax. 3.12.2). sxvadasxva 

siCqareze ;1042,11( 5 -1wm −⋅=− εV  ;1028,12 5 -1wm −⋅=− εV  

)1015,13 4 -1wm −⋅=− εV . kumSvisas )0( 0=α  mimarTulebiT 

aRmoCnda, rom arsebiTi gansxvaveba deformirebis 

diagramaze ar SeimCneva (nax. 3.12.3). ganivi deformi-

rebis miRebis  cvlilebis xasiaTi Seesabameba grZivs. 

σ kg/sm2 

10 

20 

ε, %  

40 

20 

60 

50 

4 6 0 8 10 

0
 

30° 

45° 
90° 
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amasTan deformaciebi furclis sibrtyeSi 21ε  mniSv-

nelovnad mcirea deformaciebze 31ε  furclis sisqeSi. 

nimuSis rRvevas win uswrebs deformaciis intensiuri 

ganviTareba furclis sisqeSi. 

 
  
 

 

 

 

 

 

 

 

 

 

 

 

 
nax. 3.12.2. minaplastikis kumSvis diagrama 0=α 0. 

   1 _ damatebiT TermodamuSavebis Semdeg; 2 _ amosavali  
   sawyisi mdgomareoba; 3 _ ganivi deformaciebi furclis  
    sibrtyeSi TermodamuSavebis Semdeg; 4 _ ganivi defor- 
    maciebi furclis sisqeSi TermodamuSavebis Semdeg. 
 

σ kg/sm2 

ε, %  

3 4 
ε12 ε13 
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sur. 3.12.1. universaluri manqana ЦД-20. 
kumSvaze gamocdis procesi. 

 

 

 

 

 

 

 

 
 

 

 

 

 
 

 

nax. 3.12.3. minaplastikis kumSvis diagrama ( 0=α 0)  
sxvadasxva siCqareze  

  −12ε ganivi deformaciebi sibrtyeSi; 

−13ε ganivi deformaciebi sisqeSi. 

σ kg/sm2 

ε, %  

3 

2 

ε12 ε13 

1 

3 2 

1 

3 2 

1 

1,5 0,5 1,0 0,5 0 

3000 

3500 

2000 

2500 

1000 

1500 

500 

0 
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)45( °=α kuTxiT amoWrili nimuSebis kumSva warmoebda 

manam, sanam deformacia ar miaRwevda %)4~3( =ε -s. ris 

gamoc nimuSebi ar kargaven mzidunarianobas. sam 

sxvadasxva siCqareze kumSvisas deformirebis suraTi 

mocemulia (nax. 3.12.4). aqve unda aRiniSnos, rom 

nimuSebis mzidunarianoba kumSvaze )45( °=α  muSaobis 
dros gacilebiT maRalia, vidre gaWimvis dros igive 

)45( °=α  mimarTulebiT ganivi deformaciebi kumSvisas, 

roca )45( °=α  mimdinareobs metad intensiurad furc-

lis sibrtyeSi (nax. 3.12.4) da siCqaris gazrdasTan 

erTad gansxvaveba 21ε -sa da 31ε -s Soris mcirdeba.  

puasonis koeficientis cvlileba mocemulia (nax. 

3.12.5).  
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 σ 
kg

/s
m2
 

ε 1
2 

ε 1
3 

12
00
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00
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00
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1 
ñ 

V ε
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.2
8⋅
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-6
 1
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2 
ñ 

V ε
 =
 4
.4
2⋅
10

-5
 1
/w
m 

3 
ñ 

V ε
 =
 1
.5
8⋅
10

-4
 1
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m 

ε,
 %
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nax. 3.12.5. puasonis koeficientis damokidebuleba Zabvisagan, 

kumSvisas deformirebis sxvadasxva siCqareze 

a) α =0°; b) α =45° 

a) 1/wm;61042,11 −⋅=− εV  1/wm;51028,12 −⋅=− εV  1/wm.41015,13 −⋅=− εV  

 b) 1/wm;61028,31 −⋅=− εV  1/wm;51042,22 −⋅=− εV  1/wm.41058,13 −⋅=− εV  

meqanikuri maxasiaTeblebis gasaSualebuli mniSv-

nelobebi mocemulia (cxr. 3.12.1)-Si. (cxrili 3.12.2)-Si 

moyvanilia meqanikuri maxasiaTeblebis saSualo mniS-

vnelobebi nimuSis sxvadasxva siCqareze gaWimvisas, 

roca )0( °=α . Sesabamisi  diagramebi mocemulia (nax. 

3.12.6), xolo )45( °=α -ni nimuSebis gaWimvis diagramebi 

mocemulia (nax. 3.12.7)-ze. amasTanave deformirebis 

siCqareebi daaxloebiT ori rigiT gansxvavdebian 

erTmaneTisagan. nimuSebi )45( °=α  kuTxis SemTxvevaSi 

ar iyo miyvanili rRvevamde. amitom cxril (3.12.2)-Si  

1000 

2000 

σ kg/sm2 

µ31 
µ21 

500 

σ kg/sm2 

µ31 
µ21 

1000 

3000 1500 

1,0 0,5 µ 0 1,0 0,5 µ 

α=0° α=45° 
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nax. 3.12.7. minaplastikis gaWimvis diagrama 

deformirebis sxvadasxva siCqareze, α =450. 
 
moyvanili Zabvebi Seesabamebian maqsimalur deforma-
ciebs.  

deformirebis ganxilul diagramebidan Cans, rom 
ganivi  deformaciebi  furclis  sibrtyeSi ,12ε  roca 

)0( °=α  mniSvnelovnad naklebia vidre furclis 

sisqeSi 13ε  deformaciebi da piriqiT ,1213 εε <  roca 

)45( °=α . datvirTvis gazrdasTan erTad fuZis )0( 0=α  
mimarTulebiT ganivi deformaciebis gazrdis siCqare 
furclis sibrtyeSi mcirdeba; saboloo rRvevas win 
uswrebs deformaciis intensiuri ganviTareba furc-
lis sisqeSi ).( 13ε  ganivi deformaciebis cvlilebis 
koeficientebi 

11

12
12 ε

εµ =   da  
11

13
13 ε

εµ = . 

Zabvis gazrdasTan erTad nimuSebisaTvis )0( 0=α  

umniSvneloa da orive SemTxvevaSi arsebobs maTi 
Semcirebis tendencia (nax. 3.12.8). amasTanave defor-
mirebis siCqaris zrdasTan erTad ganivi deforma-
ciebi furclis sibrtyeSi izrdeba, xolo furclis 

σ kg/sm2 

1200 

1400 

800 

1000 

400 

600 

200 

1,0 2,0 0 3,0 4,0 ε, %  

2 

1 

1 ñ V1=3,5⋅10
-6 1/wm 

2 ñ V2=1,98⋅10
-4 1/wm 
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sisqis mixedviT SeimCneva Semcirebis tendencia, amas-
Tanave ganivi deformaciebis koeficientis mniSvne-
loba deformaciis sawyis etapze Rebulobs mniSvne-

lobas )13,0~1,0( 12 =µ  furclis sibrtyeSi da 

)86,0~28,0( 13 =µ  furclis sisqeSi. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
nax. 3.12.8. puasonis koeficientis damokidebuleba Zabvisagan 

sxvadasxva siCqareze, gaWimvisas.  

a) 1 _ 1υ =1,31.10-5 1/wm; 2 _ 2υ =2,59.10-4 1/wm; 3 _ 3υ =2,61.10-6 1/wm. 

b) 1 _ 1υ =3,5.10-6 1/wm; 2 _ 2υ =1,98.10-4 1/wm. 

 
ganivi deformaciebis cvlileba gaWimvisas, roca 

)45( °=α aqvs ufro rTuli xasiaTi, rac naTlad Cans 

(nax. 3.12.8)-dan magram yvela SemTxvevaSi )( 1312 µµ >  maTi 

sawyis ubanze Semdegi mniSvnelobis SemTxvevaSi 

51,0~44,0( 12 =µ  da ).17,015,013 ÷=µ  moklevadiani gamoc-

dis Sedegebi adasturebs im faqts, rom deformirebis 
siCqaris cvlilebisas gansaxilav diapazonSi, mina-

µ 

µ31 

µ21 

σ kg/sm2 

µ31 µ21 

µ 

a) gaWimva α=0° 

b) gaWimva α=45° 

σ kg/sm2 
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plastikis simtkice gaWimvaze )0( °=α  maRalia 

%)1510( ÷ -iT, vidre kumSvisas. 

simtkicis cvlileba daaxloebiT erTnairia, 
rogorc kumSvis aseve gaWimvis SemTxvevaSi (nax. 3.12.9). 

amasTan kumSvaze gamocdisas ),0( 0=α mkveT moduls 

deformirebis yvela siCqaris SemTxvevaSi aqvs ufro 
maRali mniSvneloba, vidre gaWimvis dros (nax. 3.12.10). 
mkveTi modulis cvlilebis xasiaTi Zabvisagan 
damokidebulebiT kumSvaze da gaWimvaze ar emTxvevian 
erTi meores. amasTan gaWimvis SemTxvevaSi SeimCneva 
deformirebis diagramis aramonotonuri cvlileba. 

 

 

 

 

 

 

 

 

 
 

 

nax. 3.12.9. gaWimvaze da kumSvaze minaplastikis simtkicis  

damokidebuleba deformirebis siCqarisagan. 

 

nimuSebis )45( °=α  gamocdisas kumSvaze da gaWim-

vaze mkveT modulebs aqvT aramarto erTi da igive 
mniSvnelobebi aramed ZabvasTan damokidebulebiT 
icvlebian (nax. 3.12.11)-ze mocemuli kanonis mixedviT. 

(3.12.3) cxrilSi mocemulia ZiriTadi meqanikuri 
maxasiaTeblebi mudmivi siCqarisa da temperaturis 
dros armirebis mimarTulebiT gaWimvis SemTxvevaSi. 
cxrilSi (3.12.4) moyvanilia meqanikuri maxasiaTeblebi 
moklevadiani gamocdis dros garemos pirobebis 
gaTvaliswinebiT. 

σ kg/sm2 

1/wT 

1 – kumSva 
2 - gaWimva 
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nax. 3.12.10. mkveTi modulis cvlileba kumSvisas da 

gaWimvaze deformirebis sxvadasxva siCqaris dros, α = 0° 
 

 

 

 

 

 

 

 
 

 
 

 
 

 

nax. 3.12.11. mkveTi modulis cvlileba kumSvisas da gaWimvaze  

deformirebis sxvadasxva siCqaris dros, α = 45°

E⋅105 kg/sm2 

1000 

1,7 1,5 

500 

1,8 2,0 
0 

1,9 1,4 

2000 

3500 

1500 

2500 

2 

σ kg/sm2 

3000 

1,6 

6 

3 7 

1 

4 

kumSva:L1 ñ V1=1,15⋅10
-4 1/wm; 

              2 ñ V2=1,28⋅10
-5 1/wm; 

      3 ñ V3=1,42⋅10
-6 1/wm. 

 

gaWimva: 4 ñ V4=0,95⋅10
-3 1/wm; 

  5 ñ V5=2,59⋅10
-4 1/wm; 

  6 ñ V6=1,31⋅10
-5 1/wm. 

  

E⋅105 kg/sm2 

kumSva:L1 ñ V1=1,58⋅10
-4 1/wm; 

              2 ñ V2=2,42⋅10
-5 1/wm; 

      3 ñ V3=3,28⋅10
-5 1/wm. 

 

gaWimva: 4 ñ V4=1,98⋅10
-4 1/wm; 

  5 ñ V5=3,5⋅10
-6 1/wm. 

  

σ 
kg

/s
m2
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cxrili 3.12.1 

 

kumSvaze gamocdisas meqanikuri maxasiaTeblebis saSualo  

mniSvnelobebi deformirebisas sxvadasxva siCqareze. 
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g
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x
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τ 
w
m 

 
deformi-

rebis ε 
saSualo 

siCqare
wm

1
 ,εV  

 

2maq
sm

kg
 ,σ  

,maxε maqsima-

luri 
deformacia 

%maqε  

drekadobis 
sawyisi 
moduli 

2sm

kg
 E  

puasonis 

koeficienti  

furclis 
sisqeSi 

13µ  

furclos 
sibrtyeSi 

12µ  

 
fuZis 

gaswvriv 

)0( °=α  

143 41015,1 −⋅  3234 1,798 51003,2 ⋅  0,43 0,18 

1317 510275,1 ⋅  2977 1,680 51092,1 ⋅  0,43 0,08 

10920 61042,1 −⋅  2650 1,460 51091,1 ⋅  0,44 0,11 

 
 

045=α  

_ 41058,1 −⋅  1115 roca=3,0% 51086,0 ⋅  0,26 0,52 

_ 41042,2 −⋅  977 roca=3,0% 0,79 510⋅  0,20 0,47 

_ 61028,3 −⋅  845 roca=3,0% 51074,0 ⋅  0,26 0,68 
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cxrili 3.12.2 

gaWimvisas minaplastikis meqanikuri maxasiaTeblebis saSualo 

mniSvnelobebi deformirebis sxvadasxva siCqareze 
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deformire-

bis saSualo  

siCqare  

wm

1
 ,εV  

 

2maq
sm

kg
,σ  

maqsima-

luri 

defor 

macia 

%naqε  

drekado-

bis 

sawyisi 

moduli 

E
2sm

kg
 

puasonis  

koeficienti 

furc-

lis 

sisqeSi 

13µ  

furc-

los 

sibr-

tyeSi 

12µ  

 

 

fuZis 

gaswvriv 

)0( °=α  

29 41051,9 −⋅  3930 2,783 51080,1 ⋅  _ _ 

101 41059,3 −⋅  3661 2,806 510706,1 ⋅  0,34 0,12 

1735 51031,1 −⋅  3228 2,268 510678,1 ⋅  0,31 0,13 

8727 61061,2 −⋅  3227 0,269 510571,1 ⋅  0,21 0,09 

°= 45α  

kuTxiT 

250 41098,1 −⋅  1195 4,420 510904,0 ⋅  0,17 0,44 

10747 6105,3 −⋅  848 8,740 0,9 51013 ⋅  0,16 0,52 
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cxrili 3.12.3 

kompoziciuri sxeulebis ZiriTadi meqanikuri 
maxasiaTeblebi sxvadasxva temperaturaze 

deformirebis siCqare ,9,0
wT

mm
 =V  ,200 CT =  %70=W  

  gaWimva armirebis (boWkoebis) mimarTulebiT °= 0α  

sxeulis 

marka 

mrRvevi Zabva ,
2mm

kgZ
 drekadobis moduli 

2sm

kgZ
 

20°C 60°C  120°C  180°C  
minateqstoliti 

2503
8 −−TC  225000

52
 

200000
42

 
127000

30
 

100000
14

 

minateqstoliti 

T1-эD 205000
45

 
182000

41
 

72700
28

 
40500

15
 

mina boWko 

)1:1(RCBAM ∋−  242000
57

 
183000

40
 

152000
34

 
12000

5,28
 

 

SeniSvna: mricxvelSi moTavsebulia mrRvevi Zabva, mniSvnelSi 

drekadobis moduli. 

cxrili 3.12.4 

moklevadiani gamocdisas meqanikuri maxasiaTeblebi 
garemos sxvadasxva pirobebis gaTvaliswinebiT 

(simtkice )
2mm

kgZ
 

masalis 
marka 

Π∋−−101T  2503
8 −−TC  ΠΒΠ  

gaWimva kumSva gaWimva kumSva gaWimva 
grexa 
kgZ/sm 

mSrali 
garemo 
 
zRvis 
wyali 
 
natriumis 
sulfati 
 
manqanis 
zeTi 

46 
 

 
50 

 
 

47 
 

 
 

45 

42 
 

 
40 

 
 

41 
 
 
 

44 

52 
 

 
52 

 
 

53 
 
 
 

52 

46 
 

 
46 

 
 

50 
 

 
 

49 

2,2 
 

 
2,42 

 
 

1,47 
 
 
 

_ 

1207 
 
 

1135 
 
 

1020 
 

 
 

_ 
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$ 3.13. rTuli daZabuli mdgomareoba 
 

eqsperimentuli kvleva. 

aRsaniSnavia, rom dReis mdgomareobiT, ar arse-

bobs iseTi mowyobiloba manqana-danadgari, romlis 

saSualebiTac SesaZlebeli iqneba ganxorcieldes 

konstruqciaSi an mis elementSi an ubralod 

gamosacdel nimuSSi rTuli daZabuli mdgomareoba, 

iseTi romelic konstruqciis realuri miSaobis 

suraTs aRwerdes. mcdeloba amgvari danadgarebis 

Seqmnisa, ra Tqma unda arsebobs, arsebobs eqsperimen-

tuli monacemebic, magram vimeoreb ar gvaqvs srulyo-

fili suraTi, rTuli daZabuli mdgomareobis aRweri-

saTvis. 

ra aris gamosavali? am kiTxvaze pasuxs mravali 

mecnieri-mkvlevaris Sromebi iZleva. kerZod Tu xelT 

gvaqvs martivi eqsperimentuli monacemebi, srulad 

aris SesaZlebeli Teoriuli gziT Seswavlil iqnas 

rTuli daZabuli mdgomareoba. swored es paragrafi 
isaxavs am mizans, kerZod minateqstolit )( BMT −Φ∋ -is 

magaliTze, romlis eqsperimentuli monacemebi sxvada-

sxva martivi deformirebis dros cnobili aris, 

rogorc cxrilebis aseve grafikebis saxiT. 

sakiTxi aqtualuria imdenad, ramdenadac nebis-

mieri konstruqcia imyofeba muSaobis procesSi, 

rTuli daZabuli mdgomareobis pirobebSi. 

Zabvasa da deformacias Soris kavSiri, rTuli 

daZabuli mdgomareobis dros minateqstolitebi-

saTvis xelsayrelia aRweril iqnas memkvidreobis 

Teoriis gantolebebiT. es gantolebebi anizotro-

puli sxeulebis cocvadobis gaTvaliswinebiT 

damuSavebuli aris i. goldenblatis mier. 
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am Teoriis safuZvelze deformirebis kanoni Ziri-

Tadi mimarTulebis )0( °=α  gaswvriv iseTivea, rogorc 

hukis kanoni drekadi anizotropuli sxeulebis 

SemTxvevaSi. gansxvaveba mxolod imaSia, rom Zvris 

deformacia ganisazRvreba aramarto Zvris moduliT, 

aramed memkvidreobis saxis cocvadobis raime 

funqciiT, romelic drozea damokidebuli. 

viRebT ra mxedvelobaSi minateqstolitebis defor-

mirebis Taviseburebas, ZiriTadi mimarTulebis ,0( 0
1 =x  

)900
2 =x  gaswvriv drekadi maxasiaTeblebi Seesabame-

bian ara myis deformaciebs, aramed maT zRvarul 

mniSvnelobebs, sakmarisad didi droisaTvis, roca 

cocvadobis mrudi aRwevs Tavis asimptots. 

kavSiris gantolebebs cocvadobis memkvidreobis 

Teoriis Tanaxmad (i. goldenblatis gantolebebi) 

aqvs Semdegi saxe: 

)(
1

22111
11

11 σµσε −=
E

, 

)(
1

11222
22

22 σµσε −=
E

,              (3.13.1) 

.)()(
0

12
12

12
12 ττστσε dtG

G

t

∫ −+=  

sadac,  

)(4)()],([
1

)( 45

12

ttt
dt
dtG ΠΠΠ == εγγ

σ
. 

volteras operatoria 

−Π )(45 tε cocvadobis deformaciebia )45( °=α  mimar-

TulebiT. −Π )(tγ funqciis gasaSualebuli mniSvnelo-

bebi mocemulia (cxr. 3.13.1)-Si, xolo grafiki (nax. 

3.13.1)-ze. 
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nax. 3.13.1. Zvris cocvadobis funqciis damokidebuleba 

drosagan. masala (ЭТФ-ВМ), α =45°, t=20°C . 
 

   Zvris cocvadobis SemTxvevaSi, roca ,12 const=σ  

°= 45α gantolebaTa (3.13.1) sistema miiRebs saxes.                 

∫∫ −′+=−+=

−=

−=

Π

tt

dt
G

dtG
G

E

E

00 12

12

12

12
12

11222
2

22

22111
11

11

.)()(

),(
1

),(
1

ττγσττσε

σµσε

σµσε

    (3.13.2) 

sadac −)(tG Zvris cocvadobis siCqaris funqciaa 

kumSvisas. rogorc eqsperimenti adasturebs (3.13.2) 

gantolebebi srulfasovnad ver aRwers minateqsto-

lit )( BMT =Φ∋  deformirebis srul suraTs. radgan 

dawyebuli ZiriTadi mimarTulebidan )900( 00 ÷=α -mde 

masalaSi viTardeba cocvadobis deformaciebi. amitom 

mizanSewonilia gantolebaTa Semdegi sistemiT sar-

gebloba: 
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0 

70 80 90 t, sT 

20 
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γ Π
⋅1
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.)()(

,)()(
1

(
1

,)()()(
1

0
12

12

12
12

11
0

22
22

11222
22

22

22
0

11
11

1
22111

11
11

ττστσ

ττςτσµσε

ττστµσµσε

dtG
G

G

dtK
EE

dtK
EE

t

t

t

∫

∫

∫

−+=

−+−=

−−−=

     (3.13.3) 

n. malininis mixedviT deformaciis saSualo moduli 

mimarTulebis nebismieri α kuTxisaTvis gamoiTvleba 

formuliT, 

  ,
sincossin2cos 4224

11

ααααλ
λ

α ++
=

D
EE         (3.13.4) 

sadac ,
11

22

E
E

=λ   )1(42
11

22 λ+−=
E
ED . 

gavlenis saSualo koeficienti, romelic axasia-

Tebs Zvris gavlenas kumSvis deformaciaze: 

  ,
sincossin2cos(2
2sin]cos)21(1[

4224

2

ααααλ
ααλλη

++
−+−−

=
D

D
       (3.13.5) 

Zvris saSualo moduli: 

     .
)1(22sin)1(1 12

12
2

0
12 µαϕ −

≈
−−

=
EGG            (3.13.6) 

 

sadac                               

  .
)(2

21

1

1

µ
µλϕ

+
++

=
D

                    (3.13.7) 

−221211 ,, EEE sisqis mimarT deformaciis saSualo 

modulebia kumSvisas )90 ;45 ;0( °°°=α  kuTxeebis gaswvriv. 

−2121 ,, µµµ puasonis koeficientebia mimarTulebebis 

mixedviT. 
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nax. 3.13.2. (ЭТФ-ВМ)-is drekadobis modulis  

fardobiTi sidideebi, kumSvis mimarTulebaze 

damokidebulebiT.    

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

nax. 3.13.3. (ЭТФ-ВМ)-is gavlenis koeficientis  

damokidebuleba kumSvis mimarTulebisagan   
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nax. 3.13.4. kumSvaze (ЭТФ-ВМ)-is cocvadobis 
mrudebi, α =45°, t=20°C .  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nax. 3.13.5. kumSvisas (ЭТФ-ВМ)-is moqnilobis mrudebi, 

α =45°, t=20°C . 
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σ=0,29σs=6kg/mm2 

103 

2,8 
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nax. 3.13.6. kumSvisas (ЭТФ-ВМ)-is moqnilobis  

damokidebuleba Zabvisagan, α =45°, t=20°C . 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nax. 3.13.7. kumSvisas (ЭТФ-ВМ)-is izoqronuli mrudebi, 

σ kg/sm2 
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α =0°, t=20°C . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

nax. 3.13.8. kumSvisas (ЭТФ-ВМ)-is izoqronuli mrudebi, 

α =45°, t=20°C . 
 

cxrili 3.13.1 

kumSvisas cocvadobis )(tΠγ  funqciis deformaciis 

sidideTa gasaSualebuli mniSvnelobebi. masala 

.20,45,78 CTBMT °=°=−−Φ∋ α  

dro  
saaTebSi 

2r mm
kg
 629,0 =σ  

3
45 10⋅ε  

310⋅Πε  
345 104)( ⋅= ΠΠ εγ t  

0 
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20 
40 
50 
70 
80 
100 
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0,28 
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0,49 
0,51 
0,54 

0,00 
0,32 
0,76 
0,76 
1,12 
1,56 
1,68 
1,96 
2,04 
0,16 

 

eqsperimentiT Zvris saSualo moduli, roca (α =45°) 

tolia: 
2mm

kgZ
178112 =G .
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4 

σ 
kg

/s
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t=2 sT 

t=100 sT 

6 30
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cxrili 3.13.2 

kumSvisas )( BMT −Φ∋  meqanikuri maxasiaTeblebi 

 

maxasiaTeblebi 
kuTxe 

0° 15° 30° 45° 60° 75° 90° 
simtkicis zRvris 

saSualo mniSvneloba 2mm
kgZσ  

 
61,26 

 
58,8 

 
33,9 

 
20,25 

 
_ 

 
_ 

 
19,5 

eqsperimentiT drekadobis mo-
dulis saSualo mniSvneloba   

Eϕ 2mm
kgZ  

 
5100 

 
5000 

 
3333 

 
2500 

 
_ 

 
_ 

 
1500 

saangariSo monacemebi Eϕ 5100 4225 3439 2465 _ _ 1500 

eqsperimentiT puasonis koefi-

cienti  µϕ 
 

2,23 
 
_ 

 
_ 

 
0,3 

 
_ 

 
_ 

 
013 

gavlenis saSualo 

koeficienti η 
 
0 

 
0,4 

 
0,62 

 
0,59 

 
0,42 

 
0,22 

 
0 

eqsperimentiT Zvris saSualo 
moduli  G12 

 
_ 

 
_ 

 
_ 

 
1781 

 
_ 

 
_ 

 
_ 
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nawili III. xangrZlivi simtkice kumSvisa 
da grexis deformirebisas 

 
$ 3.14. xangrZlivi simtkice kumSvis 

deformirebisas 
 

eqsperimentuli kvleva. 
 

konstruqciis elementebis resursis Sefasebisas 

aucilebeli aris gvqondes saimedod dasabuTebuli 

saxe xangamZleobis ganawilebis funqciisa. am mizniT 

kumSvisas xangZliv cocvadobaze gamocdil iqna sami 

saxeobis minateqstoliti 
3
8

,1 −TCT  da .78−Φ∋ T  cocva-

dobis pirobebSi arsebobs nimuSis rRvevis ori 

saxeoba, pirveli e.w. (blanti rRveva) `yelis~ 

warmoqmniT, meorea (interkristaluri) anu myife 

rRveva sur. 3.14.1, a,b. 
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sur. 3.14.1. a _ blanti rRveva; b _ myife rRveva 

Cven SemTxvevaSi adgili aqvs meore saxis rRvevas. 

cocvadobis pirobebSi myife rRvevisas Zabvebis 

koncentracia  mniSvnelovan gavlenas axdens rRvevis 

procesze, radgan rRveva rogorc wesi Zabvis 

koncentratoris maxloblobaSi iwyeba da im gavrce-

lebuli azris mcdaroba cxadi xdeba, rom TiTqosada 

Zabvis `piki~ koncentraciis areSi, cocvadobisas 

moswordeba. 

xangrZlivi simtkicis zRvari xσ  ewodeba im 

datvirTvis (romelic nimuSis rRvevas iwvevs drois 

garkveul SualedSi), Sefardebas nimuSis ganivikveTis 

pirvandel farTobTan. 

e.i. xangrZlivi simtkicis zRvari gansaxilavi 

masalisaTvis damokidebulia gamocdis temperaturaze 

da rRvevamde drois monakveTze. 

xangrZlivi simtkicis eqsperimentuli Seswavla 

dakavSirebulia garkveul siZneleebTan. garda im 

aucilebeli pirobisa, romelic gulisxmobs xangrZlivi 

drois ganmavlobaSi erTgvarovani gare pirobebis 

Seqmnas mocemuli Zabvis zemoqmedebisas. aseve did 

siZneles warmoadgens agreTve cdis xangrZlivoba da 

cdiseuli monacemebis arc Tu mcire cdomilebebi, 

romelic mniSvnelovnad aZnelebs xangrZlivi 

simtkicis Seswavlas pirdapiri eqsperimentuli gziT. 

simtkicis zRvris dadgenisaTvis kumSvisas gamoc-

dili iyo aT-aTi nimuSi yoveli masalisagan, gamocdis 

procesSi SenarCunebuli iyo deformirebis erTi da 

igive mudmivi siCqare ).1(
wT

mm
 =V  deformaciis gazomva 

warmoebda saaTis tipis )3( −MK  tenzometris gamoye-

nebiT, romlis danayofis fasi iyo (0,01 mm). gamocda 

Catarda universalur manqanebze (ЦД-20) da (ЦДМ-10).  
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miRebuli moklevadiani eqsperimentuli monacemebi 

damuSavda statistikurad da mocemulia cxrilis 

3.14.1 saxiT. 

(nax. 3.14.1)-ze mocemulia minateqstolitis 

)78( −−Φ∋ BMT  kumSvis moklevadiani diagrama, xolo 

(nax. 3.14.2)-ze mocemulia igive masalis cocvadobis 

mrudebi sxadasxva Zabvaze. cxril 3.14.2-Si mocemulia 

kumSvisas cocvadobis deformaciebis gasaSualebuli 

mniSvnelobebi. 

naxazebze (3.14.3) da (3.14.4) mocemulia kumSvisas 

simtkicis xangrZlivi zRvaris damokidebuleba 

nimuSis rRvevamde drosagan. 

cxril 3.14.3-Si ki moyvanilia )78( −−Φ∋ BMT  xangr-

Zlivi simtkicis zRvris ricxviTi mniSvnelobebi. 

grafikulad meqanikuri gamocdis Sedegebi ganawi-

lebis empiriuli funqciis saxiT warmodgenilia nax. 

3.14.5-ze, sami masalisaTvis. 

simtkicis rkσ  zRvaris sididis yoveli indivi-

dualuri mniSvnelobisaTvis rkσ( -moklevadiani 

simtki-cea kumSvaze), 
N

iW `5,0−
=  formulis mixedviT 

gamoiT-vleba Sesabamisi P _ albaTobis Sefaseba, 

romlis rols asrulebs dagrovebuli sixSire W 

(sadac N nimuSebis raodenobaa, Ni ,...2,1= ). 

nax. 3.14.5-ze mocemuli mrudebis aproqsimacia xdeba 

Semdegi gantolebiT: 

 SU PiP ⋅+= rkr σσ ,                 (3.14.1) 

sadac PiU -qvantilia normaluri ganawilebis. eqsperi-

mentuli mniSvnelobebi daitaneba normalur albaTur 

qaRaldze, xolo Teoriul wertilebs aqvT Semdegi 

koordinatebi:
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cxrili 3.14.1 

saSualo statistikuri monacemebi kumSvaze 
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nax. 3.14.1. kumSvis diagrama (ЭТФ-ВМ), t=20°C   
 

 

 

 

 

 

 

 

 

 

 
 

 
 
 

nax. 3.14.2. cocvadobis mrudebi kumSvisas,  

(ЭТФ-ВМ), t=20°C  
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nax. 4.14.3. xangrZlivi simtkicis zRvaris damokidebuleba  

rRvevamde drosagan, (ЭТФ-ВМ), t=20°C  (σr- gt )-sistemaSi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
nax. 3.14.4. xangrZlivi simtkicis zRvaris damokidebuleba 

rRvevamde drosagan. 

1 _ ТС-8\3+ЭП5122; 2 _ Т-10+ ЭП5122 
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cxrili 3.14.2 

cocvadobis fardobiTi deformaciis saSualo 
mniSvnelobebi (kumSvaze) 

),78( −Φ∋ T  .20 CT °=  .26,61 2rk mm
kg
 =σ  dro (t-saaTi). 

Zabva 

t,sT 

0,
4σ
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0,
75
σ r

=
45
,9
3 

0,
8σ

r
=
49
,0
 

0 
1,0 
2,0 
24,0 
48,0 
72,0 
100,0 
200,0 
300,0 
500,0 
1000,0 
1100 
1200 
1400 
1500 

0,0188 
0,0191 
0,1935 
0,1935 
0,0196 
0,0197 
0,0209 
0,0209 
0,0209 
0,0209 
0,0209 
0,0209 
0,0209 
0,0209 
0,0209 

0,0234 
0,0235 
0,0240 
0,0243 
0,0243 
0,0244 
0,0245 
0,0248 
0,0248 
0,0248 
0,0250 
0,0250 
0,0250 
0,0250 
0,0250 

0,0282 
0,0284 
0,0286 
0,03315 
0,02875 
0,02875 
0,02875 
0,02875 
0,02875 
0,02887 
0,0290 
0,0290 
0,0290 
0,0290 
0,0290 

0,033 
0,0331 
0,03315 
0,0365 
0,0334 
0,03345 
0,0336 
0,03375 
0,03462 
0,03462 
0,03487 
0,0248 
0,03487 

_ 
_ 

0,0351 
0,036 
0,0365 
_ 

0,038 
0,0395 
0,0395 
_ 
_ 
_ 
_ 
_ 
_ 
_ 
_ 

0,0375 
0,0378 
0,0389 
_ 
_ 
_ 
_ 
_ 
_ 
_ 
_ 
_ 
_ 
_ 
_ 

 

cxrili 3.14.3 
kumSvisas xangrZlivi simtkicis zRvaris mniSvnelobebi 

,20),78( CBMT °−−Φ∋  2rk mm
kg
 26,61=σ  

Zabva kg/mm2 
rRvevamde  

dro saaTebSi 
SeniSvna 
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0,6σr=36,76 
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nax. 3.14.5. simtkicis zRvaris ganawileibis empiriuli 

funqciebis grafikebi: 

1 _ ТС-8\3; 2 _ Т-10; 3 _ ЭТФ-78. 

 _ Teoriuli wertili;  _ eqsperimentuli wertili 

 

%)50;( =Prkσ  da %).95;( =⋅+ PSU Pirkσ      (3.14.2) 

swori xazi, romelic am or wertilze gadis 

warmoadgens simtkicis zRvaris ganawilebis empiriul 

funqcias. aRsaniSnavia, rom xangrZliv simtkiceze 

gamocdis meTodika arafriT ar gansxvavdeba cocva-

dobaze gamocdis meTodisagan. minateqstolitebis 

xangrZliv simtkiceze gamocda warmoebda Zabvis 

cvlilebis rσ2,0( ÷ )8,0 rσ intervalSi da dadgenil iqna, 

rom dro_aucilebeli yoveli nimuSis rRvevisaTvis 

(dro rRvevamde) damokidebulia Zabvis sidideze. 
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xangrZlivi simtkicis mrudebi (nax. 3.14.3; 3.14.4) 

agebuli ormag an naxevarlogariTmul sistemaSi 

warmoadgenen ubnobriv swor xazebs (texili), zogjer 

texili cxadad gamoxatuli ar aris. am dros 

xangrZlivi simtkicis mrudze SeimCneva gardamavali 

mrudxazovani ubani. gardatexa xangrZlivi simrkicis 

mrudis, dakavSirebulia rRvevis gadasvlaze blanti 

rRvevidan myife rRvevamde. aseTi gadasvla SesamCnevia 

araerTi masalisaTvis sxvadasxva temperaturasa da 

xangamZleobaze damokidebulebiT (dro wuTidan ÷aTa-
sobiT saaTamde). zogierTi masala gamocdis momentSi 

ar gamyifdeba da Sesabamisad mrudebs gardatexa ar 

gaaCniaT da adgili aqvs blant rRvevas. 

naxevradlogariTmul ),(lg xkστ sistemaSi (nax. 3.14.3), 

(3.14.4) agebuli damokidebuleba xangrZlivi )( xkσ  

simtkicis zRvaris drosgan aris swori xazebi e.i. 
gadasvla transkristaluri rRvevidan, kristalurze 
ar fiqsirdeba gansaxilavi masalebisaTvis.   

cdis Sedegebis statistikuri damuSavebis meTodika 
xangamZleobaze, msgavsi aris daRlilobaze gamocdis 
Sedegebis damuSavebisa.  

gansaxilavi masalebisTvis (Semoklebuli aRniSvnebi 
iyos ( CT  da T) Zabvebis sxvadasxva donisaTvis gveqneba: 

;306,0; =− rσCT  ;357,0 =rσ  ;5,3775,0 =rσ 2r
mm

kg
 408,0 =σ , 

−T ;2,256,0 =rσ  ;4,297,0 =rσ  ;5,3175,0 =rσ  
2r

mm

kg
 6,338,0 =σ . 

cdiseuli monacemebi ganlagebuli arian varia-
ciuli mwkrivis saxiT xangamZleobis zrdis mixedviT 
(cxr. 3.14.4). Zabvis yoveli donisaTvis romelTaTvis 
irRveoda mocemuli seriis nimuSebi, iyo gamoTvlili 
xangamZleobis maxasiaTeblebi (cxr. 3.14.5). xangamZle-
obis ganawilebis mrudebi ori masalisaTvis mocemu-
lia (nax. 3.14.6)-ze. 
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nax. 3.14.6. xangamZleobis ganawilebis mrudebi.  

 _ (ТС-8\3); x _ (Т-10) 40; 33,6;  31,5; 37,5; 29,4; 35; 25,2; 30kg/mm2 
 
 
 
 
 
 
 
 
 
 
 
 

 

nax. 3.14.7. regresiis empiriuli wirebi,  
   95%-iani sando arisaTvis (T-10) 

0 lgτ sT 
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regresiis empiriuli mrudebi (wirebi) 95%-iani 

sando arisaTvis samive masalis SemTxvevaSi mocemu-

lia Sesabamisad naxazebze: (3.14.7); (3.14.8); (3.14.9). 

cxrili 3.14.4 

xangamZleobis variaciuli mwkrivi 

 

## 2mm
kg
 σ  

 30 35 37,5 40 masala 

1 

2 

3 

4 

5 

6 

7 

9549 

10471 

11481 

12589 

13803 

15135 

16595 

467 

501 

537 

575 

616 

660 

707 

141 

152 

162 

173 

186 

199 

213 

28 

30 

31 

33 

34 

36 

38 

  

ТС
У

 8
/3

 

 

      

 25,2 29,4 31,5 33,6  

1 

2 

3 

4 

5 

6 

7 

1380 

1445 

1513 

1584 

1778 

1862 

1949 

281 

288 

295 

301 

309 

316 

323 

138 

141 

144 

147 

151 

154 

158 

60 

61 

63 

64 

66 

67 

69 

  

Т-
10
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cxrili 3.14.5 

xangrZlivobis maxasiaTeblebi 
ma
s
al

a 

σ
  
kg

/m
m2
 

τ
 d

r
o
 s

T
 

x
an
g
am
Zl

eo
b
is

 
s
an
d
o
 i
nt

er
va
l
i  

S 
s
aS

u
al

o
 

kv
ad

r
at

u
l
i 

g
ad

ax
r
a  

V
%
 v
ar

ia
c
ii

s
 

ko
ef

ic
ie
nt

i
 

ξ%
 f

ar
d
o
b
iT

i 
c
d
o
mi
l
eb

a 

S2   p
ir

o
b
iT

i 
d
is

pe
r
s
i
a 

ma
T
em
at

ik
u
r
i 

l
o
d
in

is
 s

an
d
o
 

in
t
er

va
l
i 

a 

x
an
g
am
Zl

eo
b
is

 
d
is

pe
r
s
ii

s
 

in
t
er

va
l
i
 

ТС
У

 8
/3

-В
М

-
78

+Э
П

51
22

 

30 12803 5426~19964 1817 5,3 13 3301489 11116~14489 11445~13820 

35 580 500~660 86 5,6 13,7 7396 500~660 255~3096 

37,5 175 151~199 26 5,6 13,6 676 151~199 235~2842 
40 33 29~36 3,5 4,2 9,6 12,3 30~36 4,3~52 

Т-
10

+Э
П

51
22

 25,5 1644 1441~1874 219 5 12,3 47961 1441~1874 16695~20155 
29,4 301 287~315 15 1,8 4,6 225 287~315 78~946 
31,5 147 140~154 7,2 1,8 4,5 51,8 140~154 18~218 
33,6 64 60,9~67,1 3,3 2 4,8 10,9 61~67 3,8~45,8 
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nax. 3.14.8. regresiis empiriuli mrudebi da 95%-iani albaTobis sarwmuno are  

202 

2,4 2,8 1,2 1,6 2,0 3,2 
lgτ sT 

3,6 4,0 

ძა
ბვ

ა,
 σ

 k
g
/s
m2
 

4,4 5,2 4,8 5,6 6,0 

48 

52 

44 

40 

36 
0,8 

ЭТФ-ВМ-78 
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nax. 3.14.9. regresiis empiriuli wirebi, 95%-iani  

     sando intervali. masala (ТС-8/3) 
 

   xangrZlivi simtkicis mrudebi (nax. 3.14.3; 3.14.4) 

mudmivi temperaturisas orive nawilSi (gardatexamde 

da gardatexis Semdeg) kargad aRiwereba −= −1
1 )( nAt σ  

xarisxovani gantolebiT an rac igivea: 

σlglg nAt −= ,                 (3.14.3) 

sadac A da n – masalis mudmivebia, damokidebuli 

gamocdis temperaturaze. xangrZlivi simtkicis sando 

maxasiaTeblebis miRebisaTvis aucilebelia gvqondes 

an xangrZlivi simtkicis mrudi, an misi gantoleba 

miRebuli saimedoobis didi baziT, Cveulebrivi 

eqstrapolaciis gziT xangrZlivi simtkicis mrudebidan. 

korelaciuri analizis gziT ganisazRvreba 

xangrZlivi simtkicis gantolebis parametrebi, rRvevis 

50%-ni albaTobisaTvis. damokidebuleba xangamZleo-

basa da Zabvas Soris aRiwereba gantolebiT 

43 

33 

32 
2,4 2,8 1,2 1,6 2,0 3,2 lgτ sT 3,6 4,0 

ძა
ბვ

ა,
 σ

 k
g
/s
m2
 

41 

39 

37 

35 
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  ),( xx
S
S

ryY
x

y −+=                (3.14.4) 

sadac −r korelaciis koeficientia  da  σlg( =x  

)lg ty =  sidideebis. 

       xS  da −yS saSualo kvadratuli gadaxrebia (x 

da y) sidideebis. 
       x  da −y saSualo mniSvnelobebia (x da y) 
sidideebis. 

   wrfivobis kriteriumi ξ da misi ZiriTadi 

cdomileba ξS  gamoiTvleba formulebiT: 

,22 r−=ηξ                    (3.14.5) 

              da 

,
n

S ξ
ξ =                      (3.14.6) 

sadac −2η korelaciuri Sefardebaa, gamocdis SezRu-

duli moculobis dros, romelic miRebulia (1)-is 

tolad.  

regresiuli analizi gamoiyeneba or (Zabva da 

xangamZleoba) sidides Soris kavSiris damyarebisa-

Tvis, romelTagan erTi araSemTxveviTi sidide moicema 

eqsperimentis dros, meore – SemTxveviTi, ganisazRvreba 

eqsperimentis procesSi, e.i. 

σlg=x   da  ty lg= . 

amrigad, unda iyos samarTliani regresiis Teo-

riuli mrudis gantoleba 

),( xx −+= βαη                   (3.14.7) 

romlis Sefaseba aris regresiis empiriuli mrudis 

gantoleba 

)( xxbaY −+= ,                 (3.14.8) 
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nax. 3.14.10. xangrZlivi simtkicis mrudebi. 

•  _ minateqstoliti TC -8/3 
x  _ minateqstoliti T-10 

 

romlis parametrebi daiTvleba Semdegi formulebiT: 

,

1

1

∑

∑

=

== m

i
ii

m

i
iii

n

xn
x

ω

ω
 

,

1

1

∑

∑

=

=== m

i
ii

m

i
iii

n

yn
ya

ω

ω
                (3.14.9) 

,
)(

)(

1

2

1

∑

∑

=

=

−

−
= m

i
iii

i

m

i
ii

xxn

yxxn
b

ω

ω
                  (*) 
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22 
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lgτ sT 
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20 

30 

1,8 1,4 2,2 

32 

2,6 3,4 3,0 3,8 4,2 

40 

42 

90% 10% 

50% 

90% 

10% 

50% 

Za
b
va
, 
σ x

s
 k
g
/m
m²
 



 206 

sadac  −iinω wonaa wertilebis, 

        m – Zabvis doneTa ricxvia, 

        −in nimuSebis ricxvia, 

        −iy SerCeviTi saSualo mniSvnelobaa xangamZ-

leobis logariTmis. 

.1

i

n

i
ij

n

y
y

i

∑
==  

regresiis mrudebis wrfivoba Semowmebuli unda 

iyos dispersiuli Sefardebis gziT 

,2
1

2
2

S
SF =                    (3.14.10) 

sadac −2
1S dispersiaa sistemis SigniT 

,
)(

1

1 1

2

2
1

∑

∑∑

=

= =

−

−
= m

i
i

n

i

m

i
iiji

mn

yy
S

ω
             (3.14.11) 

−2
2S dispersiaa regresiis empiriuli wiris mimarT. 

2

)( 2

12
2 −

−
=
∑
=

m

Yyn
S

ii

m

i
iiω

.             (3.14.12) 

Tu ,1>F  maSin wrfivobis hipoTeza miiReba. 

wrfivobis hipoTezis miRebis SemTxvevaSi Sefaseba 

gaerTiandeba. 

,
2

)(

1

1

2

12

∑

∑∑

=

= =

−

−
= m

i
i

m

i
iij

n

j
i

n

Yy
S

i
ω

             (3.14.13) 

romlis saSualebiTac ganisazRvreba regresiis 

empiriuli wiris gantolebis dispersiis parametrebi, 

aseve TviT Y – sididis. 
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aRniSnuli sidideebi gaiangariSebian Semdegi 

formulebiT: 

;

1

2
2

∑
=

= n

i
ii

a

n

SS
ω

    ,
)(

1

2

2
2

∑
=

−
= n

i
ii

b

xxn

SS
ω

     (3.14.14) 

             .)( 2222 xxSSS ibaY −+=  

sando sazRvrebi regresiis Teoriuli mrudis 

gantolebis parametrebisaTvis da generaluri saSualo 

mniSvneloba gamoiTvleba Semdegi formulebiT: 

               ',, aKaK StaSta ⋅+<<− αα α  

  ,,, bKbK StbStb ⋅+<<⋅− αα β             (3.14.15) 

               .,, YKYK StYStY ⋅+<<⋅− αα η  

Tanmimdevroba Sesabamisi sidideebis gamoTvlisa 

mocemulia cxrilebis saxiT: cxr. (3.14.6), (3.14.7), (3.14.8), 

(3.14.9). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

nax. 4.14.11. xangrZlivi simtkicis zRvaris  
ganawilebis mrudebi: 

•  _ minateqstoliti TC -8/3 
x  _ minateqstoliti T-10. 
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xangrZlivi simtkice, σx, kg/sm2 
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im SemTxvevaSi, roca ar moiTxoveba xangrZlivi 

simtkicis mrudebis gantolebis ageba, maSin am SemTx-

vevaSi cdiseuli monacemebis damuSaveba SeiZleba 

vawarmooT grafikuli xerxiT. xangrZlivi simtkicis 

mrudebis ageba rRvevis albaTobis parametris mixedviT, 

sakmarisia erTi tipis nimuSebis rRvevis nacvlad 

Catardes damatebiTi gamocda sami an oTxi donis 

statikuri simtkicis mrudTa ojaxis sakmarisad 

farTo rRvevis albaTobis intervalisaTvis. 

xangrZlivi simtkicis mrudebis mixedviT arCeuli 

bazisaTvis da fiqsirebuli rRvevis albaTobisaTvis 

ganisazRvreba xangrZlivi simtkicis zRvrebi. 

minateqstolitebi   






Π∋+−

Π∋+−−

512210.2

5122783
8.1

T

BMTCY
 

 

regresiis gantolebebi Sesabamisad 1. da 2. 

masalisaTvis iqneba: 

     

1. ;4,73,13 xYi −=  

                     2. .2,815 xYi −=  
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cxrili 3.14.6 

regresiuli analizi xangrZlivi statikuri gamocdis 
masala (Tc – 8/3)  

i σi 
kg/sm2 

τi 
sT-Si 

iix σlg=  iy τlg1 =  xxi −  2)( xxi −  ii yxx )( −  Yi ii Yy −  2)( ii Yy −  

 1 2 3 4 5 6 7 8 9 10 

1 33 3981 1,52 3,599 -0,04 0,0016 -0,144 2,54 1,059 1,122 

2 34 1000 1,53 3,000 -0,03 0,0009 -0,09 2,45 0,55 1,122 

3 35 501 1,54 2,699 -0,02 0,0004 -0,054 2,37 0,33 0,108 

4 36 281 1,55 2,448 -0,01 0,0001 -0,024 2,29 0,16 0,025 

5 37,5 144 1,56 2,158 0 0 0 2,21 -0,05 0,003 

6 38,0 125 1,57 2,096 0,01 0,0001 0,021 2,13 -0,03 0,0012 

7 38,5 100 1,58 2,000 0,02 0,0004 0,040 2,04 -0,04 0,0016 

8 39,0 79 1,59 1,897 0,03 0,0009 0,057 1,96 -0,06 0,0039 

9 39,5 66 1,6 1,817 0,04 0,0016 0,073 1,88 -0,061 0,0037 

10 40,0 31 1,6 1,491 0,04 0,0016 0,059 1,88 -0,389 0,1513 

∑   15,64 

56,1=x  

23,21 

32,2=y  

 0,0076 -0,062   1,7227 
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cxrili 3.14.7 

regresiuli analizi xangrZlivi statikuri gamocdis 

masala )10( −T  

i σi 
kg/sm2 

τi 
sT-Si iix σlg=  iy τlg1 =  xxi −  2)( xxi −  ii yxx )( −  ii Yy −  

2)( ii Yy −
 

Yi 

 1 2 3 4 5 6 7 8 9 10 

1 25,2 1584 1,40 3,199 -0,08 0,0064 -0,255 0,259 0,067 2,94 

2 27,7 630 1,44 2,799 -0,04 0,0016 -0,112 0,149 0,022 2,65 

3 28,6 407 1,46 2,609 -0,02 0,0004 -0,052 0,119 0,014 2,49 

4 29,4 316 1,47 2,499 -0,01 0,0001 -0,025 0,069 0,005 2,43 

5 30,2 239 1,48 2,378 0 0 0 0,028 0,001 2,35 

6 31,5 131 1,49 2,117 0,01 0,0001 0,021 -0,193 0,037 2,31 

7 32,0 125 1,51 2,096 0,03 0,0009 0,063 -0,034 0,0010 2,13 

8 32,8 100 1,52 200 0,04 0,0016 0,080 -0,060 0,0036 2,06 

9 33,0 83 1,52 1,919 0,04 0,0016 0,076 -0,141 0,019 2,06 

10 33,6 69 1,53 1,838 0,05 0,0025 0,092 -0,142 0,02 1,98 

 ∑  48,1=x  35,2=y   0,0152 -0,112  0,1896  
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cxrili 3.14.8 

regresiuli analizis  maxasiaTeblebi 

 
 regresiis 

gantolebis 

parametrebi 

)( xxbaY −+=  

gantolebis 

parametrebi 

σlglg mAt −=
 

maTematikuri lodinis 

Sefasebis dispersia 
2222 )( xxSSS baY −+=  

Teoriuli 

wirebis gantolebis 

sazRvrebi 

)( xx −+= βαη  

 a b A m S2  
2
aS  Sa 2

bS  α β 

mi
na
t
eq
s
o
l
it

i
 

1 2,3 -8,16 15 8,16 0,215 0,022 0,5 28,28 1,96~2,64 -20,18~3,86 

2 2,35 -7,37 13,3 7,37 0,024 0,0024 0,048 1,58 2,24~2,46 -10,2~-4,5 
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cxrili 3.14.9 
95%-ani sando aris angariSi xangrZlivi statikuri  

simtkicis mrudebisaTvis, roca 26,2;9 == ktqk . 

i 2mm

kg
iσ  iix σlg=  iY   2

YiS  YiS  YiK Stg ⋅  Yikgi StgY ⋅−  YiKi StgY ⋅+  masala 

 1 2 3 4 5 6 7 8 

 
 

 
ТС

-8
/3

-2
50

 
   

1 33 1,52 2,54 0,67 0,25 0,586 1,953 3,126 
2 34 1,53 2,45 0,47 0,22 0,492 1,958 2,942 
3 35 1,54 2,37 0,033 0,18 0,412 1,957 2,782 
4 36 1,55 2,29 0,0248 0,16 0,36 1,93 2,65 
5 37,5 1,56 2,21 0,0225 0,15 0,335 1,87 2,54 
6 38 1,57 2,13 0,024 0,157 0,356 1,77 2,48 
7 38,5 1,58 2,04 0,033 0,18 0,412 1,63 2,45 
8 39 1,59 1,96 0,047 0,22 0,492 1,467 2,45 
9 39,5 1,6 1,88 0,067 0,25 0,586 1,294 2,466 
10 40 1,6 1,88 0,067 0,25 0,586 1,194 2,466 

          

1 25,2 1,4 2,94 0,034 0,18 0,42 2,52 3,35 

Т-
10

+Э
П

51
22

 

2 27,7 1,44 2,65 0,026 0,16 0,36 2,29 3,02 
3 28,6 1,46 2,49 0,025 0,15 0,35 2,14 2,84 
4 29,4 1,47 2,43 0,024 0,15 0,35 2,08 2,78 
5 30,2 1,48 2,35 0,024 0,15 0,35 1,99 2,7 
6 31,5 1,49 2,31 0,024 0,15 0,35 1,96 2,66 
7 32 1,51 2,13 0,025 0,15 0,36 1,77 2,49 
8 32,8 1,52 2,06 0,026 0,16 0,36 1,69 2,43 
9 33 1,52 2,06 0,026 0,16 0,36 1,69 2,43 
10 33,6 1,53 1,98 0,027 0,17 0,37 1,60 2,35 
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$ 3.15. grexa kompoziciuri tanis SemTxvevaSi 
 

eqsperimentuli kvleva. 

kompoziciuri sxeulebis cocvadoba grexis 

deformirebisas naklebadaa Seswavlili da amisaTvis 

cocvadobaze gamocdis arc standarti arsebobs. 

winamdebare gamokvleva eyrdnoba sakuTar, ruseTisa 

da sazRvargareTel mecnierTa SromebSi gamoqveyneb-

ul masalas. 

 

sur. 3.15.1. cilindruli nimuSis grexaze moklevadiani 

gamocdis calke fragmenti. `instroni~-s markis wnexi 

 

cocvadoba grexisas Seiswavleba cilindruli 

(milis) formis nimuSebis gamocdiT. gamocda warmoebs 

sur. (3.15.1~3.15.2) mocemul danadgarebze. nimuSis zomebi 

isea SerCeuli, rom damWerebis gavlena (sazRvris 

efeqti) nimuSis muSa nawilis daZabul mdgomareobaze  
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sur. 3.15.2. cilindruli nimuSis grexisas cocvadobaze 

xangrZlivi gamocdis danadgari 

 

gamoiricxos, risTvisac miRebulia Semdegi moTxov-

nebi: 

1. martivi grexis pirobebSi, simtkicisa da defor-

maciis maxasiaTeblebis sando mniSvnelobebis 

miRebisaTvis aucilebelia nimuSis muSa nawilSi 

Seiqmnas erTgvarovani daZabuli mdgomareoba. 

2. gamzomi mowyoboloba nimuSis muSa nawilze ise 

unda damagrdes, rom SesaZlebeli gaxdes grexis 

procesisi zusti suraTis miReba. 

3. nimuSis bazis sigrZe ar unda aRematebodes 

mTliani sigrZis 5/6-s. 

4. gamocdis procesi unda mimdinareobdes garemoSi, 

sadac daculi iqneba mudmivi pirobebi: T=20°±2°C, 
tenianoba W=65%±5%. 

5. datvirTvis mudmivi siCqaris pirobebSi mokleva-

diani gamocda unda ganxorcieldes safexurebiani 

datvirTva gantvirTviT, Zabvebis Semdegi mniSvne-

lobebisaTvis: ;1,0 r
12σ  ;2,0 r

12σ   ;4,0 r
12σ   .5,0 r

12σ  
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sadac −r
12σ moklevadiani gamocdisas simtkicis 

zRvaria. 

6. moklevadiani (5 saaTi) gamocda cocvadobaze 

Zabvis  r
12σ1,0  da r

12σ5,0  mniSvnelobisaTvis da 20°C 
temperaturis dros. 

mrRvevi Zabva grexisas 12τσ =r
12  gamoiTvleba 

formuliT 

         ,12
gr

gr

W
M

=τ                   (3.15.1) 

sadac −grM mgrexavi momentia. 

       −grW winaRobis momentia da udris 

),1(
16

4
3

CDW −=
π

gr                 (3.15.2) 

sadac 
D
dC = , 

      −= RD 2 nimuSis gare diametria; 

      −= rd 2 nimuSis Siga diametria. 

Zvrisas fardobiTi deformacia gamoiTvleba 

formuliT 

 Rt
l
d

2
1

2
1

)(
2
1

12 === γϕε æ,              (3.15.3) 

sadac −)(tϕ grexis kuTxea, 

       −γ fardobiTi Zvra, 

       æ_grexis kuTxis intensivoba. 
TiToeul Zabvaze unda gamoicados aranakleb 3 

nimuSisa. 

pirdapir cocvadobaze gamocdis Semdeg nimuSi 

ganitvirTeba da vakvirdebiT Seqceul cocvadobas. 

gamocdis Sedegebi drois yoveli mt -saTvis miRebuli 

)( mn tϕ -is mniSvnelobebi saTanado ZabvebiT Segvaqvs 
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cxrilSi da viTvliT cocvadobis deformaciis 

saSualo mniSvnelobebs 

  )(
1

)(
1

t
n

t
n

i
in ∑

=

= ϕϕ .                 (3.15.4) 

fardobiTi Zvra da mxebi Zabva dakavSirebulia 

hukis kanoniT 

l
GRG ϕγτ ==12 .                 (3.15.5) 

sadac  
)1(212 µ+

==
EEG   Zvris modulia. 

mgrexav momentsa da mxeb Zabvas Soris kavSiridan 

SeiZleba davweroT, rom 

P
FF

Z I
l

GdF
l

GRRdFM ϕϕτ === ∫∫ 2
12 ,       (3.15.6) 

sadac )(
2

442 rRdFRI
F

P −== ∫
π

 polaruli inerciis momen-

tia, nimuSi-sxeulis (rgolis) ganikveTis farTobis. 

e.i.  

PZ GIM =  æ
l

GIPZ
ϕ

= .            (3.15.7) 

da                                          

z
P

M
I
R

=12τ .                   (3.15.8) 

volteras principis Tanaxmad drekad-memkvidreobiT 

sxeulSi Zabvebi iseve ganawildeba, rogorc drekad 

sxeulSi. kerZod Tu mgrexavi momenti )(tMM ZZ =  

kanonis mixedviT icvleba, maSin (3.15.8)-dan gamom-

dinareobs, rom Zabvis myis cvlilebas mosdevs 

momentis myisi cvlileba. grZivi dagrexis kuTxis 

gansazRvrisaTvis (3.15.8)-dan miviRebT 
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æ ])()()([
1

)(
1

)(
0

τττ dMtKtM
GI

tM
GI

t
t

ZZ
P

Z
P

Z ∫ −+== ,   (3.15.9) 

sadac −)(tK cocvadobis gulia sufTa grexis dros. 

kerZod roca constM Z =  (cocva grexis dros) miviRebT: 

æ )].(1[])(1[)(
0

t
GI
MdtK

GI
Mt

t

P

Z

P

Z
Z ∆+=−+= ∫ ττ      (3.15.10) 

sadac −∆ )(t cocvadobis funqciaa sufTa grexis dros 

da roca constM Z = , maSin drekad-memkvidreobiT 

sxeulSi Zabvebi ar icvleba, xolo grexis kuTxe 

iseTive kanoniT icvleba, rogoradac izrdeba Zvris 

deformaciebi mudmivi mxebi Zabvebis gavleniT. (6.18.9)-is 

amoxsnas eqneba saxe             









−−−= ∫ τττ dtTttGtM

I Z

t

ZZZ
P

)(æ)()()(æ)(
1

0

,    (3.15.11) 

sadac −− )( τtT relaqsaciis gulia grexisas. 

moklevadiani (dro 1_wuTamde) gamocdisas gaWimvaze, 

gamoiTvleba denadobis pirobiTi zRvari rσ  sxvada-

sxva asakis (1_Tve, 1_weli, 10_weli) mocemuli 

sxeulisagan. aigeba εσ ~  diagrama da ganisazRvreba 

drekadobis moduli E. gaWimvaze gamocdisaTvis gamoi-
yeneba nimuSebi, romlebic amoWrilia cilindruli 

formis nimuSebisagan (cilindruli zolebi). grexisas 

nimuSis zomebia: 

 sigrZe nawilis muSa-mm 5,05,180 −=l , 

 =D 40,5 _ 0,5 mm; 

 =d 34 _ 0,5 mm. 

firma `instroni _ 115~ markis (sur. 3.15.1) gamosac-

del wnexze mowyobili danadgariT ganxorcieldeba 

eleqtrotenzometrebis saSualebiT kuTxis cvlile-

bis uwyveti Cawera. Semdeg gamoiTvleba maqsimaluri 
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mgrexavi grM  momenti, romelsac nimuSi mihyavs 

mdgradobis dakargvamde da Sesabamisad gamoiTvleba 

maqsimaluri mxebi Zabva 

  12τστ ≡gr .                  (3.15.12) 

gamocdis Sedegebi unda SevitanoT cxrilSi 3.15.1. 

grexisas cocvadobaze xangrZlivi gamocdebis mixed-

viT SevadginoT cxrili 3.15.2 da aigeba mrudebi ( t~ϕ ) 

nax. 3.15.1 an ( t~ε ). (3.15.3) gantolebis mixedviT 

sizustis TvalsazrisiT sasurvelia cdiseuli mona-

cemebi damuSavdes statistikurad, cxrili 3.15.3. Semdeg 

ki avagoT Teoriuli mrudebi ( t~ϕ ), ( t~ε ). 

 

nax. 3.15.1. grexis kuTxis damokidebuleba drosagan 

(cocvadobis mrudebi) 

 

M=0,5Mk 

0,1 

0,3 

130 

0,7 

0,5 

0,4 

120 0 

t, sT 

0,6 

0,2 

1,1 

1,0 

0,8 

110 140 150 50 60 70 10 80 90 100 20 30 40 

0,9 

ϕ M=0,5Mk 

M=0,5Mk 

M=0,4Mk 

M=0,4Mk 

M=0,4Mk 

M=0,3Mk 
M=0,3Mk 
M=0,3Mk 
M=0,2Mk 
M=0,2Mk 
M=0,2Mk 
M=0,1Mk 
M=0,1Mk 
M=0,1Mk 
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cxrili 3.15.1 

grexaze cocvadobis deformaciebi .ΠΒΠ  CT °= 20 ,  
%.70=W  

t sT MM ,1,0= g. kgZ.sm ,02,0=M M g. kgZ.sm 

10=τ
weli 

1=τ  
weli 

1=τ  
Tve 

10=τ  
weli 

1=τ  
weli 

1=τ  
Tve 

0 

5 

10 

20 

50 

100 

150 

0,002 

0,0055 

0,00609 

0,0067 

0,0073 

0,0074 

0,0075 

0,0024 

0,0072 

0,0083 

0,0090 

0,0094 

0,0096 

0,0096 

0,00334 

0,0092 

0,0104 

0,0115 

0,0118 

0,0120 

0,0120 

0,0033 

0,0127 

0,0144 

0,0162 

0,0171 

0,0177 

0,0179 

0,0044 

0,0150 

0,0170 

0,0194 

0,0208 

0,0217 

0,0219 

0,0055 

0,0188 

0,0211 

0,0240 

0,0250 

0,269 

0,0271 
 MM ,4,0= g. kgZ. sm  MM ,3,0= g. kgZ. sm 

0 

5 

10 

50 

80 

100 

150 

0,01 

0,0398 

0,0430 

0,057 

0,0598 

0,0609 

0,0614 

0,013 

0,0476 

0,0520 

0,0660 

0,0700 

0,0720 

0,0740 

0,016 

0,060 

0,0680 

0,083 

0,086 

0,086 

0,087 

0,0065 

0,0243 

0,0277 

0,0330 

0,0340 

0,0343 

0,0349 

0,0025 

0,0277 

0,0315 

0,0396 

0,0343 

0,0406 

0,0410 

0,0100 

0,0330 

0,0366 

0,0446 

0,0459 

0,0460 

0,0465 

 

cxrili 3.15.2 

meqanikuri maxasiaTeblebi 

 

asaki 
rσ  

 kgZ/mm2 
grM  

 kgZ.sm 

12τ kgZ/mm2 

mxebi Zabva 

E   
kgZ/sm2 

G 
kgZ/sm2 

1 Tve 

 

1 weli 

 

10 weli 

 

1,65 

 

1,72 

 

1,80 

550 

 

550 

 

550 

0,97 

 

0,99 

 

1,03 

5600 

 

6400 

 

7600 

2500 

 

2800 

 

3300 
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cxrili 3.15.3 

cdiseuli monacemis statistikuri maxasiaTeblebi 

1212 3,0 τσ =  

1212 3,0 τσ =  Tve 1=τ  weli 10=τ  weli 

t sT ϕ  ϕS  V ϕ  ϕS  V ϕ  ϕS  V 

5 

10 

20 

30 

50 

80 

100 

130 

150 

0,300 

0,335 

0,370 

0,090 

0,410 

0,415 

0,418 

0,420 

0,420 

0,0046 

0,0052 

0,0057 

0,0058 

0,0063 

0,0065 

0,0066 

0,0066 

0,0067 

1,50 

1,55 

1,55 

1,50 

1,50 

1,56 

1,58 

1,58 

1,60 

0,252 

0,290 

0,325 

0,345 

0,360 

0,365 

0,368 

0,370 

0,370 

0,0040 

0,0048 

0,0053 

0,0057 

0,0060 

0,0061 

0,0062 

0,0063 

0,0063 

1,60 

1,66 

1,66 

1,68 

1,69 

1,70 

1,70 

1,70 

1,70 

0,220 

0,245 

0,275 

0,280 

0,295 

0,310 

0,312 

0,315 

0,316 

0,0044 

0,0051 

0,0057 

0,0060 

0,0062 

0,0068 

0,0071 

0,0072 

0,0073 

2,0 

2,1 

2,1 

2,2 

2,1 

2,2 

2,3 

2,2 

2,3 

 

sadac −ϕ grexis kuTxis saSualo mniSvneloba; 

       −S standartuli gadaxra; 

       V _ variaciis koeficienti. 
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Tavi IV. temperaturul velSi kompoziciuri 
tanis deformirebis Teoria 

 

$ 4.1. relaqsaciuri speqtrebi 
 

polimeruli sxeulebis blanti-drekadi Tvisebebis 

statistikur-albaTuri TeoriiT Sefasebisas, Semodis 

cneba reologiuri parametrebis uwyveti (diskretu-

li) speqtris. v. karginisa da g. slominskis mier 

gansazRvrul iqna relaqsaciis drois speqtri gamom-

dinare im ZiriTadi faqtoridan, rom polimeruli 

molekula Sedgeba didi raodenoba rgolebisagan, 

romlebsac SeuZliaT blant erTgvarovan garemoSi 

Tavisufali gadaadgileba. 

(formalurad relaqsaciis dro es aris Sefardeba, 

masalis siblantisa mis drekadobis modulTan 

)( E
ητ = . 

dReisaTvis polimeruli masalebis meqanikuri 

Tvisebebis aproqsimacias relaqsaciis drois SerCevis 

safuZvelze, mkvlevarTa mxridan didi yuradReba 

eTmoba. 

polimerebis blanti-drekadobis TeoriaSi relaq-

saciuri speqtrebis Semoyvana ori aspeqtiT iwvevs 

interess: pirveli, kargad cnobilia, rom realuri 

polimerebis meqanikuri reaqciebi zustad aRiwerebian 

uwyveti speqtrebiT, an reologiuri parametrebis 

diskretuli SerCeviT rTuli modulis, Tundac erTi 

elementisaTvis. meore, Teoriulad da eqsperimentulad 

dadgenilia, rom relaqsaciuri speqtrebi mWidrod 

koreqtirdebian polimeruli masalebis molekulur 

struqturasTan da mis araerTgvarovnebis maxasiaTeb-

lebTan. 
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$ 4.2. uwyveti relaqsaciuri speqtri 
 

Zabvas, deformaciasa da dros Soris, urTierTkav-

Siris gansazRvrisaTvis, speqtris ganawilebis simkvri-

vis funqcias Cveulebriv aproqsimacias ukeTeben, 

Tanabari (`yuTis~ tipi),samkuTxa (soli), sinusoida-

luri, eqsponencialuri an xarisxovani ganawilebiT 

relaqsaciis droisa da logariTmuli skaliT (nax. 

4.2.1). magram am SemTxvevaSi ar xerxdeba gverdi 

auaroT ganusazRvrelobebs. drois skalis sawyisi da 

bolo wertilebis dadgenisas.                                                                      

 

 

 

 

 

 

 

 

 

 

 
nax. 4.2.1. relaqsaciis speqtris ganawilebis 

idealizirebuli saxeebi: 

a – erTgvarovani (Tanabari), b – “soli”, g – sinusoi- 

daluri, d – eqsponencialuri da xarisxovani. 

 

g. slominskis mier naCvenebi iyo, rom Tu moleku-

lebs aqvT sxvadasxva sigrZe, maSin es gamomJRavndeba 

relaqsaciis (τ) drois SesakrebTa gadidebiT. (τ)-s 
minimaluri mniSvneloba ar aris damokidebuli 

polimerizaciis xarisxze, damokidebulia mxolod 

ganviTarebul sruli deformaciis mcire nawilze. 

a) b) 

g) d) 

L(τ) 

lnτ1 lnτ2 lnτ 

L(τ) 

lnτ1 lnτ2 lnτ 

L(τ) 

lnτ1 lnτ2 lnτ 

L(τ) 

lnτ1 lnτ2 lnτ 
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zogad SemTxvevaSi polimeris relaqsaciis drois 

speqtri moicavs areebs, rogorc zRvrulad swraf 

(dinamiur), aseve sakmaod neli (statikuri datvirTva) 

relaqsaciuri procesebisas. am areebs Soris arsebobs 

SesamCnevi wyveta drois mixedviT, e.w. `gardamavali~ 

are. es saSualebas iZleva calke ganvixiloT areebi 

maRali sixSiris da neli relaqsaciis, dawyebuli 

cocvadobis deformaciis pirveli fizikuri anaTvali-

dan, relaqsaciuri procesis dasrulebamde. 

Tu cnobili aris relaqsaciuri speqtris ganawi-

leba maSin damokidebulebidan 

ττ τ ln)1)((ln0 deLII
t

∫
∞

∞−

−
−+= ,             (4.2.1) 

gamoiTvleba moqniloba )(tI  cocvadobisas. amis msgav-

sad relaqsaciuri moduli )(tE  SeiZleba integrebiT 

moiZebnos 

τ
ε
σ τ ln)( dHeEtE

t

∫
∞

∞−

−

∞ +== .            (4.2.2) 

speqtrebi L da H wrfivi blantidrekadobis areSi 

dakavSirebulia erTimeoresTan tolobiT 

∫
∞

∞−

+
−

+
=

222
0 ]ln

1

)(
[ Ludu

uLI

LH
π

τ

.          (4.2.3) 

)(lnτH -s gamoTvla (4.2.3)-is mixedviT dakavSirebu-

lia sirTuleebTan, radgan funqcia )(LH  Seicavs ara-

sakuTriv integrals, romlis integralqveSa funqcias 

,
1

)(
),(

τ

τ u
uLuF
−

=  (sadac u integrebis cvladi, xolo τ _ 

parametria) aqvs meore rigis wyveta, roca τ=u  fiq-
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sirebuli mniSvnelobisaTvis, τ-sgan marcxniv 0),( >τuF  

da ,0),( →τuF  roca ,τ→u  marjvniv τ-sgan 0),( <τuF  

da ,),( −∞→τuF  roca .τ→u  integrali 

∫
∞

∞−

= uduFS ln),( τ .                  (4.2.4) 

ricxobrivad ori farTobis )( 21 SSS −=  sxvaobas 

udris, es farTobebi erTmaneTisagan mcired gansxvav-

debian. Tu cnobilia gamosaxuleba moqnilobis 

ganawilebis speqtrisa ),(lnτL  maSin yoveli fiqsire-

buli τ-saTvis gamoiTvleba ori integrali 

  ∫
−

∞−

∗ =
δτ

τ
ln

1 ;ln),( uduFS  ∫
+∞

+

∗ =
δτ

τ
ln

2 .ln),( uduFS      (4.2.5) 

Semdeg ki maTi sxvaoba ( ).21
∗∗∗ −= SSS  

yoveli −)(τ saTvis es gamoTvlebi ramdenjerme 

sruldeba, amasTan yoveli Semdgomi gamoTvlisas δ 
mcirdeba iseT sididemde, sanam ar miiReba erTnairi 

Sedegi δ-s Semcirebis xarjze orive SemTxvevaSi. 

*) δ aris mcire mudmivi sidide, Semoyvanilia si-

zustis dacvis mizniT, ise rogorc es keTdeba integ-

ralis h bijis SemTxvevaSi, δ-sagan damoukideblad. 

 

$ 4.3. diskretuli relaqsaciuri speqtri 
 

uwyveti relaqsaciuri speqtrebis gamoyenebis upi-

ratesoba masalebis blantdrekadi Tvisebebis, anali-

zisaTvis imaSi mdgomareobs, rom isini calsaxad 

ganisazRvrebian. garda amisa funqciis uwyveti gana-

wilebis safuZvelze SeiZleba gadasvla erTi tipis 

relaqsaciuri procesidan meoreze (mag. cocvadobidan 

Zabvis relaqsaciisaken da piriqiT). es saSualebas 

iZleva wrfivi blanti-drekadobis sazRvrebSi Sevada-
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roT masalis relaqsaciuri Tvisebebi, Seswavlili 

savsebiT sxvadasxva saxis meqanikuri zemoqmedebisas. 

magram yofaqceva realuri polimeruli masalebisa 

ar emTxveva idealurad wrfivi blantdrekadi 

sxeulebis yofaqcevas. da Sesabamisad (4.2.3) formulebi 

yovelTvis ar SeiZleba iqnas gamoyenebuli. 

relaqsaciuri speqtris diskretuli mniSvnelobe-

bis SefasebisaTvis arsebobs ramdenime gza. diskre-

tuli speqtris mcire raodenoba wevrebis SemTxvevaSi 

moxerxebulia meTodika, romelic emyareba reologiuri 

koeficientebis grafikul gansazRvras, romelic 

Sedis gantolebaSi 

)1(
1

0
i

tN

i
i eIII τ

−

=
∞ −+= ∑ .                (4.3.1) 

Tu diskretuli relaqsaciuri mwkrivi daiyvaneba 

erT wevrze ),1( =N  maSin pirobidan roca 1τ=t  

miviRebT: 

∞
−

∞ +=−+= IIeIII 632,0)1( 0
1

0 .         (4.3.2) 

visargebloT am TanafardobiT da relaqsaciis 

dro ganvsazRvroT grafikulad, rogorc naCvenebia 

nax. 4.3.1 a. 

pirobidan roca koeficientebi )( iI∞  tolia erTma-

neTis, toloba (4.3.1) miviyvanoT gaangariSebisaTvis 

xelsayrel saxemde 

 












−+= ∑

=

−N

i

t

ieNaII
1

0
τ

,               (4.3.3) 

sadac ,1

N

I
N

i
i∑

=
∞

=α  miviRoT, rom ,1 ii ττ >>+  (4.3.2) formulis 

analogiurad gveqneba: a) mwkrivis ori wevrisaTvis 

;317,0)( 011 ∞+== IItI τ               (4.3.4a) 
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;816,0)( 022 ∞+== IItI τ              (4.3.4b) 

b) mwkrivis sami wevrisaTvis iqneba  

;211,0)( 011 ∞+== IItI τ              (4.3.6.a) 

 ∞+== IItI 544,0)( 022 τ ;             (4.3.6.b) 

∞+== IItI 877,0)( 033 τ .             (4.3.6.g) 

relaqsaciis drois diskretuli mniSvnelobebis 

Sefasebis meTodika mwkrivis ori wevris SemTxvevaSi 

ilustrirebulia (nax. 4.3.1). 

 

 

 

 

 

 

 

 

 

 

 

 
nax. 4.3.1. relaqsaciis drois Sefasebis sqema 
diskretuli relaqsaciuri speqtrisaTvis. 
a, b, g – Sesabamisad erTi, ori da sami 

relaqsaciis droisaTvis 

 

relaqsaciis drois, diskretul mniSvnelobaTa 

ricxvi airCeva cocvadobis mrudis aproqsimaciis si-

zustesTan da am procesis xangZliobasTan damoki-

debulebiT. bunebrivia, rac metia mwkrivis wevrebi 

miT zustia damTxveva saangariSo mrudisa eqsperimen-

tul mrudze. 

a) b) 

g) 

τ1 τ2 τ1 

τ1 τ2 

I 0
 

I ∞
 

I 0
 

I ∞
 

I 0
 

I ∞
 

I 

t 

I 

t 

I 

t 

0,
63

2I
∞
 

0,
81

6I
∞
 

0,
31

7I
∞
 

0,
31

7I
∞
 

0,
31

7I
∞
 

0,
31

7I
∞
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analizurad diskretuli relaqsaciuri speqtri 

SeiZleba ganisazRvros (ЭВМ)-is daxmarebiT. speqtris 
sizustis Sefaseba am SemTxvevaSi Semoifargleba, 

mxolod amosavali eqsperimentuli monacemebis sizus-

tiT. 

 
$ 4.4. ganzogadoebuli reologiuri 

Tanafardobebi 
 

ganixileba ganzogadoebuli reologiuri Tanafar-

doba, romelic iTvaliswinebs relaqsaciur faqto-

rebs da warmoadgens temperaturisa da drois super-

poziciis analizur gamosaxulebas. 

hipoTeza I. (temperaturisa da drois analogia). Tu 

masalas )( 0TT =  temperaturaze gaaCnia raime sruli 

relaqsaciuri speqtri ),(0 τTL  maSin relaqsaciis pro-

cesi )( 0τ -sa da )( 00 ττ d+  drois momentebs Soris 

)( 1TT =  temperaturaze, SeiZleba Seicvalos relaqsa-

ciis procesiT drois )(
1

0

Ta
τ

 da )(
1

00

Ta
dττ +

 momentebs 

Soris. amave dros igulisxmeba, rom maxasiaTeblebi 

xangrZlivi drekadobisa da wonasworuli moqnilobis 

ar icvlebian, radgan miRebuli hipoTezis Tanaxmad 

))]([)(( 1011 τττ dtaLadL TTTT =  da roca )( 0

Ta
ττ =  miiyvaneba 

))(( 0 ττ dLT -ze, sadac  ).)((
0

0 ∞

∞

=∫ IdLT ττ   
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am Tanafardobebis geometriuli azri miiyvaneba 

imaze, rom temperaturis 

cvlilebiT elementaru-

li farTobebi da saerTo 

farTobi, romelic Semo-

sazRvrulia simkvrivis 

speqtris funqciiTa da 

drois skaliT (speqtris 

farTi) rCeba mudmivi. gar-

daiqmneba am SemTxvevaSi 

mxolod speqtris simkvri-

ve da drois relaqsaciis 

skala, amasTanave gansaxi-

lavi gardaqmna sxva ara-

feria Tu ara sibrtyis 

hiperboluri mobruneba. 

formalurad funqcia 

)),(( 0 τTL  dirakis −δ funq-

ciis daxmarebiT SeiZleba 

gamosaxul iqnas diskretuli funqciiT. magaliTad 

(nax. 4.4.1) gamosaxuli speqtri SeiZleba Caiweros 

Semdegi saxiT 

),()( 0
1

0 i

n

i
iT IL ττδτ −= ∑

=
∞              (4.4.1) 

sadac .0
1

II
n

i
i =∑

=
∞  mocemuli hipoTezidan gamomdina-

reobs, rom Tu masala )( 0TT =  temperaturaze flobs 

diskretul relaqsaciur speqtrs ,;( iiI τ∞ ) maSin speqtri, 

roca )( 1TT =  aris ).;(
T

i
i aI τ

∞  es SeiZleba vaCvenoT 

Semdegnairad 

L(τ) 
00 )( τττ dL  

τ 

)( 22
ττL  

00 )( τττ dL  

00 )( τττ dL  

)( 11
ττL  

)( 00
ττL  

nax. 4.4.1. uwyveti relaqsa-                    

 ciuri speqtris tempera-  

 turuli cvlilebis sqema.     

 (sibrtyis hiperboluri    

  mobruneba), (T2>T1>T0).  
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     =−≈= ∑
=

∞ )]([)]([)( 1
1

11011 iT

n

i
iTTTTT aIaaLaL ττδττ  

)],([
1

1
Ti

i
Ti

n

i
iT a

aIa ττδ −= ∑
=

∞                     (4.4.2) 

an 

iiiiTiT IdIddaIa ∞

∞

∞

∞

∞ =−=− ∫∫ τττδττττδ )(])([
00

11 .     (4.4.3) 

es tolobebi gviCveneben, rom relaqsaciis dro 

temperaturis (T) cvlilebisESedegad )( 0T -dan )( 1T -mde, 

gadaadgildeba )(
Ti

i
a

τ  mniSvnelobamde, xolo drekado-

bis maxasiaTeblebi invariantulia temperaturis (T) 
cvlilebis mimarT. 

izotropuli masalisaTvis Termococvadobis 

Tanafardobebs Semdegi saxe aqvs:  

,ln)1)(,(ln)(),( 00 ττ
σ
ε τ deTLtITtI i

Tta
−∞

∞−

−+== ∫        (4.4.4) 

sadac −0T `bazuri~ temperaturaa. Sesabamisad disk-

retuli relaqsaciuri speqtrisaTvis gveqneba: 

)1()(),(
1

0
τ
TtaN

i
i eITITtI

−

=
∞ −+= ∑ .             (4.4.5) 

aq temperaturis (T) yvela donisaTvis miRebulia 

erTi da igive parametrebi speqtrebis ),(ln 0TL τ  da ,iI∞  

radgan 

       =⋅== ∫∫∫
∞

∞−

∞

∞−

∞

∞− τ
ττ

τ
ττττ T

T
TTT

a
a
dLdLdL )(ln)(lnln)(ln 0   

 ∞

∞

∞

== ∫ IdLT ττ ln)(ln0 .                          (4.4.6) 

amrigad drois skalis logariTmuli gardaqmna 

saSualebas iZleva SedarebiT rTuli gamosaxuleba 
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uwyveti speqtris, romelic sruldeba sibrtyis 

hiperboluri mobrunebiT, Seicvalos Zvris ubralo 

eqvicentroafinuri gardaqmniT. am SemTxvevaSi 

temperaturis cvlilebiT simkvrivis speqtris funqcia 

ar icvleba, aramed gadaadgildeba drois skalis 

gaswvriv, rogorc erTi mTliani. 

 

$ 4.5. ganzogadoebuli Tanafardobebi 
reologiurad martivi sxeulebisaTvis 

 

movaxdinoT axla analizi, fizikurad arawrfivi, 

magram reologiurad martivi polimeruli masalebis 

Tvisebebisa. reologiuri Tanafardobis gamoyvanisa-

Tvis, romelic aRwers aseTi klasis masalebis 

cocvadobas, saWiroa SemoviRoT Sedegi: 

hipoTeza II. (Zabvisa da drois analogiis Sesaxeb). 

Tu arawrfivi blantdrekadi masala, romelsac 

mkveTrad gamoxatuli arawrfiv areSi gadasvlis 

sazRvari ar gaaCnia, flobs relaqsaciur speqtrs 

))(( 00 tLT σ  `bazuri~ Zabvis intensiobis −0iσ sididisas 

da mudmiv 0T  temperaturaze, maSin relaqsaciuri 

procesi roca )( 0ii σσ =  drois )( 0τ  da )( 00 ττ d+  momen-

tebs Soris, SeiZleba Secvlili iqnas relaqsaciuri 

procesiT drois )( 0

σ

ττ
a

=  da )( 00

σ

ττ
a

d+
 momentebs Soris. 

sadac ( )σa -s Zabvisa da drois reduqciis koefi-

cienti ewodeba, romelic amyarebs kavSirs Zabvis 

intensivobasa da dros Soris. 

pirveli (I) hipoTezis analogiis mixedviT, 

advilad vamCnevT, rom am SemTxvevaSic wonasworuli 

moqniloba mikroelementis Sesabamisi, relaqsaciis 
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droiT )( 0τ -sa da −+ )( 0 0ττ d Soris, invariantulia 

Zabvis intensiobis )( iσ  cvlilebis mimarT. e.i. 

constdLaLadL === 000 )()()( τττττ σσσσσ .      (4.5.1) 

makrowonasworuli moqniloba eqvivalenturi speq-

tris mTliani farTobis, aseve ar aris damokidebuli 

Zabvis donisagan, radgan roca ),( 0

σ

ττ
a

=  maSin 

∞

∞∞

== ∫∫ IdLdL 00
0

0
0

0 )()( ττττ σ .            (4.5.2) 

marTlac, Zabvisa da drois analogiaSi warmodge-

nilia_axsnilia eqsperimentulad Semowmebuli faqti, 

rom Zabvis gadideba arawrfivi blantidrekadobis 

dros, midis relaqsaciuri procesis aCqarebamde da 

relaqsaciuri speqtris gadaadgilebamde mcire drois 

mxares. am dros elementaruli farTebi (eqvivalenturi 

iI∞ ) da mTliani farTi )( ∞I  relaqsaciuri speqtris 

)( iσ  Zabvis cvlilebisas darCeba mudmivi, xolo 

speqtris simkvrive gardaiqmneba sibrtyis L( ~ )τ  

hiperboluri mobrunebis kanonis mixedviT. logariT-

mul drois skalaSi speqtris simkvrive ar `maxinjdeba~ 

da xistad, rogorc erTi mTliani `cocavs~ drois 

skalis gaswvriv. maSin arawrfivi reologiuri 

Tanafardoba erTganzomilebiani datvirTvisas roca (

const=σ ) SeiZleba Semdegi saxiT Caiweros: 

,ln)1)(,,(ln),,( 0000 τστσ τ
σ

deTLITtI
ta

ii

−∞

∞−

−+= ∫      (4.5.3) 

an diskretuli relaqsaciuri speqtrisaTvis 

)1)(,(),,( 0
1

000
i

ta

i
i

ii eTIITtI τ
σ

σσ
−∞

=
∞ −+= ∑ .        (4.5.4) 
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aq bazuri Zabvis intensivoba 0iσ  airCeva nebismie-

rad (ise rogorc 0T ) moxerxebulobis gamo. 

(4.5.3) da (4.5.4) formulebis martivi analizi 

gviCvenebs, rom fizikuri arawrfivoba, romelic amave 

gantolebebiT aRiwereba gamomJRavndeba mxolod 

drois )0( ∞<< t  intervalSi, amasTan myisi deformi-

reba SeiZleba warimarTos arawrfivi kanoniT. am 

SemTxvevaSi drekadi deformaciebi aRiwerebian freSe-

volteras mwkrivis `aradroebiTi~ nawiliT. aseTi 

deformaciebis gansazRvris xerxebi da analizi 

cnobilia, amitom masze ar SevCerdebiT. 

sakmaod rTuli mdgomareobaa ∞ε( ~ )σ  Tanafardo-

bis gansazRvrisas, sadac ∞ε _wonasworuli xangrZlivi 

deformaciaa. realuri polimeruli masalebi statikuri 

datvirTvisas imyofebian arawonasworul mdgomareo-

baSi praqtikulad ganusazRvreli droiT, amitom 

damokidebulebis ∞ε( ~ )σ  wrfivobis an arawrfivobis 

xasiaTi hipoTeturi mosazrebis areSi rCeba. cnobilia 

mxolod ∞ε( ~ )σ  damokidebulebis Sefasebis iribi 

gzebi. romelTagan erT-erTis mixedviT saWiro aris 

masala winaswar `gayvanil~ iqnas maRalelastiur 

mdgomareobaSi, am midgomis mixedviT dadgenilia, rom 

)135( CT °=  temperaturis dros kavSiri ∞ε( ~ )σ  epoqsi-

duri (ЭДТ-10) fisisaTvis wrfivia, Tumca blantdre-

kadi )(tυε  deformaciebi aseTi masalisaTvis arawrfivi 

xasiaTisaa. aRsaniSnavia, rom aRniSnuli midgoma 

yovelTvis koreqtuli ar aris, radgan maRal datvir-

Tvebze polimeris maRalelastiuri deformaciebi 

Seicaven Seuqcevad deformaciebs, fizikuri an 

`qimiuri~ denadobis tipis. 
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drois mixedviT cvladi datvirTvebisas cocvado-

bis guli 

∫ −=
t

dsstKtF
0

;)()(   )]([)( tF
t

tK
∂
∂

= . 

( −)(tF funqcia iTvaliswinebs, drois gavlenas masalis 

deformirebaze statikuri datvirTvisas) 

SeiZleba aviRoT, rogorc usasrulo jami eqspo-

nentebis: 

;ln)(ln
)(

)(
)()(

ττ
τ

τσ
σ

deLsastK
sast−

−∞

∞−
∫=−        (4.5.5) 

an 

       i

sastn

i i

i esaIstK τσ
σ

τ

)()(

1

)(
)(

−
−

=

∞∑=− .              (4.5.6) 

roca )(tσσ =  deformirebis procesi reologiurad 

martivi sxeulisaTvis aRiwereba TanafardobebiT: 

uwyveti speqtrisaTvis 

.ln),(ln
)(

)()()(
)()(

0
0

0 dsdeLsastIt
sastt

τστ
τ

σσε τσ
σ

⋅+=
−

−∞

∞−
∫ ∫   (4.5.7) 

Sesabamisad diskretuli speqtrisaTvis 

.)()()()(
0

)()(

1
0 dsssaeItIt

t sastn

i i

i i σ
τ

σε σ
τ
σ

∫∑
−

−

=

∞+=         (4.5.8) 

   

$ 4.6. relaqsaciuri procesebi 
 

cneba _ `polimerebis relaqsaciuri Tvisebebi~, 

movlenebis metad farTe wres moicavs, esenia: meqa-

nikuri, eleqtruli, molekuluri da sxva saxis 

relaqsaciebi, romlebic ganpirobebuli arian makro-

molekulis calkeuli jgufebis, maTi segmentebis, 

rgolebis, ganStoebebis da a.S. moZraobiT, es 
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moZraobebi mraval faqtorebzea damokidebuli da 

maTgan pirvel rigSi arsebiTia temperatura. tempera-

turis cvlileba iwvevs relaqsaciuri procesebis 

kanonzomier aCqarebas an Senelebas, romelic aisaxeba 

blantdrekadi funqciis drois skalis raodenobriv 

cvlilebaSi. ase magaliTad erTi romelime 

molekuluri modelis ganxilvidan gamomdinareobs, 

rom Tu raime polimeruli masalis blantdrekadi 

funqciis sqematuri saxe mocemulia gantolebiT 

,]
)(

[)]([),(
0

τ
τ

τρ d
t

tqThTTtg ∫
∞

=             (4.6.1) 

maSin sxva wyvili t′  da 0T  cvladebisaTvis eqneba 

Semdegi saxe: 

τ
τ

τρ d
T
tqThTTtg ]

)(
[)]([),(

00
0000

′
=′ ∫

∞

.         (4.6.2) 

an kidev aseTi 

τ
τ

τρ d
T
atqThTtg T ]

)(
[)]([),(

0
000

′
=′ ∫

∞

,           (4.6.3) 

sadac −)(τh gavlenis funqciaa; −),( τtq intesivobis 

funqciaa, −ρ masalis simkvrivea; −T temperatura. es 

niSnavs, rom g  funqcia 

).,(),( 00
0 Ttg

T
TTtg

ρ
ρ

=′                 (4.6.4) 

roca ,tat T ′=  sadac −Ta temperaturisa da drois 

reduqciis koeficientia.  

(4.6.4) Tanafardoba safuZvlad udevs temperaturisa 

da drois superpoziciis princips da warmoadgens 

polimerebisaTvis metad mniSvnelovan relaqsaciur 

Tvisebas. am Tvisebis kompleqsi Seicavs sxva superpo-

ziciebsac kerZod: Zabvisa da drois, vibro da 

tenianoba_drois. 
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am saxis superpoziciebs aqvT prognozirebadi 

Tviseba. amitom maT mimarT kvlevis gansakuTrebuli 

interesi arsebobs, romelic mdgomareobs imaSi, rom 

damyardes urTierTkavSiri calkeul superpoziciebs 

Soris, roca damaCqarebeli relaqsaciuri procesebi 

moqmedeben erTdroulad, aseve unda damyardes 

empiriuli an Teoriuli gziT kavSiri, reduqciis 

koeficientebs Soris. am saxis yvela amocanis 

gadasawyvetad iyeneben arawonasworuli procesebis 

Termodinamikis debulebebs. visargeblebT ra araSeq-

cevadi Termodinamikis meTodebiT, relaqsaciis dro 

SeiZleba warmodgenili iqnas rogorc Sefardeba. 

σσ ξ
ξτ ,, )( TT •∂
∂

−= , 

sadac −ξ relaqsaciuri procesis sisrulis xarisxia, 

−0ξ droiT warmoebulia. 

i. molCanovisa da g. andriksonis mier Teoriuli 

gziT miRebulia temperaturisa da drois reduqciis 

koeficientis mniSvneloba, rogorc Sefardeba. 

0,

0,0

σ

σ

τ
τ

T

T
Ta = , 

siTburi gafarToebisa da temperaturas gamtareblo-

bis koeficientebis e.i. 

)(
)(

02

01
, TTC

TTCTna
−+
−

=ξσ ,                 (4.6.5) 

sadac 1C  da −2C koeficientebi ganisazRvrebian eqspe-

rimentidan. (4.6.5) formulis analogiuri damokidebu-

leba Teoriulad miRebuli iyo aseve a. iliuSinis 

mier, xolo empiriulad gacilebiT adre i. molCanovze 

miRebuli iyo j. feris mier, amitom mas xSirad feris 

formulasac uwodeben. 
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Zabvisa da drois reduqciis koeficientis Sefase-

bisaTvis miRebuli iyo (4.6.5) formulis struqturulad 

analogiuri formula 

,
)(

)(

02

01
, σσ

σσσξ −+
−

=
a

anaT                 (4.6.6) 

sadac −0σ `bazuri~ Zabvaa, romelic nebismierad 

SeirCeva. xolo 1a  da 2a  koeficientebi ganisazRvreba 

eqsperimentidan. e.i. 

;
)(

)( 2
,,

,,

,1
ξξ

ξξ

σ ββ
ββ

ε

ε

TT

TT

Ta
−∂

∂
= •

•

•      
ξβ

ε

,
2

T

a = ,      (4.6.7) 

sadac •
ξβ ,T −

∂
∂

= ξσ
ε

,)( T mkveTi moqnilobaa; ξβ ,T ξσ
ε

,)( T∂
∂

= _mxe-

bi moqnilobaa. ganisazRvrebian isini eqsperimentidan, 

~(σ )ε  mrudidan, datvirTvis )( tυσ = reJimis mixedviT 

sadac −υ datvirTvis siCqarea. 

 

 

 

 

 

 

 

 
nax. 4.6.1. wrfivi blantdrekadoba. 

a) moqnilobis mrudebi (σn>⋅⋅⋅>σ2>σ1>σ0); 

           b) izoqronebi (σi ñ εi), (tn>⋅⋅⋅>t2>t1>t0) 
 

 
 
 
 
 
 

ε t 

t0 
t1 

t2 

t3 

σ0; σ1; σ2;… σn 

σ 

a) b) 

σ
ε )(t
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$ 4.7. gamocdis prognozirebadi (aCqarebuli) 
meTodebi 

 

am paragrafSi moyvanili iqneba gamoyenebisaTvis 

metad mniSvnelovani damokidebulebebi Zabvisa defor-

maciisagan. arawrfivi damokidebulebis varianti (tem-

peratura mxedvelobaSi ar miiReba), wrfivi damokide-

buleba temperaturis gavleniT, tenianobisa da plas-

tifikatoris koncentraciis gavleniT. damoukidebeli 

(gamoyenebis mixedviT) qvemoT moyvanili ganmsazRvreli 

gantolebebi floben im Taviseburebebs, rom maTi 

saSualebiT moklevadiani gamocdebis Sedegebis mixed-

viT SeiZleba gakeTdes deformirebis prognozireba 

xangrZlivi drois ganmavlobaSi. es dro ki ramdenime 

rigiT aRemateba eqsperimentis xangrZlivobas.  

gamocdis xangrZlivobis Semcirebis efeqts, cdi-

seuli pirobebis gziT, uwodeben analogebs: analo-

gebi_temperaturisa da drois. Zabvisa da drois, 

tenianobisa da drois. koncentraciisa da drois, 

imisa da mixedviT Tu romeli faqtori asrulebs 

amCqareblis rols _ temperatura, Zabva, tenianoba Tu 

koncentracia plastifikatoris. ganixileba eqsperimenti 

sufTa gaWimvaze, roca adgili aqvs blanti dreka-

dobis wrfiv gantolebebs, Semdegi CaweriT: 

   .)(),()()( 11
0

1111 dssstREtEt
t

E εεσ ∫−=            (4.7.1) 

da misi Sebrunebuli damokidebuleba saxiT: 

,)(),(
1)(

)( 11
0

11
11 dssst

EE
tt

t

E σσε ∫Π+=          (4.7.2) 

sadac −ΠE rezolventaa ER  gulis. 

Tu masala ar berdeba (e.i. Tvisebebs droSi ar 

icvlis), maSin damokidebulebebi (4.7.1) da (4.7.2) 
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invariantulebi unda iyos Zvris gardaqmnis mimarT, 

(translacia) drois t cvladis mimarT, e.i. 

,Ctt +=′  constC = .              (4.7.3) 

martivi gardaqmnebiT vrwmundebiT, rom mocemul 

SemTxvevaSi integraluri gantolebis yvela `guli~ 

unda iyos sxvaobiani )( st − , e.i. damokidebuli erT 

cvladze. 

aRniSnul SemTxvevaSi (4.7.1) da (4.7.2) gantolebebSi 

gamovtovoT indeqsebi `11~ da `E~ da guli 

)(),( ststE −Π≡Π  warmovidginoT eqsponentTa jamis saxiT 

  i

stN

i i

i eIst τ

τ

)(

1

)(
−−

=

∞∑=−Π ,                  (4.7.4) 

sadac mudmivs −∞ )( iI Cveulebrivad moqnilobas 

uwodeben i-ri struqturuli elementis, −iτ
relaqsaciis droa (i-uri meqanizmis relaqsaciis). 

(4.5.7) aproqsimaciis ganzogadoeba, relaqsaciis drois 

uwyveti ganawile-bis speqtris SemTxvevaSi iqneba 

gamosaxuleba: 

 ,ln
1

)(ln)(
)(

τ
τ

τπ τ deLst
st−−∞

∞−
∫=−Π            (4.7.5) 

sadac funqcias −)(lnτL ewodeba relaqsaciis drois 

ganawilebis speqtris simkvrive cocvadobisas da 

aigeba naxevradlogariTmul sistemaSi. 

eqsperimentuli mrudebis aproqsimacia xdeba (4.7.4) 

da (4.7.5) gantolebebis mixedviT Semdegnairad. 

nimuSze drois 0=t  momentSi myisierad moedeba 

gamWimavi const=== 011 σσσ  Zabva, romelic roca 0>t  

darCeba mudmivi. (4.2.5) gantolebidan am SemTxvevisa-

Tvis vpoulobT, rom  

.])(1[)()(
0

0
11 ∫ −Π++=≡

t

dsst
E

tt σ
εε            (4.7.6) 
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koeficienti iiI τ,∞  (funqciis )(lnτL ) ise unda SeirCes, 

rom eqsperimentuli da moqnilobis Teoriuli mru-

debi SeTavsdnen: 

∫ −Π+==
t

dsst
E

ttI
00

].)(1[
1)(

)(
σ
ε

              (4.7.7) 

diskretuli (4.2.7) speqtris SemTxvevaSi 

),1()(
0

0
i

tN

i
i eIItI τ

−

=
∞ −+= ∑                   (4.7.8) 

xolo uwyveti speqtris SemTxvevaSi gveqneba 

),(ln)1)((ln)( 0 ττ τ deLItI
t

∫
∞

∞−

−
−+=            (4.7.9) 

sadac −=
E

I 1
0 myisi moqnilobaa. 

relaqsaciis SemTxvevaSi drois 0=t  momentSi myi-

sierad moedeba deformacia ,011 const==≡ εεε  romelic 

mudmivi darCeba, roca 0>t  da gaizomeba Zabva 

);(11 tσσ ≡  Tanafardobidan (4.7.1) gveqneba 

∫ −−=
t

dsstREt
0

0 ])(1[)( εσ ,              (4.7.10) 

R – gulis aproqsimacia movaxdinoT gamosaxulebiT 

(diskretuli speqtri) 

  ,
1

)(
)(

0

ist

i
i

ieEstT τ

τ

−−∞

∞−
∑=−                (4.7.11) 

uwyveti speqtrisaTvis ki gamosaxulebiT 

τ
τ

τ τ ln
1

)(ln)(
)(

deHstR
st−

−∞

∞−
∫=−           (4.7.12) 

koeficientebi −iiE τ,0 funqciis )(lnτH  ise SevarCioT, 

rom eqsperimentuli da Teoriuli drekadobis mimdi-

nare modulebi SeTavsdnen: 
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  ∫ −−==
t

EdsstRttE
00

.])(1[
)(

)(
ε
σ

           (4.7.13) 

(4.7.11) SemTxvevisaTvis mimdinare (relaqsaciuri) moduli 

miiReba Semdegi saxiT 

 ,)(
1

0
i

tN

i
ieEEtE τ

−

=
∞ ∑+=                 (4.7.14) 

(4.7.12) SemTxvevisaTvis ki saxiT: 

,ln)(ln)( ττ τ deHEtE
t

∫
∞

∞−

−

∞ +=             (4.7.15) 

sadac  

   ∫
∞

∞ −−=
0

)( dssHEEE drekadobis xangrZlivi modulia. 

aRsaniSnavia, rom parametrebis ),,( 0 iii EI τ∞  da funq-

ciebis ))(ln),(ln( ττ HL  gansazRvris meTodi sakmarisad 

Sromatevadia da Txoulobs ЭВМ-ze ricxviT angariSs. 
 

$ 4.8. temperaturisa da drois analogia 
 

temperaturul velSi kompoziciuri masalebis 

deformirebis sakiTxis Seswavlas, ori gansxvavebuli 

saxis mniSvnelovani eqsperimentis analizis Sedegeba-

mde mivyavarT: pirveli, es aris erTi konkretuli 

mudmivi temperaturis pirobebSi cdidan cdamde 

deformirebis sxvadasxva siCqareze, masala TandaTa-

nobiT xisti xdeba da mrudebi ~(σ )ε  sistemaSi 

siCqaris zrdis mixedviT dalagdebian ufro zeviT 

(nax. 4.8.1, a) da meore, erTi konkretuli deformirebis 

mudmiv siCqareze cdidan cdamde sxadasxva tempera-

turaze ),( εσ  sistemaSi, mrudebi temperaturis zrdis 

mixedviT ufro qveviT dalagdebian (nax. 4.8.1, b). es 
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metad mniSvnelovani dadgenili eqsperimentuli faqti 

atarebs temperaturisa da drois superpoziciis 

(Sejamebadobis) an analogiis saxelwodebebs, Semok-

lebuli aRniSvnebia: (tds) an (tda).       

 

 
 

 

 

 

 

 

 

 

 

nax. 4.8.1. diagramebi (σ~ε); a) cdis mudmivi (T=const) 
temperaturis dros, magram datvirTvis sxvadasxva 

siCqareze σ· ( ••• >⋅⋅⋅>> 034 σσσ ); 

b) mudmivi σ·= const da sxvadasxva temperaturaze T 
(T4>T3>…>T0). 

 
am analogiebis ZiriTadi azri imaSi mdgomareobs, 

rom xanmokle drois ganmavlobaSi, magram mkacr 

pirobebSi (igulisxmeba, maRali temperatura, Zabvebi 

da a.S) Catardes moklevadiani sakontrolo eqsperi-

menti da miRebuli Sedegebis safuZvelze gakeTdes 

prognozireba ganviTarebuli deformaciebisa xangr-

Zlivi drois ganmavlobaSi. garda amisa (tds) pirobe-

bis Sesruleba miiyvaneba imaze, rom drekadobis E da 
xangrZlivi ∞E  modulebi an maTi Sesabamisi myisi 

E
I 1

0 =  da wonasworuli 
∞

= EI 1
0 moqnilobebi ar icv-

T=const 

ε 

T0 

T1 

T2 

T3 

σ 

a) b) 

O 
ε 

σ 

O 

T4 

const=σ  

4σ
 

3σ  

2σ
 

1σ  

0σ
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lebian temperaturis zrdasTan erTad e.i. warmoadge-

nen temperaturaze damokidebulebisagan sust funqciebs, 

sqematurad es mdgomareoba ilustrirebulia (nax. 

4.8.2)-ze. 

 

 

 

 

 

 

 

 
nax. 4.8.2.  temperaturisa da drois analogiis ilustracia 

a- Cveulebrivi skala, b- drois logariTmuli skala 
 

rogorc (nax. 4.8.2) Cans T temperaturis cvlilebisas 

blantidrekadobis moqnilobis mrudebi, rogorc erTi 

mTliani gadaadgildeba drois logariTmuli skalis 

gaswvriv −Talg sidideze, romelic akavSirebs tempera-

turasa da deformirebis dros da amitom ewodeba 

droisa da temperaturuli Zvris koeficienti (zogjer 

reduqciis koeficienti) da aRiniSneba )( Ta -Ti. 

zemoT naTqvami praqtikulad Semdegnairad ganxor-

cieldeba. sxvadasxva temperaturaze cocvadobis 

~)(tε t mrudebidan nax. 4.8.3_4.8.6, magram erTidaigive 

ZabvisaTvis (radgan wrfiv SemTxvevaSi moqniloba 

Zabvaze araa damokidebuli), avagebT (logariTmul an 

naxevarlogariTmul sistemaSi) moqnilobis, TiToeul 

temperaturaze gasaSualoebul ~
)(

)(
σ
ε ttI ≡ tlg  mrudebs 

(wrfivobis gamo) Nnax. (4.8.7), romelTagan erT-erTs 

miviRebT sabazo mrudad (Sesabamisi sabazo tempera-

T0 

T1 T2 T3 

a) b) 

O O 

J∞ 
σ
ε )(t

 
σ
ε )(t

 

t ln t 

T0 T1 T2 T3 

J0 

J∞ 

J0 

lnaT(T2) 
lnaT(T1) 
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turaze da yvela danarCen mruds −tlg RerZis parale-

lurad gadavwevT ise, rom is SeuTavsdes sabazo 

mruds (nax. 4.8.8). am gziT miRebul mruds ganzoga-

doebuli mrudi qvia. agebulia is ~)(tI ξlg  sistemaSi,  

 

 

 

 

 

 

 

 

 
nax. 4.8.3. cocvadobis mrudeebi 20ºC  

 
 
 
 

 

 

 

 
nax. 4.8.4. cocvadobis mrudeebi 60ºC  

 

 

 

 

 

 

 

 

 

nax. 4.8.5. cocvadobis mrudeebi 120ºC  

4
 

t, 
 80 120 

1
 

4 

6 

0 

8 

2 

σ1=0,2σr=9kg/mm2 

σ2=0,4σr=18kg/mm2 

σ3=0,6σr=27kg/mm2 

16
 

ε⋅104 

20
 

24
 

28
 

40
 

4
 

t, 
 80 120 0 

σ1=0,2σr=8,4kg/mm
 

σ2=0,4σr=16,8kg/m
 

σ3=0,6σr=25,2kg/m
 

16
 

ε⋅104 

20
 

24
 

28
 

40
 

40 

t, sT 

80 120 0 

σ1=0,2σr=8,4kg/mm2 

σ2=0,4σr=12kg/mm2 

σ3=0,6σr=25,2kg/mm2 

160 

ε⋅104 

200 240 280 400 
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nax. 4.8.6. cocvadobis mrudeebi 180ºC  

 

 

 
 

 

 

 

 

 

 

 

 

 
nax. 4.8.7. moqnilobis gasaSualebuli mrudebi  

     sxvadasxva temperaturaze TC -8/3-250. 
 

sadac ξ=′t  modificirebuli anu pirobiTi droa da 

udris 
Ta
tt =′ . sidide Talg  is ricxvia, razedac Sesaba-

misi temperaturis mrudi gadaiweva horizontalurad 

ise, rom SeuTavsdes sabazo mruds. Ta -s grafiki 

mocemulia (nax. 4.8.8)-ze. ~( Ta T) mrudis aproqsimacii-

4 

6 

8 

2 

40 

t, sT 

80 120 0 

σ1=0,2σr=2,8kg/mm2 

σ2=0,4σr=5,6kg/mm2 

σ3=0,6σr=8,1kg/mm2 

160 

ε⋅104 

200 240 280 400 

lgt, sT 

4 
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0 0,4 

kg
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I(
t)
⋅1
04
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1,2 2,4 1,6 2,0 0,8 2,8 -0,4 -0,8 

14 

16 

18 

10 

12 

4 

3 

2 

1 

1 ñ 20°C  

2 ñ 60°C  

3 ñ 120°C  

4 ñ 180°C   
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saTvis gamoyenebulia sxvadasxva varianti maTgan erT-

erTs Semdegi saxe aqvs, 

S

S
T TTC

TTCa
−+
−

−=
2

1 )(
lg ,                  (4.8.1) 

sadac ST _sabazo temperaturaa, xolo 21,CC  mudmivebi 

damokidebulia temperaturis SerCevaze da sxeulis 

gvarobaze. ganisazRvrebian isini Semdegi sistemidan 

  




−Ψ−=−+Ψ
−Ψ−=−+Ψ

),()(
)()(

221222

111121

SS

SS

TTCTTC
TTCTTC

          (4.8.2) 

sadac −Ψi aRniSnulia )(lg TaTi . 

arastacionaluri temperaturuli velisaTvis modi-

ficirebuli (pirobiTi) t′  dro integraliT moicema 

∫=′
t

T tTa
dtt

0 )]([
.                    (4.8.3) 

Tu mocemuli sxeulisaTvis temperaturisa da 

drois superpozicias adgili aqvs e.i. romelime 

temperaturul velSi cnobili aris funqcia Ta  maSin 

Tu gantolebaSi  

   ∫ −+=
t

dtKttE
0

)()()()( ττστσε ,         (4.8.4) 

SevcvliT WeSmarit (t) dros pirobiTi ( t′ ) droiT 

miviRebT Zabvasa da deformacias Soris damokide-

bulebas nebismier temperaturul velSi, sadac 

gansazRvruli iqneba funqcia ).(TaT  e.i. 

∫
′

′′′−′+′=′
t

dtKttE
0

)()()()( ττστσε .         (4.8.5) 

garda amisa moTxovnilia, rom (4.8.4)-is wrfivoba 

ar unda dairRves. funqcia −′−′ )( τtK gaxdeba universa-

luri, ar iqneba damokidebuli temperaturaze, xolo 

moduli inVTE =  (invariantulia temperaturis mimarT). 
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ramdenime sityva (nax. 4.8.8) mocemuli ganzogadoe-

buli mrudis Sesaxeb. am mrudis sxvadasxva ubani 

garkveul temperaturas Seesabameba da am ubanze axa-

siaTebs sxeulis deformirebis process. Ta  koefici-

entis saSualebiT pirobiTi t′ dro gadaiyvaneba 

gansaxilav temperaturul intervalSi nebismier tem-

peraturaze WeSmarit t droSi da Sesabamisad gveqneba 
sxeulis deformirebis suraTi am temperaturaze. 

cxrili 4.8.1 

−iC koeficientebis mniSvnelobebi 

sxeuli 1 2 

Mminateqstoliti 2503
8 −−CT  

 minateqstoliti DT ∋−1  

 mina boWko PCBAM ∋−  

_9,4 

 

3,4 

_3,9 

800 

 

_400 

107,4 

 

modificirebuli t′ _drois SetaniT rTuli daZabu-

li mdgomareobis gantolebebSi Semdeg damokidebu-

lebebs miviRebT: 

);()(
0

ττ ′′−′= ∫
′

ijCij detRS
t

   )()(~
0

τϑτσ υ ′′−′= ∫ dtR
t

 

da maTi Sebrunebuli gamosaxulebebi iqneba: 

);()(
1

0

ττ ′′−′Π= ∫ ij

t

Cij dSte    ).(~)(
0

τστϑ υ ′′−′Π= ∫
′

dt
t

 

moxerxebulobisaTvis xSirad sabazo temperaturad 

Rebuloben ,2930 KT =  .20273 0
0 CT =−  sabazo temperatu-

risaTvis 1
0
=Ta . 

ganvixiloT gavlenis funqciaze temperaturis 

gavlena. 

guli aviRoT Semdegi saxiT. 

     1)( −−= αβ tAetT t  miviRebT. 
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T

t

T

at

T at
eA

ta
AeatT

T 1
)(

)( )1(1 α

β

α

β

−

′′−

−

′−

′
′

=
′

=′  

sadac ;α
TAaA =′   ;Taββ =′  

Ta
tt =′  

e.i.  

.)()( )1( α

β

−

′′−

′
′

=′=
t

eAtTtTa
t

T  

gulis saxe ar icvleba, xolo parametrebi αβ ,, ′′A  

temperaturaze damokidebuli araa.Aaseve SeiZleba 

iTqvas −′= )(
1

)( tK
a

tK
T

funqciis SemTxvevaSic.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
nax. 4.8.8. ganzogadoebuli mrudi, TC -8/3-250. 
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T5=20°C   
• _ eqs. 
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nax. 4.8.9. damokidebuleba drekadobis modulsa, mrRvev 

Zabvasa da temperaturas Soris. 

 

analizur (4.8.1) gamosaxulebaSi Semavali empiriuli 

koeficientebi, ganisazRvrebian eqsperimentuli mona-

cemebis safuZvelze umcires kvadratTa meTodiT. 

)(lg TaT  gansazRvrisaTvis cocvadobis mrudebis gadaw-

yoba unda moxdes naxevrad logariTmul ~)(( tI ))lg( Tta  

koordinatTa sistemaSiN(nax. 4.8.10).  

Semdeg SearCeven `sabazo~ mruds nebismierad eqspe-

rimentuli temperaturuli intervalis SigniT. drois 

miRebul masStabur skalaze gaizomeba ( )lg Taj∆  manZi-

lebi temperaturuli intervalis SigniT ramdenime 

adgilze da maTgan saSualo sidide Seitaneba 

cxrilSi (cxr. 4.8.2) e.i. ),....,2,1,1,2,...(lg nmjaj T −−−=∆  

imisaTvis, rom miviRoT grafiki damokidebulebisa 

~lg Ta ).( 0TT −  eqsperimentul mniSvnelobebs Taj lg∆  

mimdevrobiT Seajameben dawyebuli nulidan, roca 

.0TT =  damokidebulebis ( ~lg Ta )).( 0TT −  gansazRvris 

Semdeg aigeba ganzogadoebuli mrudi, yvela arsebuli 

moqnilobis mrudebis horizontaluri  ZvriT,  drois 

120 0 
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10 
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40 160 200 240 
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nax. 4.8.10. ganzogadoebuli mrudis agebis sqema. 

 

skalis gaswvriv Talg  sidideze. am gziT miRebuli 

axali transformirebuli dro mrudebisaTvis iqneba 

.lglg)lg( TT atta +=  mrudebs romelTac uaryofiTi Talg  

aqvT gadaiweva mcire droTa intervalis mxares, 

dadebiTi niSnis Talg  SemTxvevaSi gadaweva moxdeba 

did droTa intervalis mxares. roca gansaxilavi 

sxeuli ekuTvnis Termoreologiurad martiv sxeulebs, 

maSin yvela mrudi SeTavsdeba erT mrudad. eqsperi-

mentuli bazisis sazRvrebs gareT es ganzogadoebuli 

mrudi gamoiyeneba eqstrapolirebisaTvis aRebuli 

mrudebisaTvis, risTvisac mrudebis drois intervali 

gafarTovdeba ramdenime rigjer. 
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cxrili 4.8.2 

temperaturuli Zvris koeficientis gansazRvris  
cxrili 

gamocdis 

nomeri 
CT 0,  0TT −  j Taj ln∆  ∋

Taln  Taln  

1 

2 

3 

4 

5 

6 

7 

8 

 -20 

-10 

 0 

   +10 

+20 

+30 

+40 

+45 

-40 

-30 

-20 

-10 

0±  
 +10 

+20 

+25 

 

-4 

-3 

-2 

-1 

+1 

+2 

+3 

 

1,79 

1,88 

3,25 

3,05 

3,08 

5,01 

3,00 

-9,97 

-8,18 

-6,30 

-3,05 

0 

3,08 

8,09 

+0,09 

-10,25 

-8,18 

-5,81 

-3,18 

0 

3,03 

7,94 

+0,4 

 
SeniSvna: teqnikurad ganzogadoebuli mrudis ageba Semdeg-

naidad xdeba: gamWvirvale qaRaldze-kalkaze daixazeba 

koordinatTa sistema da sabaziso mrudi, kalka davamag-

roT uZravad, xolo mis qveS moTavsebuli naxazebiani 

formati vamoZraoT marjvniv an marcxniv )( sTT − -is niS-

nis mixedviT. ixileT (nax. 4.8.*). 

 

 

 

 

 

 

 

 

 

 

 

 
nax. 4.8.*. sqematuri naxazi. 
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savarjiSo: mocemuli grafikuli monacemebis mi-

xedviT aageT ganzogadoebuli mrudi.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 
 

nax. 4.8.11. statikuri cocvadobis mrudebi sxvadasxva 
temperaturaze. 

        a – cocvadobis mrudebi Cveulebriv (ε11~t) koordi- 
        natebSi T°C ; 1 – (_20°); 2 – (_10°); 3 – (_0°); 4 – 10°; 
        5 – 20°; 6 – 30°; 7 – 40°; 8 – 45°. 
        b) naxevrad logariTmuli (ε ~ln t) koordinatebi. 
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nax. 4.8.12. reduqciis koeficientis (aT) damokidebuleba 

temperaturisagan (T ñ T0)°C . 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

nax. 4.8.13. cocvadobis ganzogadoebuli mrudi 

σ0 = 35 kgZ/sm2.  
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nax. 4.8.14. minaplastikis cocvadobaze temperaturuli 

   damokidebulebis grafiki. gaWimva (α = 45°), 
2sm

kgZ
84511 =σ . 

a – sawyisi mrudebi (I ~ t) koordinatebSi, T°C : 1 – 20°; 
2 – 40°; 3 – 50°; 4 – 60°; 5 – 70°C . 

 

 

 

 

 

 

 

 
nax. 4.8.15. arawrfivi blanti drekadoba: 

       a – moqnilobis mrudebi msgavsia, b – izoqronuli 
       mrudebi msgavsia, g – moqnilobis mrudebi naxevrad 
       logariTmul sistemaSi msgavsia (reologiurad 

martivi sxeuli). 
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$ 4.9. Zabvisa da drois analogia 
 

cocvadobaze sxvadasxva polimeruli masalebis 

Seswavlam gviCvena, rom Zabvis gazrdiT relaqsaciis 

dro mcirdeba.Aam movlenis fizikuri safuZvlebi 

axsnil iqna jer kidev 30-ian wlebSi rusi mecnieris 

a. aleqsandrovisa da i. lazurkinis mier. maT mierve 

dadgenil iqna funqcionaluri kavSiri τ da σ 
sidideebs Soris: 

 

 

 

 

 

 

 

 

 
nax. 4.9.1. relaqsaciis diskretuli speqtris 

     cvlilebis sqema Zabvis donis amaRlebis 
SemTxvevaSi 

 

  ,exp 0
0 KT

u σγττ −
=                   (4.9.1) 

sadac −0u aqtivaciis energiaa, −σγ struqturuli koe-

ficienti, K – bolcmanis mudmivi, T – absoluturi 

temperatura. (4.9.1) damokidebulebas aqvs xarisxovani 

xasiaTi. Mmagram ukve am miaxloebiTi gantolebidan 

Cans, rom Zabvis cvlileba iwvevs relaqsaciis drois 

mTliani speqtris cvlilebas (nax. 4.9.1). da maSasadame 

Sesabamisad cocvadobis mrudebis Zvras (gadaadgile-

bas) drois skalis gaswvriv. Tu am SemTxvevaSi yvela 

dro icvleba erT da igive sidideze Zabvis zrdis 

mixedviT, maSin moqnilobis yvela mrudi xistad 

σ1 σ0 

Ji J1 J1 
J2 J2 

Jn Jn 

τn τ2 τ1 
τi 

)( 1

1

σϕ
τ

 

)( 1

2

σϕ
τ

 

)( 1σϕ
τ n
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gadaiwevs logariTmuli skalis gaswvriv, ise, rom 

paraleluroba ar dairRveva. amasTan xangrZlivi 

drekadobis maxasiaTeblebi mudmivebad darCebian; 

isini invariantuli arian Zabvis cvlilebis mimarT. 

Ee.i. naxevrad logariTmul koordinatTa sistemaSi, 

~)(( tI )lgτ _damokidebulebis mrudebi iqnebian msgavsni 

(nax. 4.9.3). masala, romelic aseT msgavsebas avlens 

simoklisaTvis reologiurad martiv sxeulebs uwodeben. 

cocvadobis eqsponencialuri `gulis~ gamoyenebis 

SemTxvevaSi ganmsazRvreli arawrfivi damokidebuleba 

aseTi masalebisaTvis ase Caiwereba:     

,)()(]
)()(

exp[)()(
01

0 dsssasastItIt
t

i

N

i i

i σ
ττ

σε σ
σ∫∑ −

−+=
=

∞     (4.9.2) 

sadac −)(saσ maStaburi funqcia (reduqciis koeficien-

ti) amyarebs ekvivalentur kavSirs deformirebis 

drosa da sxeulze modebuli Zabvis sidides Soris. 

 
 

 

 

 

 

 

 

 

 

 

 

 

nax. 4.9.2. minaplastikis moklevadiani cocvadobis 

mrudebi sxvadasxva Zabvaze 

1 – σ12 = 341kg/sm2= 0,62σrR; 3 – σ12 = 330kg/sm2= 0,60σrR; 

3 – σ12 = 275kg/sm2= 0,50σrR; 4 – σ12 = 138kg/sm2= 0,25σrR.  
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ε 1
2%

 

4 

1 

2 

3 
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nax. 4.9.3. minaplastikis moqnilobis mrudebi  

sxvadasxva Zabvaze (naxevrad 
logariTmuli sistema). 

 

es funqcia ganisazRvreba rogorc Sefardeba 

),(/)( 000 στστσ =a sadac −0τ relaqsaciis droa. 

Sesabamisad uwyveti speqtrisaTvis gveqneba: 

.lg]
)()(

exp[),(lg
)(

)()( 0
0

0 dsdsastLsatIt
t

S τ
τ

στ
τ

σσε σσ −
−+= ∫ ∫

∞

∞−

 (4.9.3) 

sadac −∞ ),(lg),( 0στσ LI i Sesabamisad wonasworuli moqni-

loba da relaqsaciuri speqtris simkvrivea, gansaz-

Rvruli winaswar SerCeuli `sabazo~ standartire-

buli ZabvisaTvis. 

0,2 

0,8 

1,0 

0,4 

0,6 

0 

1 

2 

3 

4 

4 6 8 10 

lnτ 

J1212⋅10
4  

34162,01 1111 ==− sσσ kg/sm2 

33060,02 1111 ==− sσσ kg/sm2 

27550,03 1111 ==− sσσ kg/sm2 

13825,04 1111 ==− sσσ kg/sm2 

kg

sm2
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nax. 4.9.4. Zvris koeficientis damokidebuleba 

Zabvisagan 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
nax. 4.9.5. minaplastikis moqnilobis ganzogadoebuli  

  mrudi, agebuli Zabvisa da drois  
analogiis mixedviT 

 
mudmivi magram `sabazo~ Zabvisagan gansxvavebiT 

gamosaxulebebi (4.4.4) da (4.9.3) Semdeg saxes miiRebs: 

ln(aστ) 

J1212⋅104kg/sm2 

50 100 0 150 200 

5 

1 

2 

3 

4 

lnaσ 

•

•

−+−

−−
=

1212

1212

7,313

)(85,2
ln

σσ
σσ

σa  

•− 1212 σσ  

kg

sm2
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),1)((
)(

),( 0
1

0
i

taN

i
i eIIttI τ

σ

σ
σ
εσ

−

=
∞ −+== ∑       (4.9.4) 

.lg)1)(,(lg),(
0

00 τστσ τ
σ

deLItI
t ta

∫
−

−+=       (4.9.5) 

amrigad arawrfivi damokidebuleba Zabvasa da 
blantdrekad deformacias Soris miiyvaneba masSta-

bur Zabvaze damokidebuli ( σa ) funqciis aRricxvamde. 

ganvixiloT am funqciisa da cocvadobis ganzoga-
doebuli mrudebis agebis meTodika, romelic Tavis 
koordinatebSi ganazogadebs deformirebis drosa da 
modebuli Zabvis sidides. 

cocvadobaze gamocdis win, xdeba masalis gamocda 
Zabvis cvlilebis diapazonis dadgenis mizniT. 

ganisazRvreba xanmokle simtkicis zRvari R≡rσ  da 

zRvruli deformacia Rε . Ggamocda unda Catardes 

mudmivi temperaturisa da tenianobis dacviT. 
datvirTvis siCqare gamocdis mTeli seriisaTvis unda 
iyos erTi da igive (mudmivi). amasTanave datvirTvis 
dro ar unda aRematebodes 5 wm-s. nimuSis sruli 
datvirTvis momentad miiReba cocvadobis aTvlis 
sawyisi )0( =t  dro. Zabvis cvlilebis intervalad 

miiReba ),6,01,0( rσ÷  simtkicis zRvaris Semdegi nazr-

debis )1,0( rσσ =∆  gradaciis mixedviT. gamocdis 

xangrZlioba Cveulebriv moklevadian eqsperimentSi 
miRebulia (3 )5÷  saaTi. 

    cocvadobis fardobiT deformaciebs angariSoben 
Semdegi formulis mixedviT 

   ,)( 0εεευ −= t  

sadac −0ε myisi drekadi deformaciaa, romelic udris 

;)(0 E
I σσ =  E – myisi drekadobis modulia, romlis gan-

sazRvrisaTvis xSirad ultrabgeris meTods mimarTa-
ven. Eeqsperimentuli monacemebis safuZvelze iangari-
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Seba blantdrekadi moqnilobebi .)()()(

σε ttI nn =  saboloo 

monacemebis mixedviT naxevradlogariTmul sistemaSi 

)lg),(( εtI n  aigeba mrudebi (nax. 4.9.3). am grafikze 

`sabaziso~ periodi warmoadgens drois intervals, 
romelic udris, cocvadobis mokle vadian periods, 
zogjer mas `eqsperimentul fanjaras~ uwodeben. 
sabazo Zabvad Cveulebriv Rebuloben blantdrekadi 
Tvisebis wrfivobis zRvars. masStaburi funqciis 
gansazRvris mizniT izomeba manZilebi horizonta-
luri mimarTulebiT, yovel wyvil mezobel mrudebs 
Soris, drois skalis miRebul erTeulebSi. amasTanave 
gazomvebi ramdenime sxvadasxva wertilebSi xdeba da 

gazomvis −∆ σaj ln Sedegebis gasaSualeba xdeba. Semdeg 

am σaj ln∆  saSualo sidideebs TanmimdevrobiT Seajame-

ben dawyebuli nulovani mniSvnelobidan roca 0σσ =  

jamis niSani damokidebulia )( 0σσ −  sxvaobis niSanze. 

cdiseuli monacemebis Caweris sailustraciod 
magaliTi mocemuli (nax. 4.9.6)-ze. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

nax. 4.9.6. reduqciis σa _koeficientis gansazRvris sqema da  

Zabvisa da drois analogiis ganzogadoebuli mrudis ageba. 

b
l
an
t
d
r
ek
ad

i 
mo

qn
il

o
b
a 

sabaziso periodi winswrebis dro prognozi 

ln(taT) 

∆1lntaσ 

σ5 

σ4 

σ3 

σ2 
σ1 
σ0 

∆2lntaσ 

∆3lntaσ 

∆4lntaσ 

∆5lntaσ 
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cxrili 4.9.1 

 

cocvadobaze sxvadasxva Zabvis dros monacemebidan, 

reduqciis koeficientis gansazRvris cxriluri 

mniSvnelobebi  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

am cxrilis (2)-e svetSi mocemulia statikuri 

Zabvebi, romliTac datvirTuli iyo nimuSebi. (4)-e da 

(5)-e svetebSi ki mocemulia mimdevrobiTi gazomvis 

nomrebi mezobel −),( σtI n wirebsa da Sesabamisi maTi 

saSualo −∆ )ln( σaj mniSvnelobebi. )( 0σσ −  sxvaobebi 

Setanilia (3) svetSi da am sidideebis Sesabamisi 

eqsperimentuli mniSvnelobebi )(ln eqs.
σa  Setanilia (6)-e 

svetSi, Sesabamisi niSnebiT. (7)-e svetSi Setanilia 

)(ln σa -s mniSvnelobebi. Eeqsperimentul )(ln eqs.
σa  mniSvne-

# 

e

1
ln σa

 
e

2
ln σa  

e

3
ln σa  

e
σaln  

e
σaln  
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lobebs Rebuloben mimdevrobiTi SejamebiT −∆ )ln( σaj  

mniSvnelobebis ( j =1)_dan ( j =n-1)-mde. miRebuli damo-

kidebuleba ~(ln σa ))( 0σσ −  aproqsimirdeba empiriuli 

wilad_wrfivi funqciiT 

 ,
)(

)(
ln

02

01

σσ
σσ

σ −+
−

=
B

Ba               (4.9.6) 

sadac 1B  da −2B empiriuli koeficientebia. 

saangariSo −− ))((ln 0σσσa mniSvnelobebs iyeneben 

ganzogadoebuli mrudis agebisaTvis. amisaTvis yvela 

eqsperimentuli blantdrekadi moqnilobis ),( σtI n  mru-

debi, rogorc erTi xisti mTliani gadaiweva loga-

riTmuli skalis gaswvriv Sesabamis −)(ln σa sidideze.  

axali (dayvanili) dro am mrudebisaTvis tolia 

σσ atta lnln)ln( += .                 (4.9.7) 

Zabvisa da drois analogiis meTodi ar Txoulobs 

rTul eqsperimentul mowyobilobebs da saSualebas 

iZleva minimaluri danaxarjebiT miRebul iqnas 

aucilebeli, saWiro cdiseuli monacemebi. am monace-

mebze dayrdnobiT SesaZlebelia miRebul iqnas masa-

lisaTvis xangrZlivi cocvadobis monacemebi. magram 

am meTods gaaCnia SezRudvebi. is gamoiyeneba im 

klasisaTvis, romlebic ekuTvnian reologiurad martiv 

sxeulebs. 

cdiseuli monacemebi minaplastikisaTvis mocemu-

lia (cxril 4.9.2)-Si, am monacemebis safuZvelze 

agebuli moklevadiani mrudebi (nax. 4.9.2), (nax. 4.9.7)-ze 

agebulia izoqronuli mrudebi, xolo Semdeg agebu-

lia moqnilobis mrudebi naxevradlogariTmul siste-

maSi (nax. 4.9.3). cxrilebSi (4.9.3), (4.9.4) moyvanilia 

reduqciis koeficientisa (nax. 4.9.4) da ganzogadoebuli 

mrudis (nax. 4.9.5) agebisaTvis yvela saWiro monacemi. 
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nax. 4.9.7. minaplastikis cocvadobis izoqronuli  
mrudebi Zvris deformirebisas. 

 

cxrili 4.9.2 

minaplastikis cocvadobis moklevadiani cdiseuli 

monacemebi sxadasxva donis ZabvisaTvis 

 
 

t 
12ε  

2sm

kg
13812 =σ  

 

2sm

kg
27512 =σ  

2sm

kg
33012 =σ  

2sm

kg
34112 =σ  

 1 wT 

2 “ 

3 ~ 

10 ~ 

20 ~ 

30 ~ 

1 saaTi 

2 ~ 

3 ~ 

4 ~ 

5~ 

0,032 

0,048 

0,079 

0,104 

0,121 

0,133 

0,128 

0,209 

0,240 

0,260 

0,295 

0,140 

0,227 

0,320 

0,403 

0,498 

0,582 

0,698 

0,816 

0,906 

0,974 

1,012 

0,128 

0,367 

0,597 

0,831 

1,018 

1,128 

1,369 

1,628 

1,778 

1,940 

2,060 

0,178 

0,455 

0,974 

1,307 

1,660 

1,846 

2,109 

2,262 

2,666 

2,923 

3,070 

_10 wT 

3 

s
1212 σσ  

0 1 

341 

2 

0,25 

σ12, kg/mm2 

330 

275 

138 

0,50 

0,60 
0,52 

ε12 % 

_1 saaTi 

_5 saaTi 
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cxrili 4.9.3 

sawyisi monacemebis gamoTvla 1B  da −2B
koeficientebis gansazRvrisaTvis 

12σ  

 σaln∆  
0
1212 σσ −  σaln  

σ

σσ
aln

0
1212 −  σaln  

saangariSo 

138 
 

275 
 

330 
 

341 

 
2,25 
 

2,00 
 

1,50 

0 
 

138 
 

192 
 

203 

0 
 

2,25 
 

4,25 
 

5,75 

0 
 

60,8 
 

45,1 
 

35,9 

0 
 

2,21 
 

4,49 
 

5,21 

 
cxrili 4.9.4 

amosavali monacemebis gamoTvla ganzogadoebuli 
mrudis agebisaTvis Zabvisa da drois analogiis  

mixedviT 

t tln  
2sm

kg
 12σ  σaln  )ln( taσ  1011I  

1 2 3 4 5 6 
3 wT 
5 ~ 
15 ~ 
30 ~ 

1 saaTi 
1 saaTi 20 wT 

2 ~ 30 ~ 
5 saaTi 

5,10 
5,70 
6,80 
7,50 
8,19 
8,48 
9,11 
9,80 

138 
~ 
~ 
~ 
~ 
~ 
~ 
138 

0 
~ 
~ 
~ 
~ 
~ 
~ 
0 

5,10 
5,70 
6,80 
7,50 
8,19 
8,48 
9,11 
9,80 

0,017 
0,061 
0,087 
0,131 
0,140 
0,156 
0,176 
0,291 

7 wT 
10 ~ 
20 ~ 
30 ~ 
50 ~ 

1 saaTi 20 wT 
2 ~ 30 ~ 
3 ~ 30 ~ 
5 saaTi 
7 wT 
10 ~ 
20 ~ 
30 ~ 

6,00 
6,40 
7,09 
7,50 
9,01 
8,48 
9,11 
9,44 
9,80 
6,00 
6,40 
7,09 
7,50 

275 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
275 
330 
~ 
~ 
~ 

2,21 
~ 
~ 
~ 
~ 
~ 
~ 
~ 

2,21 
4,49 
~ 
~ 
~ 

8,21 
8,61 
9,30 
9,71 
1,022 
10,69 
11,32 
11,65 
12,01 
10,49 
10,89 
11,58 
11,99 

0,100 
0,145 
0,170 
0,203 
0,233 
0,265 
0,302 
0,341 
0,867 
0,203 
0,281 
0,296 
0,348 

gagrZeleba cxrilis 4.9.4 
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1 2 3 4 5 6 
50 ~ 

1 saaTi 20 wT 
2 ~ 30 ~ 
3 ~ 30 ~ 
5 saaTi 

8,01 
8,48 
9,11 
9,44 
9,80 

~ 
~ 
~ 
~ 
330 

~ 
~ 
~ 
~ 

4,49 

12,50 
12,97 
13,60 
13,93 
14,29 

0,393 
0,448 
0,506 
0,575 
0,624 

7 wT 
10 ~ 
20 ~ 
30 ~ 
50 ~ 

1 saaTi 20 wT 
2 ~ 30 ~ 
3 ~ 30 ~ 
5 saaTi 

6,00 
6,40 
7,09 
7,50 
8,01 
8,48 
9,11 
9,44 
9,80 

341 
~ 
~ 
~ 
~ 
~ 
~ 
~ 
341 

5,21 
~ 
~ 
~ 
~ 
~ 
~ 
~ 

5,21 

11,21 
11,61 
12,30 
12,71 
13,71 
13,69 
14,32 
14,65 
15,03 

0,313 
0,381 
0,461 
0,520 
0,580 
0,645 
0,702 
0,812 
0,912 

 
magaliTi. aageT minaplastikis SemTxvevaSi drekad-

blanti moqnilobis mrudebis mocemuli grafikebidan, 
cxriluri monacemebi da uTavsdeba Tu ara is 
grafikze datanil wertilebs. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

nax. 4.2.8. a) moqnilobis mrudebi, T0=20°C ; 2sm

kgZ
,12σ ;1 – 138; 

2 – 275; 3 – 330; 4 – 341. b) reduqciis koeficienti; 

g) ganzogadoebuli mrudi 
2sm

kgZ
1380

12 =σ . 
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damat eba 
 
m. koltunovi. gavlenis funqciebis  
integraluri cxrilebi da grafikebi 
                                             K1 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

1 2 3 4 5 6 7 
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 K1-is gagrZeleba 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 2 3 4 5 6 7 
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                                      K2 

 
 

1 2 3 4 5 6 7 
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  K2-is gagrZeleba 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 2 3 4 5 6 7 
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                                      K3 
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  K3-is gagrZeleba 
 

 
 
 
 

 

5 6 7 1 2 3 4 
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                                                                                      K4 

 
 
 

1 2 3 4 5 6 7 
5 6 7 1 2 3 4 
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  K4-is gagrZeleba 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5 6 7 1 2 3 4 
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                                                K5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 2 3 4 5 6 7 
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  K5-is gagrZeleba 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1 2 3 4 5 6 7 
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T 1
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T 2
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T 3
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T 4
 



 284 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T 5
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