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3HgoxpoHHas:l reopns nnacra-u-ocra, ofiocuiaioutaa TeOpLttKJ 

CaHgepca-KnKJWHLttKOBa 
c 
2. 

jJ,.cP.-M.H., npotpeccop IO.M. Kaoaweau...,; 
K.cP.-M.H., oouenm C.n. nOMblmKuH*,

.r,	 
(/JrSOyanO CaHKm-nemep6YP2CKUU eocyoepcmeennui) mexHOn02UyeCKUU yuue epcumem 

pecmumensnux ttonuuepoe 

nt KIlIO'leSble cnoaa: nnacru-mocrs: recpus: 3HAOXpOHHblll1 nonxon; onpenensnouiwe 
CooTHOWeHlI1~ ; KBa3111CTaTlI1CT1I14eCKlI1l11 sapna-rr 

In 

npll1 pac-ierax Hanp~>KeHHo-AeepopMlI1pOBaHHoro COCTO~HlI1~ oCHOBaHlI1l11 epyHAaMeHToB 1I1 
te KOHCTPYKl.\lI1l11 [1] OCHOBHoe BHlI1MaHlI1e ynensercs MeXaH1I14eCKlI1M 1I1 peOnOr1l14eCKlI1M CBOll1CTBaM rpYHToB 

[2-5]. nOcKOnbKY	 pearu.uue rpYHTbl 1I1 noponu 06naAafOT onpeAeneHHblMlI1 MeXaH1I14eCKlI1MlI1 

<11	 oc06eHHocT~MlI1, a lI1MeHHO cyryfio Henll1Hell1HblMlI1 3aBlI1ClI1MOCT~MlI1 Me>KAY Hanp~>KeHlI1~MlI1 1I1 

i).	 AeepopMal.\lI1~MlI1 , a rakxe B0 3MO>KHOCTbfO AeepopMal.\lI1l11 pa3BlI1BaTbC~ BO BpeMeHlI1 , B 3TlI1X pac-ierax 
lI1cnonb3YfOTc~ caMble paanue epeHoMeHOnOr1l14eCKlI1e [6] 1I1 ep1l131114eCKlI1e reopnn ynpyrocrn [3]. 

nnaCT1I14HOCTlI1 [7 , 8 ] 1I1 non3Y4eCTlI1 [9 , 10]. OAHlI1M 1I13 HanpaBneHlI1l11 lI1CCneAOBaHlI1~ 30H nnaCT1I14eCKlI1X
33 

AeepopMal.\lI1l11 B MaTepll1anax 1I1 rpy-rrax ~Bn~eTC~ 3HAOXpOHHblll1 nOAXOA [11-17] . 

AKTlI1BHOe pa3BlI1TlI1e 3HAOXpOHH0ll1 recpun ueynpyrocru Ha4anOCb C 8 0 - x rOAOB npownoro a exa 

[1 8, 19]. COBpeMeHHoe COCTO~HlI1e 3HAOxpoHHoro nOAxOAa xparxo 1I13nO>KeHO B 0630pe [20] . 

Onytinaxoaauo AOCTaT04HO MHOro 0pll1rll1HanbHblx pa60T, nbITafOl1.\lI1XC~ CB~3aTb 3HAOXpOHHblll1 noaxon C 

xopowo 1I13BeCTHblMlI1 KJlaCC1I14eCKlI1MlI1 TeOpll1~MlI1 (AeepopMal.\1I10HHa~ reopns nnaCT1I14HOCTlI1, reopua 
CKOnb>KeHlil~, reopna nnaCT1I14eCKOro Te4eHlI1~, reopas np0l.\eCCOB , ep1l131114eCKa~ reopns ueynpyrocr» 

II lil T.A .) . B npennaraewou 4111TaTen~M crarse nenaercs nonsrrxa nOCTpOll1Tb 3HAOXpOHHblll1 aapnaur 
reopnu nnaCT1I14HOCTlI1 C npll1cYl1.\lI1MlI1 ell1 AOCTOll1HCTBaMlI1 1I1 HeAOCTaTKaMlI1 Ha OCHOBe pa60T 

6.	 .o.>K . Caunepca [21] 1I1 B..o.. KnfOWHlI1KOBa [22] . OTMeTlI1M , 4TO 0pll1rll1HanbHblll1 B3rn~A na 3HAoxpOHHyfO 

reopmo nnaCT1I14HOCTlI1, OTn1l14afOl1.\lI1l11C~ OT npennaraewou paooru 1I1 OT HeAaBHO ony6nll1KoBaHHoll1 

crarsn [23], MO>KHO Hall1TlI1 B psne pa60T OTe4eCTBeHHbiX Y4eHbiX [24-26]. 

B pafiore Cannepca [21] 6blno nOKa3aHO, KaK MO>KHO nOCTpOll1Tb aapna-rr reopun nnaCT1I14eCKOro 

re-reuna . e cru- l-1CnOnb30BaTb nOH~Tl-1~ nnOCKl-1X nOBepXHOCTell1 TeKY4eCTlI1 . Oxaaanocs, 4TO raxas reopnaII 
6nl-13Ka KaK K nporuosav AeepopMal.\l-10HH0ll1 reopun nnaCTl-14HOCTlI1 , TaK l-1 K cneACTBlI1~M l-13 reopun 
CKOnb>KeHl-1~ [27] . B patiore [22] B..o.. KnfOWHl-1 KOB l-13Y4l-1n nnOCKl-1l11 cnY4all1 HarpY>KeHl-1~. B crarse [28]

2. 
6blno HaMe4eHO HOBoe uanpaanenee pa3Bl-1Tl-1~ TeOpl-1l11 nnacrn-recxoro Te4eHl-1~. B npennonoxeaa« 0 

TOM, 4TO nOKanbHble nOBepXHOCTl-1 TeKY4eCTlI1 CTaHOBmc~ nnOCKl-1Ml-1 . B npennaraevoa crarse Ha 
1X OCHOBe pa60T [21,22] lil [28, 29] aaropasn- CTPOll1TC~ 3HAoxpoHHa~ reopus nnacru-mocru . 

B pafiore [2 8], lilCXOA~ lil3 npennonoxenna 0 TOM, 4TO Bnll1~HlI1eM nepsoro lil rpersero 
B lilHBapll1aHTOB TeH30pa Hanp~>KeHlI1l11 Ha 3aKOHOMepHOCTlil nnacrn-recxoro AeepopMlilpOBaHl-1~ MO>KHO 

npenetipevs, asropu CTPO~T onpenensnoume COOTHOWeHlI1~ reopan Te4eHlil~ B n~TlilMepHOM 

(11 npOCTpaHCTBe lI1nbfOWlI1Ha [30] , nononuwrensuo nocrynwpys , 4TO nOBepXHOCTlI1 rexy-tecrn ~Bn~fOTC~ 

9.	 nnOCKlilMl-1 . 3Tlil noaepxuocra rexy-recra ABlI1>KYTC~ He3aBlilClilMO npyr OT npyra , ynanascs OT ua-rana 

xoopnnuar, KaK ronsxo T04Ka B npocrpancrae Hanp~>KeHlilll1 AOCTlI1raeT lilX rpaHlill.\bl. Onpenensuouine 
ypaaneuua TaKOll1 reopua lilMenll1 cneAYfOl1.\lilll1 BlilA :c 

o. 5 

L (O"k -b S{)·COSqJk =T , (1) 
k= ! 

fR 

5 
u Lcos

2 
qJk = 1. (2) 

k =! 

3AeCb O"k ' s f - KOMnOHeHTbl n~TlilMepHblX BeKTOpOB Hanp~>KeHlilll1 lil nnacruvecxax AeepopMal.\lilll1 B 

npOCTpaHCTBe lI1nbfOWlI1Ha ; T - npenen TeKY4eCTlil MaTeplilana; sf - lilHTeHClI1BHOCTb sexropa 

nnacrw-recxnx AeepopMal.\lilll1 ; b - nOCTO~HHblll1 napaverp. 

H	 Kanauresax fO.J.1., [10MbITKI1H c n. 3 HJlOXpO HHall 'reopas nna CTH'-lHOCTI1, ofiofiuiaiouiaa .reopmo Cannepca­
M lOWHHKOBa 
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B YaCTHOCH1, ,qJls:l O,qHOOCHoro Harpy>KeHV1s:l 6blJlO nOKa3aHO, YTO 

(3) 

(Cf ) = _ T_ [ CPo -Sincpo], (4)
2ff b COSCPo 

T 
(5) 

rne ( cf) - cpenuee 3HayeHV1e nJlaCTV1yeCKOll1 ,qeepopMal.\V1V1; CPo - rpaHV1YHOe 3HayeHV1e yrna cP, npn 

KOTOpOM nJlOCKOCTV1 nOBepXHOCTV1 TeKYyeCTV1 He nepeueuiaiorca. 06paTV1M BHV1MaHV1e, YTO 

nepeueuiaiorca nOBepXHOCTV1 TeKyyeCTV1 npn 3HayeHV1s:lX napaverpa B npenenax - CPo ~ cP ~ CPO' 
ACV1MnTOTV1Ka peureuna V1MeeT BV1,q : 

(6) 

ComaCHO pa60TaM [18 , 31] nocrpoure 3H,qOXpOHHblll1 BapV1aHT CooTHOWeHV1l11 (1) - (2) , eCJlV1 

BBe,qeM BMeCTO sekropa b c f HOBblll1 BeKTOp rk no epopMyJle 

(7) 

B onpeneneuae (7) BXO,qs:lT a - napaverp 3H,qOXpOHHOCTV1 (0 ~ a ~ 1) V1 MO,QyJlb cnsara G. 
Torna nOJlYYV1M, YTO 

5 
(8)L (O"k - brd . COSCPk = T ,
 

k=1
 
5 5 

b r, = LO"k . COSCPk - T, LCOS 
2CPk 

= 1. (9) 

k=1 k=! 

KaK V1 B KIlaCCV1yeCKOll1 TeopV1V1 auzioxponuoro TV1na [31], anecs u-rrepecas: TPV1 -racruux cny-ras : 

a) a= O, Tor,qa rk = C[; 

b) a= l , To r,qa ' i<. = ck ; 

c) a ~ 0 , ro rna peweHV1e a) MO>KeT OTJlV1yaTbCs:l OT b) , ocobe-n-o npu l.\V1KIlV1yeCKV1X 

Harpy>KeHV1s:lx. 

npV1 noctpoe-um 3H,qOXpOHH0ll1 TeopV1V1 nJlaCTV1YHOCTV1 [18]. [31] B onpeziensnoume COOTHOWeHV1s:l 

• 
cneuaansuo BBO,qV1JlCs:l HOBblll1 (MaJlblll1) napaverp a 0" , YT06bl 06eCneYV1Tb HayaJlbHble YCJlOBV1s:l 

,qeepopMV1pOBaHV1s:l C = 0 , 0" = 0 . npV1 epOpMyJlV1pOBKe ,qaHHoro BapV1aHTa TeopV1V1 BMeCTO YCJlOBV1s:l (5) 
6y,qeM V1CnOJlb30BaTb YCJlOBV1e 

V13 kcroporo cnenyer, YTO npu CPo = 0 , 0"1 = O. <!>aKTV1yeCKV1 3TO oaaa-raer, YTO ri npV1HV1MaeTCs:l B 

rpopve 

5 

blj=L(O"k+T)'COSCPk-T, (11) 
k=1 

Kanauresnv I:O.M., rrOMblTKI1H c. rr . 3H.L\OXpOHH a~ reopns IlrraCTW lHOCTI1, ofiofiuiatouias TeOp111O Caua epca­
K JIIOWHI1KO Ba 
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lH06bl otiecne-urrs pafiory CooTHOWeHII1~, HaYII1Ha51 co 3HayeHII151 CfJ = 0 . 

npll1 OAHOOCHOM np51MOM Harpy>KeHII1I11 II1MeeM 

bf} =[(0"1 +T)·COSCfJ -T]·cOSCfJ, 

T 
0"1 = . (1- COSCfJo) npll1 CfJo = 0, 0"1 = 0 . 

COSCfJo 

Ha pnc. 1 npneeneuo peureune (KpIl1Ba51 a), nony-ieuuoe cornacuo pafiore [22]. ipaepll1K 6) Ha 
pnc. 1 - peaynsrar II1CnOnb30BaHII151 epopMynbl 

(12) 

2 r------.-----.----.------,-------r-----, 

18 
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P~CyHOK 1. Kp~Bble Ae<PopM~poBaH~H npa npHMoM OAHOOCHOM Harpy>t<eH~~ 

Ha puc. 2 111 pnc. 3 npueeneus: peWeHII151 O,qHOOCHO~ 3a,qaYII1 , xorna npsvoe Harpy>KeHlI1e 0"1 no 

Ben II1YII1H bl 0"1 = 0"1
o 

CMeH51eTC51 Harpy>KeHlI1eM npOTII1BOnOnO>KHoro 3HaKa. ComaCHO lI1,qe51M Cauaepca 

[21], B03HlI1KatOIl.\lI1e npn 3TOM nnacrn-reckne ,qeepopMallll1l11 06pa3ytOTC51 ,qpyrll1MII1 nnOCKII1MII1 
nOBepxHOCT51MII1 TeKYyeCTII1, pacnOnO>KeHHblMII1 B 06nacTlI1 OT ;rr - CfJ no ;rr + CfJ . Ecnn >Ke 

socnonsaoearsca epopMynaMII1 BII1,qa (12), TO peureuue npuraer BII1,q : 

0"1 = O"? + T . (COSCfJo -1) npll1 CfJo 2: 0 , 
cos CfJo 

(13) 

o T ( 1 SiO CfJo.CQSCfJO-CfJO-1 jc i =ci + - - . + ---"--------"------"---- npll1 CfJo 2: 0 . 
Zr: b COSCfJo 

0
3,qeCb 0"1 111 c? - 3HayeHII151 Hanp51>KeHII151 111 ,qeepopMallll1l11, ,qOCTlI1rHYTble npa np51MOM Harpy>KeHII1I11 . 

OTMeTII1M , YTO xapaxrep Kpll1BblX «uanpaxenae-necpopvauaa», npaseneuuux ua pnc.Z 111 pll1c.3, MO>KeT 
Bbl3BaTb sonpocs: y 3KCnepIl1MeHTaTOpOB. Onuaxo OHII1 C03HaTenbHO npIl1Bo,q51TC51 ,qn51 roro , YT06bl 
non-repsuyn, oc06eHHOCTlI1 nonxona CaH,qepca-KntOwHII1KOBa 111 He06xo,qIl1MOCTb ,qanbHe~wero 

yrOYHeHII151 111 pa3BII1TII151 npennoxeuuoro asuue MeTO,qa. 60 acex pac-ierax npIl1H51TO, YTO CfJo 2: 0, a =1, 

2G = 1, T = 1, 2;rr b = 1. 

Kanaruesas 1O.a., nOMblTKI1H c.n. 3H,UoxpoHHa51 reopna ITJIaCTI1'-lHOCTH, o606waIDwa51 reopnro Caxziepca­
K JIIO W H I1KOBa 
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P~CYHOK 3. npHMoe ~ ofiparaoe HarpY>t<eH~e 

rwnorera-recxoro MaTepHana cornacao (13) 

nO,qLiepKHeM , LiTO 3HaKonepeMeHHoMy V1 LjV1KJlV1LiecKoMy Harpy>t<eHV11O reoraarepnanoa ynenaerca 
,qOCTaTOLiHO fioru.uroe BHV1MaHV1e V1H>KeHepOB V1 nccnenoearenea [32]. 

TaKV1M 06pa30M, npennoxeu HOBbrll1 3H,qOXpOHHblll1 BapV1aHT TeOpL-1L-1 ueynpyrocru , 0606ll.\alOll.\L-1111 
nonxoa CaH,qepca-KnIOWHL-1KOBa . npL-1BeAeHHble npL-1Mepbl npo,qeMOHCTpL-1pOBanL-1 , LiTO onpenensuoume 
COOTHOWeHL-151 HOBOIl1 TeOpL-1V1 L-1HL-1LjV1L-1PYIOT nonoruurrensusre B03MO>KHOCTL-1 B OnL-1CaHL-1L-1 ueynpyroro 
nOBe,qeHL-151 MaTepL-1anOB. OTMeLieHO, LiTO Cne,qCTBL-151, esrrexaroume L-13 ypaBHeHL-1111 HOBOIl1 TeOpL-1L-1, 
,qon>KHbl 6blTb nposepens: 3KCnepL-1MeHTanbHO ,qn51 peKOMeH,qaLjL-1L-1 L-1X npV1MeHeHL-151 B npaKTL-1Ke 
L-1H>KeHepHbIX paCLieTOB. B ,qanbHeIl1WL-1X ny6nL-1KaLjL-151X asropsi HaMepeHbl paCWL-1pL-1Tb LiL-1CnO 
npL-1Be,qeHHbIX npL-1MepOB sa CLieT CnO>KHbIX TpaeKTOpL-1111 Harpy>KeHL-151 L-1 COnOCTaBL-1Tb pesyru.raru 
paCLieTOB C L-1MelOll.\L-1ML-1C51 3KCnepL-1MeHTanbHbIML-1 ,qaHHbIML-1. 

Petiome eunonnene npu nOOOep>KKe Poccuucsoeo cjJoHoa cjJYHoaMeHmanbHblx uccneooeeuuu 
(zpenm 13-01-00157) . 
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