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Pegepar. Tpernaraercd HOBaL PEOJOTHHECKAS  MOASAL NOJAIYMECTIE Faiubl HpH
Moeas COCTONT 13 YMPYroro Teda HOCASLOBATEILHO coeueHnOro ¢ napoii, B

casure.

lttl'r()]'ll:lﬁ niactiiveckoe Tea0 napanaeabio coenHeHo ¢ VIpyro-nRikis [!l‘.'lillit‘ll]‘)"lﬂll.l.llal
pmpymawmu\icﬂ TEJ0M C nupmemluﬁ pR3kocT0. Peosornueckoe Teao sojeanpyer obe
C]J.'!;Iu l!{l.1j}‘|-lt‘(‘l‘ll——hll‘.‘aﬁﬂ.’lﬂ}ﬂllllll Il paapyuienns, u Bt‘PDHTIlllCT!IHfI Xdapasrep Mexannue-
CKIIX CBOMCTH  BO3INHKAIOULIX 1 paspyuioux n npoiecce  CABNR CTPYKTYp  FPynTd.
Buigeienn ypapHeHis Mexannueckoro noBeaeHng Mojieni B npoiecce noasyiecT n thasax
MOGILTHIAII 1T Paspyluens; 3T ypasHents ancKpatHo OTPAMAOT nopeaeine rpyurta
npil NOA3YHecT.

TeopeTinyeckoe n3yueiiie i 3KCHEPHMEHTANbIbIC paboTHi, NPOBCACHHLIC
3 1969—1972 roaax, NO3BOIAN NPHATH K HEKOTOPLIM BHIBOAAM OTHOCHE
TeLHO TOBEACHHS TMIHHBL B TMpolecce MNOJA3Y4ecTH mpu CABHIE. ITpeasapu-
respHoe COOGUIEHHE O PEe3yabTaTax HCC/AeN0BanuA ObLIO TPeACTaBJACHO
VIII MexayHapoaHoMy KOHrpeccy no Mexauinke rpyutos B Mockse (Tep-
Crenansin B Ap., 1973). Ilas ayuuiero NOHHMaHus ycaoBRit paGoTsl npei-
naraeMoil MOJACAH H €e COOTBETCTBHSI PEOJIOTHYECKOMY NOBCICHHIO TpyliTa
HuKe KPaTKO H3J4raloTcsi OCHOBHble TCOPETHHECKNE H 9KCNEPHMENTANBIbIC
peayabrathl. Bosee noapoGuo onn GyayT npeacTaBienhbl B APYrOM MeECTC.

TEOPBTHQECKHE Il 3KcnepuMeHTasbHble pesyabTarol

ITpouecc noJ3y4ecTd IMHHBI MPH CABHre COCTONT H3 aByx ¢az—mo0n-
JM3alMH W paspyumienns. B mpouecce noasyuecTi T/AHIL BO3HHKAET H Pas-
pyliaercs nocJefoBaTeJbHblil PSA CTPYKTYp rpyiiTd, XapakTepH3youHxcs
onpejeseHHBIM PACIONOXKEHHEM H OpHeHTalHell YacTHI, KOHTAKTOB MEXLY
HHMH B AeficTBYIOIIHMH B KOHTAKTaX CHJIaMH.

JlehopmMaTHBHBIE CBOMCTBA CTPYKTYP rpyHTa onpeaeasioTes CoOTHOUIE-
HHEM MeXJy JBYMsl NPOTHBOIOJIOXKHBIMH cBOfiCTBAMH: TEKYYeCTbIO H XKecT-
KOCTbIO. B KosmuecTBeHHOfl (hopMe 9TH CBOHCTBA BHIPAXKAIOTCH BEKTOPHBIMH
cyMMamMu KacaTeabHBX F H HOpMaJbHBIX R cocTaBASIOIHX KOHTAKTHLIX
CHJ, AEHCTBYIOLIMX N0 PacCMaTpHBAEMOMY CEYEHHIO aa rpyHTa, nposejen:
HOMY 4Yepe3 KOHTaKTH YacTHIL (puc. 1). Yem Boillle COOTHOWICHHE F|R, TeM
Gonee nedopmupyercs rpynt. B mpouecce noJa3yuecTH coxpausiercsi COooT:

HOLIEHHE

! Jlonoxeno Ha CHMAOIHYME M0 TEOPHU  ONOJAHEROrO npotecca n wmae 1973 1. 1

Juumnikane (Apyenns).
2325, JlaGopatopHelt reomexanmin AxaneMmud HayK ApmCCP.
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Puc. |. Cuant 8 TOMKGX = KOHTQKTG;
4) obpasen rpynta; b) cuas B TOYKax
KOHTAKTA, €) MHOTOYTOABHHK CHJ.

Uy 1. Mdbr Ypbowlnp fhwood. a)
gpaidonfy bl ) mdhp [nlmulnfe ih-
woed . t) mdhpp plﬂq:fmftﬁ;mh

Fig. 1. Forces in points of contact; y
a) soll sample: b) lorces In contact P P
point; ¢) force polygon. T
F-+-R=Q

rne Q—BeKTOp NOJAHOK CHJLI, ACACTBYIOWIEA B CEYCHHH TPYHTA.
[Tepexox oT oAHOA CTPYKTYPHl K APYrO# COBEpUIaeTcs CKayKooGpasHo;

- BO BpeMid nepecrpoﬁxn CTPYKTYPBLI NMPOHCXOAHT paspsaika H36BLITOYHBIX Ha-

R e T ™ oy N T v ——

NpAMKeHHA C/ABHra H HX NEPeXoi B aKTHBHbE Hanpskenus. [Ipm sTom
COXpPAHSIETCs COOTHOIIEHHE
k, —- ke =Kk, (2)

rne k,=(R/Q)igf BexTOp OTHOIIEHHS AKTHBHLIX CHJI, MOKa3bLIBAIOUIHH TY
yacTh KOHTAKTHBIX CHJI, KOTOpPble peajH3oBaJiHCh B HMeBLIeH# MecTo Aedop-
MallHH, ¥ XapakTEpH3YIOIUHA €XeCTKOCTb» CTPYKTYpHl rpyHTa;K.~(F/Q)tgl
BEKTOP OTHONIEHHS H30LITOYHBIX CHJ, IOKa3blBAaIOUIHA Ty 4aCTb KOHTAKT-
HBIX CHJI, KOTOpble He peajH30Bajuch B Ae(opMamuH; OH XapakKTepH-
3yeT «TeKyyecThb» CTPYKTYPHl rpyHra, H Ki=tgl BexTop MOGHIH30BaHHOTO
COMPOTHBJICHHS CHABHIY, HanpaBJeHHLIA BJOJb PaBHOAEACTBYIOUIHX BCEX
cHa Q.

B ¢jasze MOGHIH3AIHH NPOMCXOAHT YNOPsAOYEHHE CTPYKTYPhl rPYHTA,
T. €. OPHEHTAUMA €ro YemyHyaTbX YaCTHI, CPefHee BPeMsi OCEMJIOH HKH3HH
cBsisell yBEJHUYMBAETCS M MO3TOMY CKODOCTb MOJSY4YECTH | YMEHbIIaercs
NpONOPIUHOHAJbHO BO3PACTY HANpSKEHHS ¢

. T—1T 1
ool (3)
rae a—cTPyKTypuuifi Koshduuuent, 3aBucAmAA OT Ae(pOPMHPYEMOCTH
F|R rpyuta W BpeMeHH OCEIJION >XH3HH CBSI3elf, t—JeHCTBylOllee Kaca-
TeAbHOE HANpSKEHHE, T, —TO 3HAYCHHE KACATEJNbHOrO HaNpSKeHHs, NPH
KOTOPOM HEe NPOHCXOJHT NMOJSY4ECTH H - —CTaTHYecKasd BA3KOCTb TPYHTA.
B ¢ase paspyuieHnsi cTpykTypa rpyHTa AaeTcs MeHee YNOpsiAOYeHHOM,
T. €. TNPOHCXOAHT JICOPHEHTAUHs TPYHTa, CpefHee BpeMs OCeMJION XKH3HH
CBSI3eH yMEHBIIAETCS M IOSTOMY CKOPOCTb IOJI3YYeCTH YBEJIHYHBAETCS
NPSIMO  NPONOPIHOHANBHO BPEMeHH

- T—"%
T=a » 2 t! (4)
'-fm

rae [,—BpeMsi MOGHIH3AIHH, COOTBETCTBYIOLIEe Nepexoay oT (a3l MOGH-
JH3alHH K (pase paspymeHHs. DTOT Nepexoj, MPOHCXOAHT MOcJe COBepIIe-
HHS onpefeseHHol KedopMalnuH T, BeJHYHHA KOTOPOH SaBHCHT OT YPOBHSH

HanPsMXKEeHHH.
ITostoMy xpuBasi 3aBHCHMOCTH MeXJAy BpeMeHeM H JAedopmanuei
c/iBHra B (pase MOOHJIH3ALHH COCTOMT H3 KYCKOB JIOTAPH(MHYECKHX KPHBBHIX

t=a T n (‘—if—‘)+c. (5)
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Pitc. 2. CxeMa KPUSHX ROAIYNECTH npu cdsude; M—
npexen mobuausauun.
| by 2. Uwhilh dudwlwl wnylh l'nru,u‘-\l.r!t ufubdwb,
M - Fappyppugdul  wwsdwl
Fig. 2. Scheme of creep curves at shear: AM-mo:
billzation limit.
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Pitc. 3. Cxopocts noasyuecTu Kas

YRKYUR BpeMeRl. 8
V. 3. bdordughwip wroagopymubp R
niq}m Jm*tl'ulﬁmllb $mbilghw: 95
Fig. 3. Strain rate as function of =
time. 0 1 2

a B (ase paspylieHHsS—H3 KyCKOB mapado.

-

1=a —"+C, (6)
mt[-n
rae Af—Manblil IPOMEXYTOK BPeMeHH, paBublil eannnue, nanp. 1 cekynna,
BBOAHMBI B (opMyay aast ayuieii MaTeMaTHUeCKOll HHTEPIpeTal.

B MOMEHT mepecTpoiikH CTPYKTYPhl NPOIECC NMEpecKakuBaer ¢ OAnoil
BO3MOXHOI KPHUBOM HA ApYyrylo, ee nepecekaionyio (puc. 2). Kaxawutit rakoi
KyCOK KpHBOIi OTBeYaeT Ompeje/eHHOll CTPyKType rpyHra,

Ha puc. 3 nmokasana skcnmepHMeHTaJbHasi 3aBHCHMOCTL MeXJy Bpeme-
HEeM H CKOPOCTBIO TOJ3YYecTH, HJJIOCTpHpYlomas ypasnenns (3) n (4):
rpaHK NOKashiBaeT CKaukooOpasHnoe H3MeHEHHe CKOPOCTH MNOJA3yuecTH B
obenx (pazax nedopmanuii,

ITponssesenue CKOPOCTH MOJ3Y4YEeCTH MPH OTCYTCTBHIL NEpecTpoiikn
CTPYKTYPH Ha BO3PACT KacaTeJbHBIX HampsoKenuii JHHEHO CBSI3aH ¢ BeJi-
YHHOM 3THX HanpsKenuit (puc. 4). DTH JHHAH ONHCLIBAIOTCS YpaBHEHHEM

=%ty (7)

Takum oﬁpasom. Ha MNPHBEAEHHBIX PeEOJOrHYeCKHX KPHBBIX CTaATHUYECKas
BA3KOCTH IpeAcTaBasieT cobGoii Tanrenc yraa, 05[}3303311“(“‘0 HAKJOHHOH
4acTblo rpajuka ¢ oCblo OpAHHAT.
Ha PHC. b moxkasaHna JHHelnass 3aBHCHMOCTH MeXJAy KacaTeJbibiM
HanpsKeHHeM H jaedopmanueii npu npejaene MoOHAM3alUHH
=7 (8)
G!ﬂ

y
m

rae Gn— MOAYAb MOGHIH3ALNH.

Ilpn HMSKHX W CPeJIHHX YpPOBHAX Hanpspkenuit B (pase paspyuienus
HACTYNaeT TepesioM XojAa npouecca, BeAyIHA K ero 3aryxanmio (npejen
crabunuzaunn S); nedopmanus 7,, COOTBETCTBYIOUlas npejeny craGuin-
3alui, 3aBHCHT OT YPOBHSI KacateJAbHbiX Hanpsikenuit. Ha puc. 6 nokasana
JHHEefIHAS 3aBHCHMOCTb MEXKAY BCJHUYHHAMH KacaTeJbHOro Nanpsizkenns H
nReopmaumelt T, BhpaxKaemas ypaBHEHHEM
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Pitc. 4. IMpusedennme peosozuveckue kpuevie: a) rpyut c ray6uam 40 a; =100 k H/u%
b) 1o e T6M; =50 » 150 xH/m2.
bh, 4. Mhedud nbnpnghuljwl §orwgdbr. @) gpedin 40 o fenpmfindipg. 5—100 45 /2,
h) Iimeglip 76 oy 5—380 L 1530 4T, /2,
Fig. 4. Reduced rheological curves; a) soll frem depth 40 m. 5=100 kN/m?;
b) ditto 76 m, z--50 and 150 kN/m?,

i ety 9

Is Gs L] ( )
rae  Gy—monynnp craGuausanun. ITpH BHICOKHX YPOBHAX KacaTeJbHBIX Ha-
NpsiKeHuil npoluecc saKaHYHBaeTCs NOJHBIM paspymendem (cpesom) mocie
JOCTHXKEHHSI HEKOTOpo# aetopManuu 7.

Ha puc. 7 nokasana 3aBHCHMOCTb Mex1y AedopManueli u CKOPOCTBIO
nosnsyvectn (nmpucymas Kpuasi). AHaJH3 CKOPOCTH IOJSYYECTH [0 H TOCJE
CKayka NoKaspBaeT, 4TO cKaukoo6pasHoe H3MEHEHHEe CTPYKTYPH TpyHTa
HMEeT CBOHM Ha3HayeHHeM OTKJOHHTh NMPEeANHCAHHLIA yYpaBHEHHSMH MeXa-
HHYECKOro moBefieHusi cTPykTyp (ypaBnenusi 3 1o 6) xox nedopmupoBanus
K 3aKOHOMEpHOMY, NPHCYLIEMY AaHHOMY TPYHTY.

Takum 06pa3om peoJiorHueckoe NMOBeJeHHe INIMHLI NPH AAaHHOM 3Haye-
HHH HOPMAaJbHLIX HaNpsDKeHHA onpelessieTcss YeTHIPbMSI NMOCTOSHHBIMH
BE/IHYHHAMH, HMEIOUIHMH DPa3MepHOCTb HaNpsiKeHHs: NPEeAesaoM noJ3yde-
CTH, CTATHYECKOH BSISKOCTBIO M MOAYJAMH MOGH/IHSanHH W CTaGHIM3AIHM.
OTH yeThipe BEJHYHHBI JHHEHHO CBA3aHB ¢ HOPMaJbHBIM JaBJEGHHEM, Hefi-
CTBYIOIHM Ha rpyHT (pHc. 8)

1':|a=c|'.|(°! e a[l} (10)
2 =C: (=" +qp) (11)
Gu=Cu(9" + ) (12)
Gs e C,(d' + 9p) (13)

rae gg=c'ctgy’—BcecTopoHHee NaBAeHHEe CBA3HOCTH, ¢’ W %'—napaMerphl
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Puc. 5. depopmayus npu npedese mobuiusayuu Kax (PYAKYUS KACATEAbHO20 HANPANCHUA;
a) rpyst ¢ ray6unn 40 u; b) To me 76 .m.

44, 5. Unppihqugwh ghnedmghmb nrgbu pnpuipng pureawlbbep $mblghw. a) gpmbm 40
fanprifyndifig. hz) baglip 76 o
Fig. 5. Mobilization strain as a function of shear stress: a) soll from depth 40 m;
b) ditto 76 m.

conmpoTHBAEHH cABHTY T ypasuennst Kysnoma—Tepuarn, s=c'-a'tge’ u
s'—3(peKTHBHOE HANPSAKEHHE B TPYHTE.

Yerpoiicreo peoaozuieckot modeau

Hsnoxennasi BHIe TEOPHS MOJSYYECTH IVIMHBI IIPH CABHTE 1 3KCne-
PHMEHTAJAbHO YCTAHOBJCHHBIC SaKOHOMEPHOCTH MOBCACHHS IPyHTA TNO3BO-
JSIOT NPEeAJOKHTH HOBYIO PEOJIOTHYECKYI0 Mojeab rpynta (puc. 9). Moaean
COCTOMT H3 TpeX uacreii: Bepxmueil, JeBoil H npaBoil.

Bepxusisi wactn— ynpyz2oe meao I'yka (npyxuua /). Tlox naeiicrpu-
eM MPHJAOKEHHOTO KACATEJABHOTO HANPSKEHHS T NPYXKHHA MTHOBEHNO
YAJHHACTCH HA JAHHY ¥,

Y TP (14)

rjae G,—wmonyab pactskeHuss npyxuus M, Teao nmperepnesaer ynpyryio
MTHOBEHHYI0 AedopMmanmio npu J060M HANPSKEHHH =,

Jlesas wacrth-—naacmuteckoe meao Cen-Benana (nonsyn StV), mex-
Ay 3aeMeHTaMu Kotoporo aefictByer cyxoe wan Kyaounoso tpenne. Ecan
NMPHAOKEHHOE HAMNpPsKeHHe ':<':p, rae s,—npeaeda MAACTHUHOCTH [TOA3Y 1A,
TO [OCJACJHHI OCTACTCH HENMOABHMHBLIM; €Can 1>1|,, TO MOA3YH II('(lﬁ]NITIl-
Mo cmeutaerca. Takum 06[}330&[, NnoJ3yH MOMEeT BOCHPHHATEL HANPHKEHHE,
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Puc. 6. Hedpopmayus npu npedese crafuausayuu KK (PYHKYUA KACATEAbHO20 HANPANCEHUR;
a) rpynt ¢ rayGunsl 40, 5=100 kH/M% b) To e 76 M, 3==50 i 150 xH/um®

Uh. 6. Umwm wgduk nbjnrdwghwt nrobu gnjuhoy preoulbhch nlijghw: @) gpociom

4 40 I:?I];ln;’-l.plfngilﬁa’ szl;m &b!ﬂ: b iuu.;;lglfa nf' 3:5?& ?ﬂgg &b]ﬂl

Fig. 6. Stabilization strain as a function of shear stress a) soil from depth 40 m.
=100 kN/m?; b) ditto 76 m, s=50 and 150 kN/m®.

{e IPEeBIAIOUIEE Ty, M JIBUTATHCA B HANPABACHMH HANPHKEHHA NOA nefic-
TBHEM M30LIKA T—7T,, DTO MPOMUCXOLHT MOC]E TOrO, KaK MpYXKHHA A, pac-

TAHETCH Ha AJHHY
T
G,

INpaBas wacTb—ynpy20-673Koe PeAaKcupyrovjee paspyularouseeci TEAO
¢ nepemenHoll 8askoctso. OHO TMPENCTaBIAET co6oi mpysxuuy /1y, mocaeno-
BaTEJbHO COEJMHEHHYIO C PaccBep/eHHHM mopmHeM /V, HMEIOIHM OTBEpC-
TMS S W nepeMemaloIEMcs B aMopTASaTope P, CHAGKEeHHOM 3MEEeBUKOM
Q. Tlopmens N HMeeT KJamaHHBIA JHCK K, morymuii TNOBOpauYHBaTHCA
BOKPYr OCH TOpUIHS M CHA0MKEHHHIM OTBEpCTHAMH T. TlosopoTth aucka K
COBEpIIAIOTes CKaukooGpasHo; TPH STOM KaxAu# pas MPOTHB YACTH OT-
pepcrust S mopmus /N OKaskiBaeTcs WacTh orpeperut T mucka K. Taxne
CKBO3HBIE OTBEDPCTHS NOKAsaHbl CTPENKaMu Ha pHC. 9. CymMapHas IJI0ILaAb
CeueHHSI CKBO3HBIX OTBEPCTHIl XapaKTepPH3yeT CTPYKTYPHBIA K03 HHIHEHT a;
9Ta BeNHUHHA WSMeHseTcs mo mporpamme. Kaxioe mosoxeHHe KJIamaHHOrO
qucka K COOTBeTCTByeT OmpeNeJeHHOR CTpykType TpyHTa. JlTHHA aMOpTH-
saTopa P, cuuTasi OT HaYaJbHOTO TOJOXKEHHS MOPIIHS, paBHA JaedopManuH
paspymenus 7, Kax Toabko paedopmaiis IOCTHTHET 5TOH BEJIHYHHEL,
NMOpIICHL BEIXOAMT H3 aAMOPTH3ATOPA, CONPOTHBJICHHE, OKAHIBAEMOE npasoit
yacThio, yCTPAHSAETCS H TEJO paspymaercs.

[IpaBass vacTh PEOJIOTHYECKOrO Telia WMEeeT JiBa KOHTAKTA L u M.
Konraxt L BKmoyaercs B Hayase JBHXKEHHs NPaBofi 4acTH PeOJIOrHIEcKoro
Tena, IPH < > Tp; TOIJA 4epes BMeeBHK Q NMpoTeKaeT OXJaxIalomas OKHNL-
xoeth ((asa moGunusaumwm). Bropok korTakT M BKMIOUaeTCH mMOCKe COBEP-

(15)

g =
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Puc. 7. [Tpucywas xpusas. Puc. 8. Craruvecxas asanocrs, npedea noa-
Uj. 7. UbrBwmndy nrughd: sydecTn u Modyau Moduaulayuu u crabuauaa-
3 . {Uuu KaK UAKKUL HOPMAABHOZO HANPINCHUA.
Fig.” 7. Intrinsic “curve. Uf. 8. Umwmplulmb dwdnighlnipynbp, unn h

wwhdwbp b dophihqugdut ne wowphhqugdwi
Unpnybbep negbu Gordw) perdwb Prlilighw:

Fig. 8. Static viscosity, creep limit and
mobilization and stabilization moduli as
functions of normal stress.

ueHHs gepopMannn MOGHIH3ANHH Y,, H TOrJa Yepe3 3MeeBHK Q mnporexaer
Harpesaiollas XHAKOCTb ((asa paspymenusi). Beanunna nedopmaunn 7,

34BHCHT OT YPOBHSl HANMpsOKeHHil T M Moayast moOuansaunn G, u onpene-
JASeTCA H3” BBIPAXKEHHS
T—1

= 16
1 a (16)

Hactb o6uiero HanpsokeHusi =, paBHas T—7%,, Nepexaercs npasoil uac-
TH PEOJOTHYECKOro Teaa H Bo3jeficTByer na npyxuuy FHy, u amoprusa-
top P. Tox ero neficteuem npyxuna H, NPETEPEBACT MIHOBEHHYIO Tyi-
pyryio aedopmaumuio

To= ——F (17)

rae G,—MOAy/ab PacTSKeHHS npyxunnl /. IMon neficreiem wanpsokenns
T—7% MOPWEHb B aMOPTH3aTOpe P mepememwaercs co CKOPOCTBIO

T=—=

Te=a 0 (18)

D€ a—CTPYKTYPHBIH KoS(rpumuent, saBHOAMIMA OT NJIOMAH CKBO3HBIX
OTBEPCTHH NOPIIHA W 7—JUHAMHYECKAS BSSKOCTh XKHIKOCTH B aMoprHaa-
Tope P.

B «ase moGuansaunn xmaxocts B aMOpTH3aTOpe OXJaMKAaeTcs H ee
AHHAMHYECKAS! BASKOCTh 7 YBEJIHYHBAETCH OT HYJsT MPAMO MPONOPIHO-
HalbHO NPOTEKLWIEMY BpeMeHH

=2 Uf, (19)
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|
| Puc. 9. Peoanzuecras smo0eab NOASYHECTU 2AUHBL ApU cdeuze.

%, 9. Vwhifp dudwbml judh unfp nknpghwlmb dogbpp:
Fig. 9. Rheological model of creep of a clay at shear.

rae L—cTarudeckan BA3KOCTH. IMoxcTtaBassa 310 3HA-
yenue B ypasHenue (18), noay4aem CKOpOCTb Icpe-
velenna nopumna B (pase MOGHIHIALAHA

4, (20)

-
.

Lt
T. €. CKOPOCTb MepeMellelns NopuHda B taze MOGH-
JH3alUH cO BpeMeleM YyMeHbIIaeTcH.

B (hase pazpyuienns AKHIKOCTb B aMOpTH3aTO-
pe narpesaercd M ee JHHAMHUYECKadn BA3KOCTh
YMEHBIIAETCA OT MAKCHMAaJbHOro 3Ha4eHHs

N =l (21)
rae tn,—BpeMs MOGHJIH3auUHMH, = 3aTpayeHHoe Ha
Jgoctaxenye jedopMalurd {n; I9T0 yMeHblIEHHe AH-
HAMHYECKOH BA3KOCTH coBepuiaercs ob6paTHo NpoO-
NOPUHOHAJLHO BeJHYHHE OTHOUIEHHs IpOTeKIle-
ro speMenn [ Ko BpeMeHH Mo6uan3aunn £y, NO

thopmye

=4

Lta

= (22)
ITofcraBasis 970 Bhpakende B ypaBHenHe (18), mosyuaem CKOpOCTh mepe-
Mernenusi nopimusa B (pase paspylieHus

'fi__-

Te=a f—}{-" t (23)

T. €. CKOPOCTh TepeMelleHH s MOpIlHs B (pase paspyuIeHHsl CO BpEMeHeM
YBEJHYHBAETCH.

Ecau xonust A u B peosoruueckoro tesia 3aKpemnuTh, TO NPH JBHXKEHHH
nopmsi. npyxuna F, Gyier ynpyro BOCCTaHABJIMBATL CBOIO NEPBOHAUAML-
nyio nauny. O6mas nepopManms Teja COXPaHATCS, HO HANpPFXKEHHA B
npaBoit uacTd Teja Hcyesaior. Tak Kak HampsiKeHHs B NPyXHHe H, npu
STOM HE YCTPAHSIOTCS TOJHOCTBIO, ~TO B LeIOM MMEET MECTO 4acTutrai
peaaxcayus. Ecnn xouust A u B Tena ocTaBUTh HE32KPEIVIEHHLIMH, TO TIOXL
JeficTBHEeM HanpspKeHHs OGyleT NPOHCXOAMTb JedopMamus; K ynpyro#
nedopmanuu T, + 7, Gyner pobaBasTbes Heynpyras nedopmanus 7. 3a
CUeT BSI3KOrO IepeMelleHHsl TOPIUHS, NPOHUCXOASIIIEro ¢ H3MeHAIolIencs
CKOPOCTBIO BCJIEJICTBHE OXJaX</[eHHs JHIKOCTH B aMOPTH3aTOpe CO BpeMe-
meM B (ase MOOHIH3ANAH (3aMEONAIOUAACS NOASY4ECTb) U €e HATpeBaHHs
B (ase paspymenus (ycKkopAOWasca NOA3YUECTD) .

Ipepnaraemoe peOJOTHUECKOE TENO OTJAHYAETCH OT TeJa IlIsenoBa
CIeyIOLHMH BaXKHLIMH OCOGEHHOCTSIMH:

1) 3ameeBHKOM € oxJakmalomel HaM Harpesaiomlefi XKHIKOCTbIO, KOTO-
pHiil MOJIGTHDPYET TIePeMeHHYI0 BA3KOCTb, YBEJIHUHBAIOILYIOCS B tase MOGH-
JIM3AlMH ¥ yMeHbIIalomylocs: B (ase paspymeHus;

2) xontakramu L ® M, xoTopbie yIpaBAfIOT OXJAaMIEHHEM H Harpe-
BAaHHEM JXKHIAKOCTH B aMOPTH3aTOpe H MOJEIHPYIOT Npeies NOoJ3y4ecTH H
neopMaunio TpH Tpenene MOGHIH3AIMH;

3) KmanaHHBIM JAHCKOM C 3anporpaMMHPOBAaHHBLIM PACNOJNOXEHHEM OT-

BepCTHil, KOTOPHI MOAENHPYET BEPOATHOCTHBIAI XapakTep MeXxaHHYeCKHX
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CBOMICTB CTPYKTYp TPYHTa, mpeiea CTAGHAN3AUMI NPH HUSKHX W CPeAHNX
YpOBHSX HANpsXKeHHii I YCKOPEHHE MNOA3YYeCTH MPH BHICOKHX YPOBHSX

HanpsxeHuit; 7
4) KoHeuHas AJIHHA Y, AMOPTH3aTOpPa, KOTOpas MOAAMPYeT NOJAHOe

paspymenne o6pasua nocje COBepIIeHHs OnpejenenHoit aedopmanuu.

Vpasserus MexaHu4ecKo20 nosederus Mooeiu 8 npoyecce nOAIYHECTu

IMoanas AedopManus 7 MOAeaH B JIOGOA NpPOMEXKYTOMHBII MOMEHT
BpEeMEHH CcOCTaBJIAET

T=Ta+ To+ Tor (24)

rie cocTaBasioONHe onpeneasioTcs us Bupaxenni (14), (17), (20) n (23).
pBCCMOTPHM IopeJeHHe pEOJIOI'H‘IECKOﬁ MOAEJH IpH HCNBITAHHH Ha noasy-
YeCTb, T. €. NPH NOCTOSHHOM SHAYEHHH KacaTeJbHOr0o HanpsXeHHs, Ecan

T<%,, TO mpyxuHa ff, UCNHITHBAET MIHOBeHHYIO Aedopmaunio Y, (ypas-
HeHue 14), KoTopas CO BpeMeHeM He usmeusercd. Peakuns BOCHPHHH-
vaercs nmoasyHom StV. Ecam yGpats manpsikenne, To npyxuna M, noa-
HOCTBIO BOCCTAHABJAMBAET CBOIO AanHYy. [Tostomy aedopmamus Y, ABasercs
yopyrofi. Ecan =%, TO mpyxHHa /7, nCnNHTHBAET MTHOBEHHYIO YIPYTYIO
Aeopmanuio (ypasHenue 14). Oaunospemenno noasyuw StV casuraercs u
BOCIPHHHMAET HaCThb MPHJIONKEHHOTO HANPSKEHHS DABHYI0 T,; npH 3TOM
BK/IIOYAETC KOHTAKT L M uepes 3meeBHK Q HAYHHAET NMPOTEKATh OXJaMK-
Aaiomas KuaAkocth (dasa mobuauzauun). OcraabHas uacTh HANPAKEHNS,
paBHas =—%;, BOCIPHHHMACTCH NPYKHHOM /|, H NPOHCXOANT €€ MIHOBEHHAs
neopmauus 7, (ypasnenue 17). Peakuus npyxuust H, BOCIPHHUMAETCS
nopwnem N W NPOHCXOANT BASKOE TeueHHE, CKOPOCTh KOTOPOro onpene-
AAETCH BA3KOCTBIO 7 KHIKOCTH B @MOPTH3ATOpe H BEJAHYHHON a CKBO3-
HBIX OTBepCTHH B KaananHom ancke K (ypasnenne 20). Ha srom ochosa-
HHHI 3anHCHIBAeM

dy=a—2 th 25)
a4 HHTEerpHpys, noJayvaem
1=—a —2nt+C (26)

Jast ynoGersa MateMaTHUECKO# HHTepHpeTalHH 9TO ypaBHeHHe 3ame-
HAEM TaKHM:
% Af
oy L
A Af
Torpa npn £=0 nepsmit unen storo YPaBHeHHA npeBpauiaercs B HyJb H

MOCTOSIHHAS HHTErPHPOBAHHS NOJYYACTCS PABHON MIHOBEHHON JedhopMallin
Ta+ Tv (ypaBuenus 14 u 17).

+C (27)

L T—1
C=—vu—fp —2°

G, Gy
[TpuGasasis u BBUHTHBAA M3 nNpaBod uacTH ypaBuenus (28) seanunny
R ':p

(28)

, OyZeM HMeTh
a
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-
-

S e )

- G: + Gb
G, Gy G, ¥ GG
O603nauny Moayab casura B uwnTepeane ot 0 A0 <, uepe3s G, u B uHTep-
gaje or %, 10 = 4epe3 Gy; TOrAa

GG,
G, =G, n Gy=—>"—
1 H Uy G.+ Gy (29)
Toraa ypaeuenne (27) MOJXKHO NepenucaTth Tak:
< T— T—1 A
M B B R LA (30

G, G, 3 At

7. €. KpHBasi 1MojsydyecTH B (ase MOGHIH3ALHA ONHCHIBACTCH JiorapupmH-
YecKHM YpaBHEHHEM.
910 ypaBHeHHE NEHCTBHTENBHO VIl NMEPBOro MNOJOXKEHHA KIanaHHOro

JIHCKA NpH a=4a,. B KOHUEe 3TOro sTana, npu t =t,, obwas aehopMauus

COCTaBHT
i 'Ep

T T—r1
T1='_P__+ et — £ln
G, G, 4
[Ipu BTOPOM NOJOKEHHH KJANAHHOTrO JHCKA K x stoit nedopmanui
1, noGasutcs aedopmanus 1" TpH HOBOM 3HAYEHHH KOS(DDHIHEHTA Gy

£, + At
5 (0<t<t,) (31)

i 1 gl < E L) 32
1 ay 2 t + At (5 <t <1y (32)
Orciofa nmoaydaeM obuiee BeIpaXKeHHE LA nedopmanun B hase MOGH-
JIH3alHH
n
W5 T—T, T—Tp L t,-}—At, 33
Y GI+G=+_:215|_I+M (33)

rpe t;=0 ¥ n,—4ACJO NOJNOKEHHH KJIANAHHOrO AMCKAE K no npenena MO-
GUAM3AIHHA. -

B xoneudo#t (pase HCHBITaHHs, NOCHE AOCTHIKEHHS pedopMalid T
(ypaBuenne 16) BKalOYaeTcs KOHTAKT M u uepes 3meeBHK (Q WpOTeKaeT
arpepaiomasi Kuakoctb ((asa paspyuieHHsi); B 5Toi (ase ABHKeHHE
MOPIIHSA MPOHCXOMHT C yBeJHYHBAOMIEACH CKOPOCTBIO (ypaBuenue 23).
Orciona

—
dp= air?—‘l- tdt; (34)
HHTErpUpysi, MOJaydaeM
e 2
y=a % StC (35)
Um 2

[MoCTOAHHYIO MHTErPHPOBAHHS MOAYYaeM H3 YCAOBHS: npn t=tn
1= 1m, OTKYAQ

C=1a—0 -%‘—"—, (36)
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a noicTaBjfaf B NpeAnlayllee ypaBHeHHe, Hafinem
P _a'-__‘:L .ﬂt:-——l). (3?
\ im T o" P
pet m

T. €. KpHBad MNOJ3YYeCTH B (pﬂ.'ie PaspymieHnsl ONHCHIBACTCH YPABHCHHEM

napa6oJsl.
Ypapuenue (37) AefiCTBHTEIbHO AAs MEPBOr0 MOJOMKCHHS KAANAHHONO

aucka K nocae npeneaa mMoGuausaunuy; obosHadum ero Ovksoit /. B konune
3TOro srama, npu f ={f;, obmas JedopMauis COCTABINET

o
! T £ o)
szTm‘T‘ﬂ}'—"—o_A( ; —1) ) (38,
x ¢ :
m
Hpn BTOPOM NOJOMKEHHH KJaanmaHHoro JHCKa K JLOCTIII‘II}'TUI'I .!’.t.‘lt\opMa'
mwun 7y AoGaBuTcs Aedopmauus ' npH HOBOM 3HAUCHHH KOI(QHIUHEHT:

Aj.1 bt
T—7 $* tj ) I
g ——2l———1 J—( ——=1 39
v el e =)= ;
HJIH
T P (48 03 N, (40
e O ( i ) |
B konue storo srana, npu f = f;.1, o6mas aedopMaius cOCTaBHT
T— o &
T=Tj+ﬂl-5-l'ﬁ"’—( i — 8 ) (+1)
21‘1;1
HJH YYHTHIBaS ypaBHeHHe (38)

g (s + £ _75-:“?' ﬂ](f.]" N tﬁl) -'I_ ajy l(’}- 1L !-;} ) {42)

2t
Orciona noanyuaem obmee Beipakenne aasi Aedopmanuu B dase pas-
pyLUeHHS

1y
= tm ot Y (8 ), (43)
L H
rie tj1 =4ty U Ny—uUHCA0 MOJONKEHHT KJaananuHoro aumcka A nocuae npe-
Aejga MOOHJAH3AIHH.

IMpepnaraemast peosiorHyeckas: MOAEAb NOJHOCTBHIO oTpaxaer ocoberl-
HOCTH MEeXaHHYECKOro NOBEACHHS MMIHHBI B TEUEHHE BCEro Mpolecca 10A3y-
UECTH NpPH CABHre; OHA AJEKBATHO ONMHChIBaeT (ha3pl MOOWIH3AUHM H pas-
PyWIeHHsl, npejeJsl MOGHJIH3AaUHH H paspylieHHs. H CKaukooOpasiyio
NepecTPoiKy CTPYKTYPHl I'pyHTa.

UUZRP ¢UULLUY HULR UNYLE AP MLNLAGPULLY UAbI
fenpbune, whuk. ghm. poljmoe FGAPTE SLP-USUPULELL?

(FEdbrwwm. Unwguplfnd | wwlph dwdwhwl haolf ungpl bop ahapaghulwlh Faghypo
Uaghyp pughwgwsd | wnwdguhwlh Sapdipy, app Swynpgupup Jfougpmd L O grggl Sk,

U Qbymguwd £ 1973 [ duppupl bpyhgwhool fugwguwd Unqubpuyple  phflugplibph wb-
umflywls ufodugng fimed mols

22002 Hk qlndbfuudcfplywgfy (uapnpunnp gl fupy
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apmd  dfp wgpumnfly dupd g qroguibn dfpugpué b spnopnfumlpul Jwémgplmfiml mbbgng
wnwdgulpul Judmeg il nhyupumgifng pugpmpng Jupdlifp 4bus [Fompnafulul Jwpd pbp Trnh-
qughmd § unnph bplme sy dappppyugdul m pugpupful bk owigh phfugpeul gpadaf
wnwguyny a. pufpu e winpmlpnmpubbpl o bfowbplwhob Swnlmfadibbpf Swiubulwh
plnigfips Fapu B phpfwd wanph pufugpnadd dugbih Jhpuuhfpljulul Jupph pwhbwdkbpp Japf-
thugd il L purgpuspfwl spmgbph Swduwp Uy puwhwdbbpp wpblfunnpbl wpmamgnmd  Bh
apaidinf wppp angph dud who

1969—1972 PR. puffugpnd fwmwpduwd whuwlwh nwnuliwufppngdpndip
L sfinpdllpuls wyfummwhplhbpp Py wifbghl npng bgpulwgnifyndilibp whby
wuhpl dwdwluly hudp unngph Jupph Jbpuphppups  2hnwgninnfijwh  wp-
qymideplihpf T fuliolput unf yuglibpp Uhplju wgdbgpt Ppndunihpp b fowfl-
th B-pn i gy gl ynlgpbupl (Tep-CTenansH H IAp., 1973) ¢+ bnwgwplng
dughyh  wyfusimulipf wulwhihph b gpodinf nbnpngpwlwh Juppp Swdw-
wyu s fufrmff gl g s lybpugdwl Swdwp vmnph Sulppt pwpuwnpiwd
bis Apd it wbum ol L thnpdbwlpul wpggndphbpp Udbyfp dwhpuwdwul
putp flhplyw g bt dblp nipfiy b

Shumlmi L t]mrﬁﬁmliu:ﬁ wrnnibfibe

Uwhpp dwdwhmly fufp unnpp pifugpp punghugwd £ bplne thauhg' Jn-
phifrgugd b puppu gl Unnph pLfugpnul wnuwgwhnud L purjpuigfnul £
qpadunfs wapndpmnpubbpf Swgnprulywls Jf qupp, npp phmfuwgpfnul b Jwu-
Lpljihpp npngulf wnhguppdudp L Ynngdinpngdwdp, qpwhy dfigh lnfnu -
Gk b v gy Yl wlpnlbpned gnpdnn ndhpnife

Gpmdinfy wmpndpnnpuibph dlpnfud wl Swmlynfymdiibpp npngdnud b
bplyne Swlpupupd Swmlnfd ndihibph Swpuwpbpnfynding* Snundinfyul b lng-
il puley Pudhiolyoelyuls ey gy Suwmnlpmfd pmidilebpp wpmwSw pndnul bb fok-
ity i modbipl F gnpunfing b R bnpduy puquigpfobbph fblpnnpu gl goe-
dwplbpn. gy ol b nidbpp gnpénul bh Jwulplhihph §nlnwlmbbph
dfgni] whghwypud gpndimf qfuniny aa lfnpdwdpny (uly. 1)* Phypwlh pwpdp
£ FIR Awpupbpnifyniip wibpuwl wibf dluwtpnfuned F gpnidinpe Ungpf
phifugpnut wwlwwinal b Swpuphpndfndip (1), npinby Q-gpmiunf lumpp-
fudpnud gopdnng trf] nedp fbljmnplh ke

Uignulp dhly wwpodpnngpughy nhuyp dymwp fwowplnod b fapypwdh.
unrprelpnnoru g fo o bpuw g dwl duwdwiwmly mhnp b mbbhnol vwlplh Sudh-
(i hle pupndbbph hypwfufingd L Lpwhy whgnulp whompy] jupaulbbphs
Uy s ple wpubwwhnud b (2) Swpwphpnddyndip, npuhny k. = (R/Q)tgb
wlnfu] nidbph Swpuphpagd b fbljnnph k, npp gnyy Eomuwgf bynban el -
(hi mdbph wyh Jwup, npp ppwhwiwgdly b ombgp adibgud dleewsfrn furcff poufe
dhy b phmfuwgpfnud b gpndonf  smprdpnnogpupl cpgunddgndips. k. =
= (F/Q)tg0  Auwfbynpyuypli mdbpp Swpwphpnffjuls blunnph L, npp gnyg
Fomwmgpu holomwluwhh nodbpp wyh dwoep, npp o ppwlwiwgdby dlevifinfune-
Pywh Thge wyh phnfwgpnol b ogpodnnf wmprdpnnge gh aeSnunihinifgniiips.
ki=tg0  —wwlph dnpppyrgdwd nppdunpnfpuls Jblnph b onpp onopgdwé
L poynp nudbpf Q Swdwgnpf bpljupnofudp:

Unpfiyfroguyduk thrnynul mbgp £ ndibinul gpniciunf wnpnddpnmpugfr fup-
quifnpnul, w jufilph o fpudle dwubfilyiibpf hnpgdinpngnad, bhwuhph i_mmwli—
quyg ljpwipp dhypl dudwhuwlp Shéwind b b wyg pulp ywnBuinny % unqpf
wpmgmfgndp Wfugnal Eopupnolbhph t Swuwlfpl  nugpy  Swdbdumwluh
(ph. 3), npnhny @ -mnpndpummpugph gopduwlpgh b, npp hufudwd £ gpnihmfi
FIR Qbeunfinfunihwlmffymdifry L Lwwybpl Gwmwljug  hpulph dwdwhwlhy,
T ~qnpdng gnpuifing pupnuli £, ) ~gmpuisfrng pupdwl wgh hpwhwlncfndihe £,
bpp 3f funwpifnul ungp b C-gprdnnfy wmwmply Swéngflnfdinciihe £

Purppuipfwh spnynul gpndunfi wmnpnilpnmpwl punbinul b oIfwy fjopgo-

3 Uluphbpp b pwhwdlbpp wh’s by 108—115:
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fupwd, wyupliph wnbgh £ adibinul gpmdinf “'"l""i"'l‘"'"'{’"."'“r_' b
bununhyisg §yubeh dhsh dudutalp ugmad £ I wiy pul ansunn vog-
pb wpwgnfindip wimd k nuyfin ‘-wlfblfmmmg.wf: duwdwhwlp Shn (ph. 4),
npunkg [ daphpqugdwl dwdwhwhh § wil Swlwywawefowbna b dTnph-
thqugdwh finypg whgdubp puypuydul hnypb: Uig whgalp wbgp b adib-
bnul npny o gh$apdugpuipy Shon: pw dbdnfyndip fuwpwd b pwpdul
dwlyuprulyfg:

Uip pulf yuoswany dwdwhwl-ghpnplughugh ynpugdbpp dapphqug-
Jwlh shnynid punghugmd bb nguphfdulul hnpugdbph funnphbphy (ph. 5,
buly pujpumydwl shnynul —wwpmpnjubbpph lpnnphbphy (ph. 6), npnby  Af-
Jbly dpwnppl Swiwuwp thapp dwdwhwlmdpeng b, op. 1 fuypluls, npp
dingifnud b pubwdlbf dhy wifbpp pus] Fwfbdwmfpljolwl Shlhwpwbhdwh Sw-
Juwp: Ppndunp wnpmdpnngpughl fbpuwluwnngdwh dndblinbbpaud phflugpn
Prynud b dp Shwpwnp hnpwgdhy df nppy, bpwh Swnng hopugdpl (bl 2):
Udby & wipypufr Ynpugdp fnnp Swilwwyuwmwufpwhngd b opnyulf gpodon
weinpnlpmnopu il

dwdwhwhp b vnqpl wpwgnfljwh dhole bqwd thnpdliwlwh Swpwpbpn.-
Fymbp gnyg b mpdwd bl 3-p dfpws Pw pneswpwlioud b oph. 3 L 4, qpudhlp
gnyg b wwpfu vonplh wpugm il fapppwdl whgnulibp bplhne hngnuls

bph pugulwnad b wnpndpnnpugh dbpuljmnngnalp, wopw ungph wpw.
gmflymidip b grpuifing qwpnafbbph Swuwlp wpnwgppup gdwhinphi g s d
bt wyn qupnolbbpp dhdnifpwt Shin (4l 4): Uyg gdhpp bpwmpuwapinul b ph,
7-mfs Uguupuny, phpwd nbnpnghuwhmb hnpugdbph o pu vintstun fulyos lpuste o s -
dmghlniflymibp hpblifg Lbhplhujughnol E gpudphl [Fhp duwuf hnqidhg opnf-
bunnkbph wnwbgph Shin fuwgdywd whiljywl mwhghbup:

Vh. S-p gnyg b wuppu gnyupng qwpaulibph L Inphyfogugduwd wwsdwbf
whprpduwghugh-hump (ph. 8), apnby Gy — dnplypqugdwh dngny £

luwpnulibpp guwdp L dhople Jwlhwppulip ghuypnol pujpurplut shrgnul
wmhp b ndiblingd phffugep pblnul, npp phpnul b bpw Swplwip (S uutip fi-
Uy dwl wwSdwh). wnwphihygugdwlh  wwsdwhfh Swdwwpwmwufowhng 1,
phnplwghwh hufufud 2mpuitfing quwpnulihph duhmpyuwhy: . 6-p ofpu
gnyg b wpfud gmpwiping qupdwh b 5, nhpnplmghuh  dhole bhywd gduwgfih
fwwp, npp wpmwmSwpnfnul F P 9-uf. wymmby U ~wmmpflyhgwgdmly fo-
quigh be Gnguifingy (upnulihph pupdp dulpupyuhfe by pooal piflugpp wilwpm.
ifmod b huwmapguny pusgpus pnal nf npny e ghpapdugpugpl Swalibypmy $hinn,

Ul 7-p fpuw gnyg b ompfws gbpnpdwghwl e ungph wpwgnifl gk ol
bquwé hwwyp (bpSwmnd hnpughd): Pufphy wnmghline b Sbuwgm unmph
mpugneflymbhbph fhppnidnulp gnyg b omwphu, np gpnchinfi umpnlym o gfi
Prfrypudle shnipinfunflyndip hp bupunnw b nihify pusliwdlehp 3-fy dfiyl 6-f hny-
Thy hmpgunpdwsd ungpp phfugpp ghnby ghup Gesibdop, md, i
bbpSwmndy phffugphi:

Ugusgpum] i puy Ginpilig vupnallibph  dwdwhwly hudf  nbopnogpulo
{uppp npngdnul b ynpu Thdmflynidiny, npnlp miihh ropdwle yuifw ooty
unnpl wwlidwhp, warr s ol fy sy dwdmghlym@niip b dnphyfrqugdul ne wur-
rlifqugdwi dngngylbp: Uy snpu dbdnefl yniiichpp qdughinphl fufuwd L
qpadiunnul gapdng bnpduy 8hgdwh b (L. 8, ph, 10 dhigh 13), ]
an=c’|ﬂg:?' limqmllgntp‘mﬁ pmq.lfmfin:llfmitf' Blgmdi £, ¢ b tp’—-um‘e’: b=
Fvusp e & s syl binpibph L "?m.!u'ir-S&[rgmq{lI: &m;{mumpmﬁ;m'i:mnf‘
‘:I-_—;c’—i—s'tgq)' A a'—-{'ﬂﬁq-n[u[ puepedi E:

ﬂ'lsnlnq]lmllmﬁ uUnybih l;mnmgl]_u:bfn
Yhplp g d uwfph dul o ly hunlfe unnph bumflindip ke
un 1 . chp thnpd-
Tl bt lymf Swumuwmnfmd apflf:mzmlflmﬂpuﬁlrbpﬂ Proy b wmwppu v -
swplly gpodinf nhngngpwlwh Ynp dughy (4l 9): Unnbyp puglhugws ¢ bphp
dwufrg fbphl, dwfu b wy:
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Yhppt duwup' Zodgp wowdquiblpul dwpd bl b (H, quapubal): Yppwndws
gogunsfing = pupdwh wygbgnfulh mwl quogubulp whbfupfaphl bplupood
Loy bplpupmflyadp (ph, 14), npuby G.-quu’wirwl{ﬁ wnwdqu ol dn-
yoegle ke Vwpdplip widble df jwpdwh ghuypnod bifwplpdnad ¢ wlpls o [F o g ol
i dgulpuls ghpopd wgfrugfe

Qufa dwup' Uwh bhwhf  wppuumpl dJupd it F (ungnds St V), nph
muwpphph dhgl gnpénud L ynp hwd Ynynl ol pipaulpe bRE fhpundws pupoulp
%y, npmby - ungodfy ypwempln et swSdwhh F, wogpw vagnihip dhnuf
L owhgupd., b ==, www wpg dwpdpip widbpupupd jupddnad b Uju-
wpfruny wigh fpwpny b ophgmiky =, ghpuwguigng pupnad b gupdidby qwpdwh
mugqueflpudp ~—=, Swibignp wqpbhgnfpul mwls bju humwpfed b H,
quupuilinhp ¢ hplhwpnf pudp dgfbynig Sbhnn (ph. 15 )

Uy duwup® shnsfpnfusljuls Swdnigllynfnd mbhgny wnwdgulwh-dwdngpl
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qupdifmd Q) quympp nibgng P dbydfyfp dpgnifs N dfungp mip T whgphp
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NEW RHEOLOGICAL MODEL OF CREEP OF A CLAY AT SHEAR!

GEORGE TER-STEPANIAN?, Prof., Dr.Sc. (Eng.)

SYNOPSIS. A new rheological model of creep of a clay al shear Is sugges-
ted. The model consists of an elastic body, connected In serles with a palr, where a
plastic body is connecled In parallel with an elastic viscous relaxing destructible body
of varying viscosity. The rheological body modeis both phases of the creep—mobiliza-
tion and ruplure and the probabilistic character of the soil structures originated and
destroyed In the creep process. Equations of the mechanical behaviour of the model in
the mobilization and rupture phases are derlved; these equations adequately reflect the

behaviour of soll al creep.

Theoretical study and experimental work performed in 1969—1972
have led us to come to a number of conclusions concening the clay
behaviour in the process of creep at shear. A preliminary report on the
results of this investigation was presented to the Eighth International
Conference on Soil Mechanics in Moscow (Ter-Stepanian et al., 1973).
The basic theoretical and experimental results are stated concisely below
for a better understanding of operating conditions of the suggested model
and its correspondence with the rheological behaviour of the soil. These
results will be presented in more detail elsewhere.

Theoretical and experimental results

The process of creep of clay at shear consists of two phases: mobili-
zation and rupture. Succession of soil structures are originated and

1, Reported al the Symposium on the Theory of Landslide Processes held in

May 1973 in Dilijan.
2 Head, Laboratory of Geomechanics, Armenian Academy of Sciences.



124 . W. TEP-CTENAHSH
i ss of creep; they are characterized by a definite
:::Enz?gggtt::dp::;::ntation ofpparticles, contacts between particles and
in these contacts.
fome]getfl:::tnﬁii:;g prgperties of soil struqtnres are determin_eq b\ rela-
tionship between two opposite properties: fluidity and rigidity; the
higher this ratio the more deformable the soil. These properties quantita-
tively are expressed in vectorial sums of the sh_ear F and 1_101'nml R com-
ponents of contacts of forces, acting in an arbitrary section aa through
the contacts of soil particles (Fig. 1) The higher this ratio F/R the more
deformable the soil. The relation (1) holds during the creep process,
where Q in the vector of the total force acting in the soil section.

The transition from one structure to another takes place in a jump-
like way; the discharge of the excessive shear stresses and their transi-
tion into the active stresses occurs during this reorganization of the
structure. The relationship (Eq. 2) is maintained in the process, where
k,=(R/Q) tan 6 is the vector of the active force rati_o, shm_\'ing _that part
of contact forces which have been realized in the deformation; it charac-
terizes the «rigidity» of-the soil structure; k.=(F/Q tan8 is the vector of
the excessive force ratio, showing that part of contact forces which have
not been realized in the deformation; it characterizes the «fluidity» of the
soil structure; and k,=tan 8 is the vector of the mobilized shear strength
directed along the resultant of all forces Q.

In the mobilization phase the soil structure becomes more regular,
i. e. an orientation of soil particles takes place, the average lifetime of

bonds increases and therefore the creep rate jdecreases directly with the
stress age t (Eq. 3), where « is the structural coefficient depending or
the soil deformability F/R and on the lifetime of bonds, zis the acting
tangential stress, =, ' is the tangential stress by which no creep oceurs
(creep limit) and  is the static viscosity of the soil.

In the rupture the soil structure becomes less regular, i. e. the de
orientation of soil particles occurs, the average lifetime of bonds decrease:
and therefore the strain increases directly with the stress age (Eq. 4)
where t is the mobilization time corresponding to the transition fron
the mobilization phase to the rupture phase. This transition takes place
aft:lr a definite deformation 7; its magnitude depends on the stress
level.

Therefore the time—strain curves in the mobilization phase consis
of pieces of the logarithmic curves (Eq. 5) while in the rupture phas
they consist of pieces of parabolas (Eq. 6), where Af is a small time
mterval, equal to one unit, e. g. 1 second, which is introduced into th
equation for a better mathematical interpretation. In the moments of th
soil structure reorganization the process jumps over from one possibl
curve to another one intersecting it (Fig. 2). Each of such piece of th
curve corresponds to a definite soil structure.

The experimental relationship between the time and the strain rat
is shown in Fig. 8; it illustrates the Eqs. (3) and (4) ; the graph shows :
%'iump-like change of the creep strain rate in both phases of the deforma

on.

The product of the creep rate if no jump-like reorganization of th
structure takes place and of the shear stress age is linearly connecte
with the magnitude of these shear stress (Fig. 4). These lines are descri
bed by Eq. (7). Thus the static viscosity is tangent of the angle forme
by the inclined part of rheological curves. :

3 Figures and formulas see p. 108—119.
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The linear relationship between the shear stress and the mobilization
strain 1, (Fig. 5) is expressed by Eq. (8), where G, is the mobilization
modulus.

In the rupture phase the soil becomes less regular, i. e. the de-orien-
tation of soil particlesoccurs, the average lifetime of bonds decreases and
therefore at low and middle stress levels a break in the process takes
place which leads to its dumping (stabilization limit S); the strain
corresponding to the stabilization limit depends on the shear stress level.
The linear relationship between the shear stress and strain 7, (Fig. 6)
is expressed by Eq. (9), where G, is the stabilization modulus. At high
stress levels the process ends in the total rupture after a certain strain 7,
is reached.

The relationship between the creep strain <+ and the creep strain
rate 7 is shown in Fig. 7 (intrinsic curve). The analysis of the creep
strain rate before and after the jump shows that the jump-like change of
the soil structure tends to deviate the creep process from that which is
ordered by equations of the mechanical behaviour of structures (Egs. 3
to 6) to another one intrinsic for the given soil.

Thus the rheological hehaviour of clay at the given value of normal
gtress is determined by four constant values which have a dimension of
stress: creep limit, static viscosity and mobilization and stabilization
moduli. These four values are linearly connected with the normal stress,
acting in the soil (Fig. 8, Egs. 10 to 13), where s,=c’coty’ is the tension
intercept, ¢’ and =z’ are parametres of the Coulomb-Terzaghi’s shear
strength equation =;=c¢’+a'tgp’ and o" is the effective stress.

Arrangement of the rheological model

The propounded theory of creep of clay at shear and the experi-
mentally determined relationships of soil behaviour make it possible to
- suggest a new rheological model of soil (Fig. 9). The model consists of
three parts: upper, left and right.

The upper part is an elastic Hook body (spring H,). Under the action

of the applied shear stress = the spring elongates instantly by the length
1, (Bq.14), where G, is the modulus of elasticity of the spring #H,.
| The body undergoes elastic instantaneous strain at any stress.

' The left part is a plastic St. Venant body (S¢V), where Coulomb
- friction acts. If the applied stress =<'z, where =z, is the plasticity
'rlimit of the St. Venant body the later remains motionless; if <> 1,
- this body moves irreversibly. Thus it may take over the stress not excee-
‘ding <, and move in direction of the stress under the action of the
exc(eés -;—g):p. This happens after the spring H, elongates for the length
1 (Eq. 15).

The right part is an elastic-plastic relaxing destructible body of
varying viscosity. It consists of a spring /), succesively connected with
' a bored piston N with holes S, moving in a damper P with a coil Q. The
“piston N has holes T and a valve disk K which may turn around its axis.
Rotation of the disk K proceeds in a jump-like way; each time a part of
holes T of the disk K is facing a part of holes S of the piston N. Such
open holes are shown by arrows in Fig. 9. The total area of the open holes
is characterized by structural coefficient a; this value changes by
program. To each position of the valve disk K corresponds a definite
structure of the soil. The length of the damper P is equal to the rupture
strain 71,; as soon as the strain reaches this value the piston N moves out
of the damper P and the body is destroyed.
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:oht part of the rheological body has two contacts L and N. The
conta;lt‘:!':e; 1?;1 mgitched on at the start of tl:le movement at =>%,; then
the cooling liquid flows through the soil Q (p}obl!;zntmn }3h=tse1. T}w
second contact M is switched on after the mobilization strain T, takes
place; then the heating liquid flows through the coil Q (rupture phase).
The value of the mobilization strain 7, depends on the stress level = and
on the mobilization modulus G, according to Eq. (16).
A part of the total stress < equalling =<—=z, I8 tr:_msferred to the
right part of the rheological body and acts on the spring H, and the
damper P. Under this action the spring H, elongatgs. mst-.}ntly by }he
length 7, (Eq. 17), where G, is the modulus of elqstlcxty of the spring
H,. Under the action of the stress =:—z, the piston N moves in the
damper at the rate of '-;-C(Eq. 18). where a is the structural ) coefficient
depending on the area of the open holes in the piston, and 7 is the dyna-
mic viscosity of the liquid in the damper P.

The liquid in the damper is cooled in the mobilization phase and its
dynamic viscosity 1 increases from zero directly with the elapsed time ¢
(Eq. 19), where °* is the static viscosity. Substituting this value _into ’ghe
Eq. (18), we get the rate of movement of the piston in the mobilization
phase (Eq. 20), i. e. the rate of movement decreases.

In the rupture phase the liquid in the damper is heated and its dyna-
mie viscosity decreases from the maximum value 7% (Eq. 21), where ¢,
is the mobilization time; this decrease of the dynamic viscosity proceeds
directly with the time ¢ elapsed after the mobilization time £, (Eq. 22).
Substituting this value into the Eq. (18), we get the rate of movement of
the piston in the rupture phase (Eq. 23), i. e. the rate of movement
increases.

If the ends A and B of the rheological body are fixed the spring F#,
will elastically restore its length as the piston moves. The total deforma-
tion of the body will be preserved while stress in the right part will
disappear. Since the stress in the spring #, will not eliminate completely,
partial relaxation will take place as a whole. If the ends A and B remain
unfixed deformation will occur under the action of the stress = inela-
stic strain y. will be added to the elastic one 7,7, on account of the
viscous displacement of the piston, proceeding at a changeable rate due
to the cooling or heating of liquid in the damper ( damping creep in the
mobilization phase and accelerating creep in the rupture phase).

The suggested rheological body differs from Schwedoff’s body by the
following important features: 1) the coil with cooling or heating liquid
models the varying viscosity increasing in the mobilization phase and
decreasing in the rupture phase: 2) the contacts L and M control the
cooling and heating of the liquid in the damper and model the creep limit
and the mobilization limit respectively; 3) the valve disk with program-
med disposition of holes models the probabilistic nature of the mecha-
nical properties of soil structures, the stabilization limit . at low and
middle stress levels and creep acceleration at high stress levels; 4) the
finite length 7, of the damper models the total destruction of the
sample after a certain strain is reached.

Equations of mechanical behaviour of the model in the creep process
The total deformation <7 of model at any moment of time will be
(Eq. 24), where components are determined from Eqs. (14), (17), (20)
and (23). Let us consider the behaviour of the rheological body by creep
tests, i. e. at the constant value of the shear stress. If = 7, the spring
H, will deform instantly for the length 7, (Eq. 14) which does not
change with time. The reaction is taken over by the plastic body StV. If
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slthe stress is removed the spring A, will restore completely its length.
{TTherefore the strain 7, is elastic. If =_ =, the spring #, will undergo
‘riinstantaneous elastic deformation -+, (Eq. 14). Simultaneously the plas-
itic body StV displaces and takes a part of the applied stress equal to =;
ifithe contact L is switched on therewith and the cooling liquid starts to
[¥flow through the coil @ (mobilization phase). The remaining part of the
iistress, equal to =—=,, 1is taken over by the spring A, and therefore
riinstantaneous deformation occurs (Eq. 17). The reaction of this spring
ziis taken over by piston N and viscous flow occurs; its rate is determined
by viscosity + of the liquid in the damper and by the magnitude a of
gwpen holes in the valve disk K (Eq. 20). Therefore we write Eqg. 25, and
nintegrating, we get Eq. 26.

For a hetter mathematical interpretation we replace this equation by
HEq. (27). Then at t=0 the first member of the Eq. (27) is zero and the
ozonstant C of integration is equal to the instantaneous strain  y,--v,
1)(Eq. 28). Adding and subtracting from the right part of this equation
7|=—=,)/G, and denoting modulus of shear deformation in the interval
1from 0 to =, by G, and in interval from =<, o = by G, (see Egs. 29),
‘nwe rewrite f}q. (25) as (Eq. 30), i. e. the creep curve in the mobilization
Igphase is described by a logarithmic equation.

This equation is wvalid for the first position of the valve disk K, at
‘mm=a;. At the end of this stage, at t=f, the total deformation will be
[)(Eq. 31). In the second position of the valve disk the deformation ¢’ at a
simew value of the coefficient a, will be added to this deformation (Eq. 32).

Hence we get the general equation for deformation in the mobiliza-
iftion phase (Eq. 33), where #,=0 and n, is the number of position of the
swalve disk before the mobilization limit.

In the final phase of the test after the deformation 7, is attained
[)(Eq. 16) the contact M is switched on and the heating liquid flows
{ithrough the coil ) (rupture phase); the displacement of the piston in
{ithis phase proceeds at an accelerating rate (Eq. 23). Hence we write
HEq. (34), and integrating it we get Eq. (35). The constant C of integra-
iting is received from the condition at t=¢,, y=1,; substituting into
HEq. (35) we find Eq. (37) i. e. the creep curve in the rupture phase is
yIdescribed by the equation of a parabola.

Eq. (37) is valid for the first position of the valve disk K after the
nmobilization limit; let us denote it j. At the end of this stage at t=t; the
stotal deformation will be (Eq. 38). In the second position of the valve
ilisk the deformation "’ at a new value of the coefficient a;,; will be
added to this deformation (Eq. 39 or 40). At the end of this stage, at
-¥=1;,1 the total deformation will be (Eq. 41) or taking into account
JEq. (38), we find Eq. (42). Hence we get the general equation for defor-

ation in the rupture phase (Eq. 43) where #_;—#, and 7, is the
imnumber of positions of the valve disk K after the mobilization limit.

- _The suggested rheological model reflects all features of the mechani-
;%al bt_ahaviour of clay during the whole process of creep at shear; it
llescribes adequately the mobilization and rupture phases, mobilization
and stabilization limits and the jump-like reorganization of soil structure.
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