CEPUSA «JOCTUXEHUA COBPEMEHHOM IFEOTEXHUKMN»

K. Imuxapa

IloBenenue rpyHTOB
140}/
3eMJIETPACEHMAX

("\

o

) ok

e

-

-

'

b

1=

=

et

-

g -

(o) |
L
—

e

—




CEPUA

«TOCTHMOKEHWS
COBPEMEHHOU I'EOTEXHHUKW»

Peoaxmopur cepuu:
B. M. YVauyxui, A. I'. llawxun, M. B. JTucrok



Soil Behaviour
in
Earthquake Geotechnics

KENIJI ISHIHARA

Department of Civil Engineering
Science University of Tokyo

Clarendon Press ¢ Oxford

HITO «I"eopexkoncTpykiusa-OyH1aMEHTIPOEKT»

K. Hmuxapa

INIOBEAEHUE I'PYHTOB
IIPU BEMJUIETPACEHUAX

HayuHble pegakTopsl pycCKOro nepeBoaa: I-p TeXH. HaykK,
nipodeccop A. b. danees, kang. TexH. Hayk M. b. JInciox

Cankr-Ilerepbypr
2006



VK 624.131

HMmnxapa K.

IloBeneHue rpyHTOB Tipu 3emierpscenusx: [lep. ¢ anrn. / Ilox pea.
A.Bb. ®ageepa, M. b. Jlucioka / HITO «l'eopekoncTpykius-PyHnaMenT-
npoekt.» — CII6., 2006. — 384 c.: n.

ISBN 5-9900771-1-4

KHaura Belmaronierocs AMOHCKOTO YY€HOro, Npe3uieHTa MexIyHapoaHOro
oblulecTBa O MEXaHHKe TPYHTOB U reotexHuke B 1997-2001 rr., npodeccopa To-
Kuiickoro yHuBepcuTeTa Haykd K. Mmmxapsl nocesnieHa Bornpocam paGoThl nec-
YaHBIX M TIMHUCTHIX [PYHTOB NPH CceHCMHYECKUX Harpyskax. KHura uMeer npak-
THYECKYIO HalpaBI€HHOCTh. [IpHBeeHb! NPUMEPHI HCIILITAHHK TPYHTOB Ha AWHa-
MHYECKYIO Harpy3Ky B IIOJIEBBIX U JaOOpPaTOpHEIX YCIOBHAX C NMPHMEHEHHEM CO-
BpPEeMEHHBIX METOAMK M anmaparypbl. OnHChIBAaeTCS MEXaHU3M PazKHXKEHHUs U Te-
Ky4eCTH [eCYaHBIX TPYHTOB NPH 3eMJIETPACEHHSX.

Knyra npenHasHaueHa U1 CHELMAIMCTOB-TEOTEXHUKOB, HAydHBIX pabOTHU-
KOB, MPOEKTHUPOBILUKOB 3JAHUI U COOPYXKEHMH B YCIOBHAX ceiicMH4eckod Ha-

TPY3KHU.
Tab6n. 11. Nn. 291. BuGnuorp.: 251 Hass.

Ilepesod ¢ anenuiickozo A3bIKA OCYYECMBREH NO TUYeH3UU U30amenscmea
«Oxford University Press», Benuxobpumanus

TlepeBoa Beimomuunu: kaun. ¢wnon. Hayk H.JI. Kypuanos, B. A. Knumenko
(rn. 1-3), E. A, Yxuna (1. 4-10, 13-16), M. H. l'onuk (rn. 11, 12)

ISBN 5-9900771-1-4 © K. Ishihara, 1996
© IlepeBon Ha pycCKHil A3bIK U BCTYTIH-
tensHOe cnoBo HITO «I"eopexoHCTPyKIHS-

Oy gaMeHTIpoeKT», 2006

YBAYKAEMBIE YATATEJIN!

Texuuueckuit komurer Ne38 «BzaumonelicTBue coOpyKeHUH U OCHO-
Banui» ISSMGE, Cesepo-3anannoe otaenenne POMITu® u HITO «Teo-
pekoHCTpYKUMA-OyHIaMEHTIIPOEKT» IpeaiararoT BamieMy BHUMaHUIO HO-
BYIO HAYUHYIO CEpHI0 «JOCTHKEHHs COBPEMEHHON IeOTEXHHUKHY,

JTa cepus BKIKOUaeT paboThl BEAYIIUX COBPEMEHHBIX F€OTEXHHUKOB. Ee
OTKPbIBAET MOHOTpausi BBLAAIOILETOCs SMOHCKOro yuyeHoro Kenmku
Mmuxapsl, NOCBsLLIEHHAs TOBEACHHIO IPYHTOB MPH 3eMIETPIACEHHAX. DTOT
BbIOOp HecnyyaeH. B mocneaHue roiasl NpoH30IUI0 MHOXECTBO pa3pyllu-
TEIlbHBIX 3EMIETPACEHUH ¢ UeJOBEYECKUMH KEPTBAMH.

AHanu3 npuuMH KatacTpoduueckux oOpyLIeHMH 30aHHA U COOpYXKe-
HHI NPH 3EMIETPACEHUAX MOKa3al, 4TO IIaBHOW M3 HUX SBISETCH HEIOC-
TaTOYHAas MPOYHOCTb KOHCTPYKUMH. CylIecTBYIOIUE HOPMATHUBEL HE YUH-
TBIBAIOT B IOJIHOH MEPE BO3MOMKHBIC JUHAMHUYECKHE BO3JEHCTBUS HAa KOH-
CTPYKUMM npu 3emieTpscenusx. He ncenenoBato B JOMKHON cTeneHH mo-
BeEHHE TPYHTOB BO BPEMS 3eMJIETPSICEHHH U Mocie CeCMUYECKHX TOMY-
KOB.

K coxanennto, cerogas B PoccHu mnosBisercs 04eHb Majo HAy4HOM
MHQOPMALMK N0 TAKUM MHOTOIUIAHOBBEIM BOMpocaM. TeM He MeHee, MHO-
T'HE POCCHHCKHE NPOEKTHBIE WHCTUTYTHI MO-TPEKHEMY 3aHHMAIOTCS Ipo-
EKTUPOBAHUEM XKMIBIX, OOIIECTBEHHBIX H MIPOMBIIUICHHBIX 3aHuil B celic-
MOONacHbIX pernoHax. IloaToMy BecbMa BaKHBIM (PaKTOPOM YCHELIHOrO
CEHCMOCTONKOIO CTPOMTENBCTBA ABJSETCS U3yUCHHE MOCIETHHX JTOCTHKE-
HUI HAYKH W NMPAKTHKH B 3TOH 00J1acTH, a TalkKe ONbITa, HAKOIJIEHHOT'O B
pa3IMYHBIX pErHOHAX MUpA.

VBepen, uro kuura npodeccopa K. Humixapel Oyzer nojesHa anas pas-
BUTHSI OT€YECTBEHHBIX HCCIIENOBaHMH B 00nacTu odecneyeHus Ge30MacHo-
CTH TOpPOJIOB U MPOMBIILINIEHHBIX OOBEKTOB NPH CEHCMHUYECKUX BO3IECHCT-
BUSIX.

J-p TexH. Hayk, npodeccop B. M. Viuyxuii



NNPEAUCJIOBUE

B koHue 1960-x ronoB nosiBUAach BO3MOXKHOCT ONPEAENIATh CBOHCTBA
TPYHTOB IPH IMHAMHYECKUX HArPy3Kax C BLICOKOI CTENEHBIO JOCTOBEPHO-
CTH Kak B 1abOpaToOpuH, TaKk H B MOJIEBLIX YCIOBUAX. MIMEBILMECS HA TOT
MOMEHT 3HaHus B 3TOH 001acTH 6b11H 06061eHBI aBTOPOM JaHHOH paGoThI
M OnyOIHMKOBaHBI Ha SIMOHCKOM si3bike B 1976 r. B kuure «OCHOBBI AHHA-
MHKH TPYHTOBY.

HlanbHelee pa3BuTHE TEXHOAOTHH MO3BOJIMIO MOAYYUTh HOBBIE HA-
JICKHBIC JaHHBIC, HCMOJIL3YEMbIE CETOAHA A aHaIU3a U MPOEKTUPOBAHUS
(GyHIaMEHTOB M 3eMIISIHBIX COOPYXXEHHH C YUETOM BIIMSHHUSA HATPY30K, Bbi-
3BaHHBIX 3CMJIETPSACEHUAMH. TeM He mMeHee, 00JbLIOH 06beM U pazHooOpa-
3W€ MOJTyYEHHBIX MaTEPHAIIOB NPENATCTBOBANU Mx 0000imeHuo. [osromy
JTaHHAs KHHMIa HE [TPETEHAYET Ha MOJHOTY OXBaTa BCEX M3BECTHBIX JaHHBIX.
Bo3moxno, oHa jaxe OTIMYAETCA HEKOTOPOH CyOBEKTMBHOCTBHIO, MO-
CKOIIbKY OOJbIlIasg 4acThb Pe3yJbTAaTOB [0Jy4eHa W 00paboTaHa aBTOpOM W
€ro AMOHCKHUMH KOJIJICTaMH.

B nactosiuem Tpyne coxpaHeHa CTpyKTypa paGoTbl, OIy6IHKOBAHHOM
Ha AMNOHCKOM SI3bIKE.

C navana paboThl Haj KHMIOH TPOLITO YXe HECKOJbKO JieT. Bee 310
BpeMsl HCOLIEHMMYIO TIOJJEPHKKY OKa3blBajl MHe npodeccop M. dykyoxa.
Mou konnern npodeccop @. Tarcyoka u3 TOKHIICKOro yHUBEpCHTETA,
qoktop T. Kokywo u3 lleHTpaabHOro ucCC/eq0BaTENBCKOTO HHCTHUTYTA
SHEPreTUYECKON MPOMBILIIEHHOCTH, npodeccop C. Acyno u3z Tokuiickoro
yuuBepcutera Jlenkn u nokrop C. Hait u3 Heenenosarensckoro HHCTUTYTa
MOPTOB U raBaHed cHaOXaju MEHs OuYeHb Ione3Hoi uudopmanmei U y4a-
CTBOBAJIN B IUCKYCCHSIX IO TeMe paboThI.

ABTOp X0Ten OBl TaKKe MOOIAr0JapPUTD 32 MOMOLLbL H COTPYAHHYECTBO
cBoMx Kosuter u3 Tokuiickoro yHuBepcHurera: npocdeccopa . Toxara, roc-
nox K. Cyro u M. Hommmure. OcoGoii 671aroaapHOCTH 3ac1yKuBaer mo-
Mouib, okasaHHas JoktopoM P.TI. Opense u3 komnanun «Kisojiban
Consultantsy.

Kenoxwcu Hwuxapa,
®eppanb 1995 r.,
Tokuo

IMPEJUCIOBHE K PYCCKOMY U3JJAHUIO

IMocne kpynHbix 3emnerpsicenuit B CIUA, fInonun, 1 Apyrux cTpaHax
Mupa, B TOM 4yucne u Poccuu, 0COGEHHO aKTyallbHBIM CTall BOIPOC O BO3-
MOHOM BO3HHKHOBEHMH JedopMalii IPYHTOB BCIEINCTBUE HX pa3ikuKe-
HUA M Pa3BUTHs ONON3HEH. B cBeTe 3THX COOBITHH, a TAKXKe B PE3YNbTaTe
OBICTPOrO Pa3sBUTHS CTPONUTENILHON NMPAKTHKU OCOOBIH MHTEPEC NpencTaB-
nsieT paboTa rpyHTOB B YCJIOBUSIX CEHCMHMYECKOrO HarpyxeHus. MHoruMu
MCCIEN0BATENSIMH B NOCJEAHUE TOABI ObUIM TMONY4EHBl W OIyONMKOBaHbI
MHOI'OYMCIIEHHbIE AaHHbIE 0 paboTe rPYHTOB NPH JMHAMUUYECKON HArpy3Ke.
Pe3ynbTaThl 3THX HCCENOBaHUH ObLIIM MCTIOIB30BAHBl B PEAIbHOM NpPaKTH-
K€ MPOEKTHPOBAHMs COOPYXEHHH. Bbblna NMpeanpHHATa MNONbITKa coOparTh,
0000LIUTh UMEIOILYIOCS HHGOPMALIHIO U NIPEACTABUTL €€ HA COBPEMEHHOM
YpOBHE Hay4HOH MbICIW B KHMre. JlaHHas 3ama4a ObLia BHINOJHEHA, W B
1996 r. kuura soiia B ceT B u3garensctse Oxford University Press.

B nepBbiX riaBax KHUIM JaeTcs XapaKTePHCTHKA JHHAMMYECKHX Ha-
Ipy30K, BO3HHKAIOLIMX BO BPEMs 3EMJIETPACEHHUM, MPHUBOJATCS METOALI UX
OMKCAHWS C FIOMOLUbIO HETMHEHHBIX 3aBHCHUMOCTEH  «HArpy3Ka—
aedopMmais». 3aTeM OMUCHIBAIOTCA MPUOOPHI AN NOJYYEHMs JAHHBIX B
X0l KaK 1abopaTopHBIX, TAK W MOJIEBBIX HCHBITaHUH. B cieayrommx ria-
BaX Ha OCHOBE NOJYYCHHBIX [AHHBIX aHAJHM3MPYIOTCA XapaKTEPHCTHKH
rpyHTa, 3aBucsie ot aedopMalii — MOAYIb U KOI(PPHUUUEHT aemndu-
poBaHusl. 3aTeM pacCMaTPUBAIOTCSA BONPOCHI MPOYHOCTH [JIUH M COMPOTUB-
JIEHHA [ECKOB Pa3KHKEHHI0, O0YCIIOBICHHOMY BO3JEHCTBUEM CEHCMUYE-
CKOM Harpy3ku. B nocneaHux rnaBax uzjaracTcs MEXaHM3M Pa3KMKEHHS
rpyHTa, MOCNEACTBUS JAHHOTO SBJIEHMS, MPUBOAUTCA METOAMKA OLEHKH
foTeHLHANa PaKKeHdss Ha ONPElEeNICHHOH CTPOMTENBHOH ILIOLaiKe C
yUYeTOM pe3yJbTaToB, MOTYUYEHHBIX B XOJI€ MOJIEBBIX [IEHETPALMOHHBIX HC-
NBITaHUH.

ABTOp OY€Hb PaJ BO3MOXHOCTH HOBOTO POXJEHHS €r0 KHHTHU, TENephb
Ha PYCCKOM SI3bIKE, U HajeeTCs, YTO KHHMra OyIET Moje3Ha U Mo AOCTOMH-
CTBY OlIEHEHA BbICOKOKBAJIN(HLUPOBAaHHBIMU HHKEHEPAMH B CTpaHax, ro-
BOPALIMX HA PYCCKOM 53blKE, U MOMOXXET UM 0O0Jee YETKO NpPEACTaBHMTh
npo6seMbl, CBS3aHHbBIE C NOBEACHUEM I'PYHTa BO BPEMS 3€MIETPACEHHH H
[pH BO3AEHUCTBUU APYTUX JUHAMHUECKHX HAIpy30K.



Ilepeson kuuru Gbl1 chenan no npeIoXeHHIo npodeccopa Cankxr-
IletepGyprekoro rocymapcTBeHHOro YHUBEPCUTETA MNyTedl CooOImeHui
B. M. Yimukoro u 3aMectutens reHepajisHOro Aupekropa HITIO «I'eope-
KOHCTPYKUHA-DYHAAMEHTIIPOEKT» KaHA. TexH. Hayk M. B. Jlucroka. ABTop
BBIPAXACT HM CBOK NPH3HATENLHOCTh M 01ar0/IapHOCTD 3a T YCHIIHS, KO-
TOPBIC OHH TPHIIOKUIH VISl yCHEIIHOTO NEPEBOAa U OMyOIMKOBAHUS AaH-
HOH KHHUIH.

Kenooreu Huuxapa,
npoteccop Hayuroro yuusepcurera Uyo,
10 anpens 2006 r.
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OBb ABTOPE

IIpogeccop Kenxxu Himuxapa poguncs
B Slnonuu B ropoae Tokuo. B 1957 r. oH 3a-
xoHuun Yuusepcuretr Tokno, a B 1963 r. 3a-
IIATHI  JOKTOPCKYr auccepraumio. Ilocie
HNPOBENCHMST HCCIIEN0BATENBCKON paboThl B
yHuBepcuteTe MnnuHokica nox pykoBoaCTBOM
P.b.Ilexa oH BepHyncs B YHuBepcurer Toxuo,
rae cran paboTaTb B JOJIKHOCTH JOLEHTa. B
1977 1. oH moAy4Mn JOMKHOCTbL Mpodeccopa
B 00JacTh rpa¥aaHCKOro CTPOMTE/bCTBA, Beero npod. Hiumxapa npopaGotan B
Yuupepeutere Tokuo 40 ner. Bee 310 BpeMs OH NMpPUHMMal akTUBHOE ydacTue B
pabore MexayHapoaHOro o0INECTBa NO MEXaHUKE TPYHTOB W (yHAaMEHTOCTPOE-
o (ISSMFE). B uacTHocTH, OH 3HauuTeNBHO ynyuwui paboTy 4-
roTexuuueckoro xomurera TC4 «['€0TEXHHYECKOE CTPOUTENLCTBO B YCIOBHSX
cellcMuiecKol Harpysku». Kynemunanued pabotst npod. Hiuxaper B ISSMFE
Obu10 €ro HazHayenue npesuaenToM O6mectsa (1997-2001). Kak nenaBHuii mpe-
sunent ISSMFE npodeccop Wimmxapa u ceifac ssasercs unenom Coseta Mex-
JyHapoJHOro obmiecTBa M0 MeXaHHKe IPYHTOB W (yHAaMeHTOCTpoeHHo. Taxke
OH [PUJIOKHIT 3HAYUTENILHBIC YCHJIMS ANA co3aaHus SIMoHCKoM accouuaunuu 1o
CTPOUTENILCTBY B YCIIOBUAX CEHCMHUECKOR HArpy3KH, KOTOpas Obila Opras|3oBaHa
B 2001 r., mpod. Mmnxapa sBisics npesuaeHTom Accouranuy B 2003-2004 rr.

B 1993 r. npogeccop Hmmxapa npouen PeHkrHOBCKYI0 nekluii «Paszpymenns
BCIIEICTBHE PABKUKEHUA U TEKYHECTH TPYHTA, BO3HUKAIOLIME BO BPEMS 3eMIIETPS~
cenui». B 1996 r. on nomyuun meaans M. X.b.Cuaa ot AMepukaHckoro obiiect-
Ba MHXKEHEPOB I'PAKAaHCKOTO CTPOHTENbCTBA. B 1996 r. oH nu3nan kHury «Pabora
TPYHTA B CEHCMHMYECKON reoTexHuke» (omyOmukoBaHa uzaarenbctBom Okcdop-
CKOTO YHMBEPCHTETa), B KOTOPOH 0000ILAIOTCS HayuHble W3LICKAHHS Bcell €ro
xu3Hu. B 2000 r. oH Obl1 yAOCTEH npeMun SINMOHCKOH aKaJeMuH.

[Ipodeccop HMmmxapa onybnuxosan Oonee 250 TexHHUECKMX CTaTeH M TPH
KHHWTH, OH KOHCYJILTHPOBaJl BO MHOTHX KOMIIAHHSIX B PasHbIX CTPAHAX M 4YMTal
NEKIMH 110 BeeMy MUPY. OCHOBHBIM IIPEMETOM €0 HAyYHBIX MHTEPECOB ABJISAETCA
MOJEIUPOBAHHUE HECBA3HBIX TPYHTOB, AMHAMHUYECKOrO TOPOBOr0 JABJICHHSA, Pa3-
KHIKEHUS TPYHTA, @ TAKKE YCTOHYHBOCTH JaM0 U QyHAAMEHTOB B YCIIOBHSAX CeifC-
MHYECKOH Harpy3ku. boablIMHCTBO ero paboT OCHOBBLIBAETCS HA NAHHBIX MOJIEBBIX
MCTIBITAHUH Y OLIEHKE peanbHbIX NMpobjeM paGoThl IPYHTa BO BPEMs 3eMIETpACE-
HHH.

IMocne 3aBepmenns paboTel B YHUBEpCHTETe TOKMO OH 3aHST MOCT podecco-
pa B 00JaCTH FEOTEXHUYECKOTO CTPOMTENbCTBA B Y HHBEPCUTETE Hayku B TOKHO,
ceityac Kenmxu Mumxapa Taxxke siBaserca npogeccopoM, paboTaomuM B paMKax
HAYYHO-KCCIIEAOBATENLCKON IporpaMMel B Y HHBepcHTeTe Uyo.

ithikisi..
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1
XAPAKTEPUCTUKHU JUHAMUYECKHUX 3AJIAY

CyuiectByeT 60JblUOE KOJIMMECTBO 3a/ay, pacCMaTPUBAIOMIUX MOBEjle-
HHE TPYHTOB MPH AMHAMHYECKUX HArpy3kax, HO M3-3a pa3HOOOpa3us MecT
M CJIOKHOCTH YCJOBHH, MPH KOTOPBIX BO3HHKANOT MOJOOHBIE HAaTPy3KH,
C/IOHO YCTAHOBUTH MPUOPUTETHOCTb B PELUCHUM 3a4ay W MOKAa3aTh Iep-
CMEKTUBY MX pa3BUTHUs. MOXHO, O1HAKO, BBIMOJHUTL HEKOTOpBIE 00001Ie-
HUS, PACCMOTPEB AMHAMHUYECKHE 3a1a4H1 OTIAE/IBHO OT CTATHYECKHX.

1.1. iuana3on aedopmanmuii

B pamkax kjaccHueckoW MEXaHHKM IDYHTOB IIpHM PELICHHHM CTaTHue-
CKMX 3a/lad OCHOBHOE BHMMAaHHE YNEJSeTCs OLEHKE CTENEeHH HaleKHOCTH
(yHAaMEHTOB WK 3EMJIAHBIX COOPYXXEHHH C TOUKH 3PEHHUS MOTEPU HECY-
uiei crnocodbHocTH unu oOpyuieHus. OnHUM U3 HauboJee pacnpoCTpaHeH-
HbIX MOJXOAOB SIBMAETCH OuUeHKa (akThyeckoil HecymeH cmocoOHOCTH
rpyHTa M €¢ CpaBHEHHE C HaNpsHKEHHAMH, BO3HUKAIOIIUMH B TPYHTE MOX
AeticTBMeM BHEWIHUX Harpy3ok. Takum o0pa3oM, BHUMAHUE KOHLEHTPUPY-
€TCs Ha OLEHKe Hecyuleld cnocoOHOCTH IrpyHTa. J[pyrum BaKHBIM MOMEH-
TOM, CBSI3aHHBIM ¢ AedopManneli rpyHTa, SBIAETCS PACCMOTPEHHE 0OCAI0K
TPYHTa U COOPY)KEHUH, TTOITOMY OIHMM M3 OCHOBHBIX Pa3[elioB KilaccHye-
CKOI1 MEXaHHKY FPYHTOB SBUAACH KOHCOMHJAIUA TTHH.

PaccmartpuBas 3TH ABe 00JaCTH MEXaHHUKH TPYHTOB, MOXXHO 3aMETHTH,
YTO OCHOBHOE BHHMaHWE YAENSIeTcs NMOBEIEHHIO TPYHTOB, KOTOpPBIE MOJ-
BEpPraloTCs BO3/EHCTBUIO 3HAYMTENBHBIX Jedopmanmit. M3BecTHO, yto mo-
Teps TPYHTOM Hecyluei cnocoOHOCTH O0BIYHO TIPOMCXOAMT MpH Aedopma-
UMM B HECKOJIKO TPOLEHTOB, a CEpPhE3HbIe B WHIKEHEPHOM OTHOLICHUH
0CajIki BCJEACTBHE CXKATHUS WIIM KOHCOJIMAAUUH BO3ZHUKAIOT B OONBILIWHCT-
BE Ciy4aeB NnpH aedopMalry nopsaka 10~ u Gosnee. Takum 06pazoM, Ma-
nble neopMalmK B rpyHTE OOBIYHO HE CYMTAIOTCS JOCTOWHBIMH BHUMaHHA
U HEe MPUHHUMAKOTCS B pacHerT.

C npyro#i cropoHbl, paboTa IpyHTOB B ABHXKEHUH SABISETCA NPEAMETOM
U3y4YeHHs JMHAMUKH IPYHTOB, CJIEIOBATENBbHO, CHJIA HHEPLIMU — 3TO elie
o/MH (haKTop, KOTOPHIH HEBO3MOYKHO MTHOPUPOBATh. XOPOLIO HM3BECTHO,
9TO POJIb CHJIbI MHEPLMH BO3PACTAET C YMEHBIIIEHUEM BPEMEHU, B TEUCHHE
KOTOPOro NMpoucXoauT nedopmauus. [IpH qBmxeHud Mo CHHYCOMAAILHON



10 1.2. PA3JIMYHA MEXTY CTATUHECKUMU U ATMHAMHUYECKHUMH YCIIOBUAMH

TPAacKTOPHM CHJIa HHEPLUM YBEIWYMBACTCA NPONOPLUOHAILHO KBAaApaTy
9aCTOTHI, IIPH KOTOPOH MPOMUCXOIUT LUKJIHNYECKOe AeGOopMHPOBaHHE TPYH-
TOB. CneaoBaTeNbHO, Jaxe NpH OECKOHEYHO MajaoM YPOBHE AehopMaLiuu
CHJIa HHEPLMH NIPU BO3pACTalOMIeH CKOPOCTH ABHXKEHHS MOXET CTaTh 3Ha-
YUTENLHOW Y JNOCTHYh BEIMYMHBI, PH KOTOPOH €€ BIHSHHE HENb3s UIHO-
pupoBaTh IpH cTpouTenbcTBe. I1o 3TOH MpHYKMHE AMHAMHMKA ITPYHTOB H3Y-
4aeT MOBEACHUE I'PYHTOB, UMEKOINHMX Malblii ypoBeHb AehopMaiuu (To-
pamxa 10°°), koTopblii B 0OGBIYHON MeXaHHKE IPYHTOB, HMEIOLIEH Jeno co
CTAaTHYECKUMH 331a4aMH, MMONIHOCTLIO HTHOPHPYETCS. B 3TOM 3akmouaercs
OJIHO U3 OCHOBHBIX OTJIMYHI IUHAMUYECKHX 3a7a4 OT CTATHYECKHUX.

1.2. Pazanuus Mexay CTAaTHYeCKMMH H JMHAMHYECCKUMH YCJIOBMAMH
HarpyxeHus

Y CTaHOBJIEHO, YTO KOID(ULMEHT MOPHUCTOCTH, O0OXKHMMAIOLIME Harps-
KEHUs, BIAKHOCTD U T. . BIUAIOT HA MEXaHHYeCKyI0 paboTy rpyHToB. Ta-
Kue (hakTophi, Kak pa3BUTHE HANPsHKEHHH BO BPEMEHH, yPoBHU aedopma-
IUHA ¥ TeMreparypa, TAK)Ke HIPAKT U3BECTHYIO POJib B ONPEAENIEHUH peak-
U IPYHTA HA TO WM MHOE BO3AeicTBHE. OHAKO 3TH (aKTOPhl OJMHAKO-
BO B&XHbI B YCJIOBHAX JAMHAMHYECKOH U CTATHYECKOW Harpy3kd W, clelo-
BaTeJIbHO, HE MOTYT CUHUTATHCS XapaKTEePHBIMH TOJBKO JJIS AUHAMHYECKUX
yCIOBHH HarpyxeHns. JIMHaMHYeCKue MapaMeTpsbl OYAYT BbIBEICHBI NPH
PacCMOTPEHHH TaKUX ABJICHUH, KaK UMAYIbC, 8UGpayusi U 8OHA.

1.2.1. Cxopocmbo nazpysicenus

ITpoMexyTOK BpeMeHH, IIPH KOTOPOM MOXET ObITh JOCTHIHYT OIpele-
JIEHHbIH ypoBeHb JleopMallii WM HANPSHKEHHUs B TPYHTE, MOXKHO Ha3BaThb
spemenem Hazpydicenus. TIpU XapakTepUCTHKE JWHAMHYECKUX SBJICHUH
HEOOXOAMMO YYHMTHIBATH CKOPOCTh TMPHIOKEHHA Harpy3kd. Heckonbko
BaXKHbIX C MHXXEHEPHOM TOYKH 3peHHsl ABIEHHI KiaccupuUMpyOTCcsl B CO-
OTBETCTBHU € JUIUTEIBHOCTBIO MIEPUOJIA HATPYXKEHHS M MOKA3aHbl HA FOPH-
30HTaIbHOM ocu (puc. 1.1).

B cinyyae BUOpAUMOHHBIX M BOJHOBBIX HArpy30K 3amauu ¢ Ooyiee KO-
POTKMM TEPHOJOM wiau 0osiee BEICOKOI YacTOTOH paccMaTpUBalOTCS Kak
ABJIEHUA ¢ MEHBLIMM BPEMEHEM Harpy»XeHus M, Hao0opoT, 3aja4a ¢ OOJb-
ILIMM MEePUOJOM paccMatrpuBaeTcs Kak 3ajaya ¢ Ooliee AJNMTENbHBIM Bpe-
MeHEM HarpyxeHus. B nanbHeiuieM Mbl OyeM onpenensrs BpeMs Harpy-
HEHUS KaK NpUOSIH3UTENLHO YETBEPTH MEPHOAA, 32 KOTOPBIH NPOUCXOAUT
ofpauieHue 0JHOrO [IHK/A Harpy3ku. 3a/jaud, B KOTOPBIX Harpy3ka AeHcCT-
Byet Goniee 10 cekyHl, oObIMHO CUMTAIOT CTATHYECKMMH, & TE, TAE BpeMs
HIPHWIOKEHWA HAIPY3KH MEHbBLUC, OTHOCAT K AMHamuueckuM. [Tponosnku-
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TENBHOCTh MPUIIOKEHHUS HArPY3KH MOXET XapaKTepH30BaTbCA CKOPOCTBIO
Harpy)keHHsi Wil CKopocTbio nedopmanuu. byaem Ha3pIBaTh UX COOTBET-
CTBEHHO 3¢hghekmom cKOpocmu Hazpyxcenus unu 3ggexmom ckopocmu
deghopmayuu.

Bpewms aeficTBus Harpysku
1 1 1 I 1 1 H 1 ro
. 10° 107 10 1w 10 100 10° 10
eKYHIbI 2
MHuHYTbI 10 10 10
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5 |RE Dynjamen- 0T BOH 7
10 <& Thi 1101 7 ST
§ 2 MalKHHBbI
4
Puc. 1.1. Knaccudukauns aMHaMUUueCKHX 3aAa4

1.2.2. Dpghexmor nosmopoii HazpysKu

[Mpu AMHAMHYECKUX SIBICHHSIX HArpy3ka MPHKIAABIBACTCS 10 HECKOIIb-
Ky pa3 ¢ onpesaeneHHoi yactotoil. Takum oOpa3om, MOBTOPSEMOCTb NpU-
JIOKEHUS HATPY3KH ABJSETCS €Lle OJHHMM OTJIMUYNTEIbHbIM PU3HAKOM JIH-
Hamuuyeckux 3aja4. C yueTOM CKa3aHHOrO Mbl OPOBEIH KJIACCH(QUKALKIO
ABJIEHHI, 4AaCTO BCTPEUAIOIIMXCH B CTPOUTEIBHOM npakTuke (cM. puc. 1.1).

3afa4yu, CBA3aHHbIE C KPAaTKOBPEMEHHBIM [PUIOKEHHUEM OAHHOYHOIO
MUMITYJIbCa, HApUMep, cOpoc 6oMObI UK JETOHALMS 3apsaaa, MpeacTaBis-
HOTCA Kak 3aa4d MTHOBEHHOIO (yJapHOro) Bo3deWcTBHs. JIMTENnbHOCTH
Harpy3Ky 37eCh He MpeBbIIIaeT 107...107 ¢; TaKyio Harpy3Ky oObIYHO Ha-
3BIBAIOT UMAYAbCOM WIW YOQpHOU Haepy3kou. BO Bpems 3eMIeTpsiceHHA
OCHOBHBIE HUMITYJBCBI cocToAT M3 10...20 MOBTOpEeHHH IUHAMHYECKOTO
BO3JAEHCTBHS C Pa3IUYHBIMU aMIUIUTYAaMH. B To e Bpems celicMuueckue
Harpy3K HEperyJIspHbl BO BPEMEHH, MEPHOJ KaXIOro MMITyJbCca COCTaB-
asier 0,1...3,0 ¢, uro, cornacHo puc. 1.1, COOTBETCTBYET BPEMEHH Harpy-
wenns ot 0,02 o 1,0 c. Tlpu 3abuBke cBaii, BHOPOYNJIOTHEHNH, a TaKKe



12 1.3. 3ABUCUMOCTb JEPOPMALIMOHHbIX XAPAKTEPHUCTHK

NPUMEHEHHH BUOpPOKAaTKOB HAarpyskH, NepejaBaeMble Ha IPyHT, IOBTOPA-
1orcs ot 100 go 1000 pa3 npu yactote 10...60 I'. DyHaaMeHTH 110/1 dNeK-
TPUYECKHE TEHEPATOPHl UM KOMIIPECCOPHI TAKXKe MOABEPraloTcs BHOpaLu-
OHHBIM BO3JEHCTBUSM C aHAJIOIMYHON HacTOTOHM, HO KOJIMYECTBO HPUIO-
JKEHUI HATPY3KH B 3THX CJIy4asx HAMHOTO OOJbILeE.

OnucaHHblE MPUMEPbl B OCHOBHOM CBSI3aHBI C T€M, 4YTO OOBIYHO OIpe-
JeNseTcs Kak BHOpaIlMs Wil pacnpocTpaHeHHe BOJHBI. [lpyroii Tun 3a-
Ja4 — aHalIW3 PeaKklyy I'PYHTa Ha MOBTOPAOILYIOCS HArPy3Ky, BBI3BAHHYIO
JBIKEHUEM TPAHCOOPTA WAHM PACHpPOCTPaHEHHEM BOJH 10 NOBEPXHOCTH
BoAbl. ['pyHTOBBIH MaTepyas MOJIOTHA EJIE3HBIX JI0POT U TPAHCIOPTHBIX
Marucrpaiei 3a Bechb MeprHo/ IKCIUTYaTalUH ITHUX COOPYKEeHHH MoJBepra-
€TCA BO3AeHUCTBUIO OOJIBIIOro YUCIa IUKIOB AMHAMHYECKOH Harpy3ku. He-
CMOTPS HA 3HAYUTEILHBIE BApHALIWH MOXHO CYHTATb, UYTO BPEM#A Harpyxe-
s cocraringer ot 0,1 10 HeCKONMBKUX cekyHA. OTIMYUTENbHONH 4epTOoit
BO3/ICHCTBHI 3TOTO THUINA SBJIETCS OTPOMHOE YHCIO NMOBTOPEHUH LHUKIIOB
MpUIIOXeHus Harpy3ku. IloatoMy, XOTS cHia STUX BO3JAEHCTBUHA Upe3BbIHaii-
HO Majia, CyMMapHbIi 3dexT MOXKEeT UMETh OONBbIIIOE 3HAYEHHE [N UHIKe-
HEPHOU TPAKTHKH. B ONMMCaHHBIX BBIIE CIy4yasX, KOTAA YKCIO UMKIOB He-
H3MEpPUMO BEJMKO, 3a1a4a JIOJDKHA pacCMaTpUBATLCS C YUETOM YCTAIOCTH.
IMoBeseHUE TPYHTOB, CBA3aHHOE C MOBTOPAIOLINMUCS HAarpy3KaMH, Kak yxe
TOBOPHJIOCH, Oy/1eM HA3KBATh 3(hPeKmom noemopHo20 8030eHCMEUS.

1.3. 3aBucuMOCTD JePOPMALNOHHBIX XaPAKTEPUCTHK OT CABUTOBbIX
nedopmanuii

Kak n3BecTHO, AeOpMalHOHHBIE XapakTEPUCTHKH IPyHTa B OOJbLIOH
CTENEHN 3aBHCAT OT BeAM4YuHbl ero gedopmauun capura, OOne U3MeHe-
HHS MOBEJICHHs TPYHTOB B 3aBUCHMOCTH OT AedopMauuu CABUTa IPOUI-
JIIOCTPHPOBAHBI Ha pHUC. 1.2, r1ie noka3aHsl MPUONH3HUTENbHbIE AHATIA30HbI
C/BMTOBBIX jiepopManuii, NpUBOJAIINX K Pa3BUTHIO YIIPYroro, yupyromnia-
CTHYECKOrO M TNPEACTBHOr0 HAMPSKEHHOro cocTosHuA. [Ipu GeckoHeuHO
MaJIbIX BelnMYHHaX gedopMaumny (Hike 107°) B GOIBIIMHCTBE IPYHTOB BO3-
HHKAIOT YUCTO ynpyrde obparumele aedopmaunn. C TaKUMH MaJIbIMU Jie-
dhopMaUaAMH CBs3aHBl ABIEHUS BUOPALMU MM PACIIPOCTPAHEHHS BOJIH B
maccuBe TpyHTa. IIpy cpenmux BenmunHax aedopmanmit (ot 107 no 107)
NOBE/ICHUE TPYHTOB SIBIAETCS YNPYTOHJIACTHYECKHM H XapaKTepH3yeTCs
pa3BuUTHEM HeoOpaTHUMBIX nedopmanui. Ilpencrasisercs, 4YTo MOSABIEHHE
TPEWMH M HEPAaBHOMEPHBIX OCaJOK B 3EMISIHBIX COOPYXEHHAX CBA3AHO
UMEHHO C YNpYyromnjacTH4eckoi paboToil rpyHTa B yKa3aHHOM JHAIA30HE
caBuroBblx Aedopmaunii. Korga MaccuB rpyHta noiasepraercst 60iblIum
CABUIOBBIM JieopMaLlMsiM, NPEBLILIAIOLAM HECKOJIBKO NPOLIEHTOB, e-
dopMauMK UMEIOT TEH/IEHLMIO 3HAUYNTENbHO YBEINUMBaTLCA 63 AalbHei-

XAPAKTEPHCTHKH JUHAMHUECKHUX 3AJJAY 13

LIETO POCTA KaCATENbHbIX HANPSHXKEHUH B IPyHTE, U4TO MPHUBOIUT K €ro pas-
pyweanto. C takumu JIedopMalUsaMH, TPUBOIAIUIMMH K pa3pyLICHHUSM,
cBA3aHbl OOPYIIEHUS OTKOCOB M YIUIOTHEHHE WM PadkKHKEHHE MacCHBOB
HECBSA3HBIX IT'PYHTOB.

Jlpyroe sBieHUE, KOTOPOE HEOOXOAUMO YIIOMSHYTb, TOBOPS O MOBEE-
HUH TPYHTOB, 3TO AWJIATAHCHS, T. €. TEHACHLMS TPYHTOB YBEIHMUHUBATHCA
WM YMEHbIIATLCS B 00BbEME MpPU IPEHUPOBAHHOM CABHIE, a TAKXKE MNpH
U3MEHEHWH JaBJE€HUS MOPOBOW BOIBI MPH HEAPEHUPOBAHHOM CABHTE. [[H-
JlaTaHcusl He HabnIOJaeTCs MpH MOBTOPAIOUIMXCA HArpy3Kax B JUanasoHe
OECKOHEUHO MalbIX U cpeHuX nedopmaunii. Ee spdexT HaumHaeT ckazbl-
BaThcA NMpH BeauuuHe nedopmauuu casura Bemue 107°...107 (puc. 1.2).
Cnenyer MMeTb B BHAY, YTO IIOCTENIEHHBIE U3MEHEHHUS XapaKTEPHCTHK
TPYHTOB NPH MOBTOPAFOIIMXCA HAarpy3Kax: CHHXKEHHE KECTKOCTH BOAOHA-
CBILIEHHbIX IPYHTOB UM YIPOYHEHHE CYXMX/JaCTHYHO BOIOHACHILIIEHHBIX
IPYHTOB — MOTYT AIBMSITbCA clieACTBHEM 3 ekTa AunaTaHcHu, MpoSBIsSiO-
uierocst Npy ClIBHre.

Ellle 0AHUM BaXXHBIM aCMEKTOM SIBJSETCS BIUSAHHE CKOPOCTH BO3/ICHCT-
BUS JIAHAMHUUYECKUX HArPY30K HA rpyHT. JlaGopaTopHbBIE HCHBITAHUS MOKA-
3aj14, YTO COMNPOTHUBIIAEMOCTb IPYHTA AehOpMallHAM B YCIIOBUSX MOHOTOH-
HbIX HArpy30K MOBBIILIAETCA C YBEIMYEHHEM CKOPOCTH HarpyXeHHs, a
NPOYHOCTb 'PYHTa BO3PACTAET C yBENMUYEHHWEM MEPUOAA BPEMEHH JI0 pas3-
pyweHus. OTrmernM, 4To 3¢GEPEeKT CKOPOCTH HATPYyKEHUS HE HPOABISIETCS
npu Maioi capurosod aedopmaumu. Beulo ycTaHOBEHO, YTO BETHYMHA
107 sBnsieTcs rpanuLeii npospneHuit mauHoro sddexta (cM. puc. 1.2).

Ha puc. 1.2 yka3aHbl npubnusutenbHele quana3oHsl aedhopmanui, npu
KOTOPBIX TPUMEHHUMBI HEKOTOPBIE OOMIETIPUHSATHIE METO/IBI HCIILITAHUMN 1715
OUEHKH AMHAMHUYECKHUX CBOUCTB rpyHTOB. [IpH MONEBBLIX HCHBITAHUAX C
TIOMOILBIO CEHCMHUYECKHX METOJOB TPYIHO BBI3BATH JedopManiuu, nmpeshl-
watomme 107, u3z-3a OrpaHUYE€HH, CBSA3aHHBIX ¢ MCTOYHHKOM >HEPIHH.
[TosTOMy JaHHBIN METO[ LiesiecO00pa3HO MCIIOIb30BATh TOABKO Ui OTpe-
JerneHus moxyns nedopmauniu npu 6ECKOHEYHO MalbiX AeOpMaITHsX.

Heckonbko Gonpluine nedopMalni rpyHTa MOXHO HONYYHTH C TTOMO-
1[bI0 BUOPALIMOHHBIX MONEBBIX HCIMBITAHWH, KOT/Ia MOLIHBIH BUOpATOp yC-
TaHABJIHMBAETCA Ha MPOTOTUN Oynyileld KOHCTPYKLUH UM HA QyHIaMeHT 1
BKJIIOUAETCA VIS Mepeaayy BUOPALMOHHOTO YCHIIHA Ha OKPYKalOUMH Mac-
cuB TpyHTa. IIpy NpoBENEHHM 3TOrO HCNBITAHHS MOXXHO BBI3BaTh Aethop-
mauun or 107 o 107, Korma Heo6xomumo ONpPENEINTh XapaKTEPUCTHUKH
IPYHTOB NpH Ae(OpMaLIUsIX, JOCTHIAOIUX HECKOIBKUX MPOLIEHTOB, MPO-
BeCHHE BUOpALMOHHOTO MCIBITAHUS 3aTPYAHUTENBHO, TAK KaK IS JIOC-
TH)KCHHUA aJIeKBaTHBIX YPOBHEH BO3ACHCTBHA TpeOyeTcs CIMIIKOM OO0b-
I0€ KOJM4YECTBO 3HEprHu. B monoOHOH cHTyanuu mpeamodTHTENsHO HC-
NBITAaHHE TIOBTOPSIOLIEICS Harpy3Koi.
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Beanunna nedopMauuu 10° 10° 10 10° 107 10’
P Pacnpoctpanenue BonssL| Tpeinnsl, HepaBHo- | Ononsens, ymnoThe-
BJICHHE
BuOpauus MEPHBIE 0CaKH HHE, Pa3KIKEHHE
MexaHuueckne Vapyrue Ynpyro- IMoteps Hecyiuei
XapaKTEPUCTHKH niaacTH4ecKue CMOCOGHOCTH

Odexr nopropHOroO
MIPHITOXKEHHS HArPy3KH

< [
<% >

Spdext

CKOPOCTH Harpy;eHHs

< [
% >

Moayns casura, koadpduuuent Ilyaccona, Yron BHYTpEHHETO

[TocrosaHHbIE
neMnbupoBanue TpeHUs, CLUETIICHHE

Merton ceiicMuue- ¢ >

CKOMH BOJIHbI

[Monesoe BuGpauu-
OHHOE UCIIBITAHUE
HUcmnbiTanue nosro-
psoweiicsa Harpys-
KOH
Pacnpoctpanenune
BOJIHBI, TOYHOE HC- 44—
TIBITAHAE
PezoHaHCHOE HCTIBI-
TaHHe KOJIOHH, TOU-
HO€ MCHBITAHUE
Hcnbitanue noero-
pAloLIelcs Harpys-
KOH

v

<
-

[Monesnie
H3MEpEeHHs

A
v

\

Jlaboparopusie
H3MEPEHHs

A
v

Puc. 1.2. IaMeHeHNs XxapaKTepUCTHK TPYHTOB B 3aBHCHMOCTH OT Aedopmannii

Ecnu yactora BHOpanMM CHHXKAeTcs IO YPOBHS MEHbLIE HECKOJIbKHX
ITMKJIOB B CEKYHAY, BJIHSAHHEM CHJI HHEPLUH MOXHO NpeHeOpedb, U OMbIT
npeBpalaeTcs B MPOCTOE MOBTOPEHUE CTaTHYECKOro UcmbiTaHud. Tak kak
B pacCMaTpUBacMOM JAHAIla30HE YacTOT BIHMAHHE CKOPOCTH OOBIYHO MaJlo,
MCIBITAHHE MOBTOPAIOLIEHCA Harpy3Ko# MONE3HO MPH MOJIEBOM H3yYEHHH
TPYHTOBBIX OTJIOXEHHUH NPH CPEAHUX H GobIIMX AedopMauHsX.

B naGopaTopHbIX YCIOBHSX A7 ONpEACNcHUs YIIPYTUX CBOMCTB IpyHTa
Yalle BCETO NPHMEHSAIOT METOH PaclpOCTPAHCHHS BOJHBI IO KOJOHHAM
[PYHTOBHIX 00pa3uoB. Pe3oHaHCHOE HCHBITAaHHE KOMOHH TaKXKe SABIAETCH
NOMYJIAPHBEIM CIIOCOOOM HCCJ/IeIOBaHHs FPYHTOB B s1aGoparopuu. IIpu 3THX
UCIBITAHUAX CYLIECTBYET BO3MOXXHOCTh F€HEPUPOBAThH AeOopMaliuy Belu-
yuHo# g0 107 B 3aBHCHMOCTH OT THIa rpyHTa. YIIpyTHe CBOWCTBA IPYHTOB
npH Majbix AeopMallAX MOXHO TAKKe ONPEICIHTh M3 1ab0paTOPHBIX
HCMbITAHUA 06pa3uioB, B XOTOPHIX Aehopmaliyis M3MEpPAETCS C BBICOKOH
TOYHOCTBIO [PH MOMOLLY CNiELHaJIbHBIX IPUOOPOB.

s n3yueHus pabotel rpyHTa rnpu AeopMalui B HECKOIbKO NIPOLCH-
TOB BJIMSHHEM 4acTOThI cleayeT npeHebpeysr panu Gonee TOYHOH OLICHKH
nedopmauun. B obiuem, B 06pasuax TpyaHo Bbi3BaTh KonebaHus 60ibLuoi

XAPAKTEPUCTUKHU JTUHAMUYECKHX 3ATTAY 15

aMILIATY bl 6€3 CHIKEHHUs TOYHOCTH pe3ynbTaToB. HamiydliuM perueHn-
€M TpoOIeMBl ABIAETCH CHWKEHHE YacTOThl O YPOBHEH, NPH KOTOPBIX
BUOpAlMOHHBIE HCIBITAHUS TEPAIOT CMBICH. TakuM 0Opa3oM, HCIIBITaHHE
TpaHcGOpMHUpPYETCSs B TaKk Ha3bIBAEMOE HCIHBITAHHE MOBTOPAIOLLEHCS Ha-
rpy3Kkoit 6e3 kakux-m6o Moxudukanuii ucronpzyemoro o6opynosanus. B
npolecce TaKMX HCIBITAHUH K 00pasily rpyHTa MOTYT ObITh NMPHIIOXKEHBI
AedopMalMi, NPUBOAAIIKNE K €ro paspylieHHI0. B mociennee BpeMs 3Ta
Pa3sHOBUAHOCTb HCIBITAHKI LIMPOKO MCIIOJb30BATACH [IPH U3YYEHHH TIOBE-
aeHus ciaabblX IIMH WM MOTEHIMala Pa3KMKEHUS BOJOHACBHIIICHHBIX
HECKOB B 3a]]a4yax, CBA3AHHBIX C 3eMieTpiceHHsAMH. Ocob0 OTMETHM, YTO
P MCIBLITAHUSAX NOBTOPAIOIIEHCS HArpy3KOH IUIA pacdyeTa KOHCTaHT yIn-
pyrocti He TpeGyeTcsa KakoH-TH60 TEOpHH peaKUHH CHCTEMBl, B TO BpEMA
KakK AJI8 MHTEPINpPETaurdy NnoBeAeHus o6pa3nos Npu BUOPALIHOHHBIX HCIIBI-
TaHHAX HCIIONB3YETC TEOPHS PEaKLMU CHCTEMBI.
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XAPAKTEPHBIE U3MEHEHUA NMUKJINYECKHUX
HAIIPSsI’KEHUU B TUIIMYHBIX YCJIIOBUSX
IMPUJIOKEHUA TMHAMMYECKHUX HAT'PY30K

C uHKeHEePHOW TOUKH 3PEHHUSI MOXKHO BBLIEIUTh TPU OCHOBHBIX MPHYH-
HbI, BBI3BLIBAIOIMX LMKJIHYECKOE HArpyXeHUe TPYHTOBOM Cpejibl: 3emiie-
TPSACEHHUS, TPAHCIOPT U MOPCKHE BONHBL. PaccMOTpuM xapakTepHbie 0Co-
OEHHOCTH LUKIMYECKUX HArpy30K, MTOPOKIAEMBIX STHMH BHELUHUMH (ak-
TOPaMH.

2.1. Iiuknnueckue HANPSIKEHUsI BO BpeMs 3eMJIeTpsiceHni

Oobwenpusnan 10T daxr, yTo 0d1bLIAs YacTb koneOaHHH IPyHTOBOIO
MaccHBa BO BpPEMs 3eMJIETPsiCeHHUs] 00yCI0BNEHA BEPTHKAIBLHO HaNpaBJieH-
HBEIMH 00BbEMHBIMH BOJHAMH, KOTOpPblE TEHEPHUPYIOTCH 3aneraloliMMi Ha
rnyOuHe cKalbHBIMU nopoAaMy. I10BepXHOCTHBIE BOJHBI TAKXKE BKJIHOYA-
I0TCS B MPOLECC, OJHAKO MX BIMSHHE OLECHUBAETCA Kak BTopuuHoe. O0b-
€MHBi€ BOMHBI COCTOAT M3 BOJIH CABUIa (HOMEPEYHBIX BOJIH) M BOJH CXKaTHs
(mpomonbubix BOJH). Ilpu poBHOH NOBEPXHOCTH IPYHTa 3TH BOJIHBI BbI3bl-
BAIOT, COOTBETCTBEHHO, CBUIOBBIE H CKMMAIOIIME HanpskeHud (puc. 2.1).
[Tpu pacnipocTpaHeHUM BOJH CXKATHS HOPMAJIbHBIC HANpPSXKEHHUS BO3ZHHKAIOT
KaK B BEPTHKAJILHOMW, TAK U B TOPU30HTAIBHON MIOCKOCTSX, YTO HAPUBOIUT K
(hOpMHUPOBAHHIO B IPYHTE TPEXOCHOTO Ae(POPMHPOBAHHOTO COCTOAHHS.

IIpy poBHOH NMOBEPXHOCTH FPYHTA I'PYHTOBBIH MIEMEHT HE MOXET Ae-
(hopMHpOBaTECS B TOPH3OHTANBHOM HAIpaBieHMH. B sTom ciyyae Hop-
MallbHble TOPU3OHTANBHbIE HAIPSXKEHUS Oy, OyAYT CBA3aHBI C HOPMAaJIbHbI-
MH BEPTHKAIbHBIMHU HAMPSDKEHUIMH O, cleayomelt dopmynoii:

Own -V _ 2.1)

rae v — koadduument [Tyaccona.
B cnyvae BOIOHACBHIIIEHHOTO TPyHTa, HCMONB3ys ypaBHeHHe (6.20),
npusenenHoe B . 6, kodpduuuert [lyaccoHa MOXHO OMpeseNuTs MO

dopmyne

2.1. UMKJIMYECKUE HATIPSIKEHM S BO BPEM S 3EMJIETPACEHUN 17

v =%(1—nGOC/), 2.2)

rae n — nopucrocts; Gy — Momynb casura; C, —C)KHMaeMOCTb BOIbI.

Uctone3sys (2.2), nepenuiuem ypasuerue (2.1) B Buge

Oar = |- 2nG,C, (2.3)

de

HanHoe oTHowIeHHe npencTasieHo Ha puc. 2.2. [TockobKy Moaysb
casura Gy ana cnabbix rpysToB He npesbimaer 50 MITa, HopMansHoe ropu-
30HTAJIbHOE HAMNPSKEHHE O, BBI3BIBAEMOE IPOXOIKAEHHEM MPOIOIBHBIX
BOJIH, NPaKTHYECKH PABHO HOPMAJIbHOMY BEPTHKATILHOMY HANPSHKEHHIO O,

a 7 6

Odv
kil

2= Odb

-

S S

Puc. 2.1. HanpsxeHus, Bbi3bIBAEMBIE [IPOXOIKACHUEM OOBEMHBIX BOJTH:
d — CIBUrOBbI€ HAMPSXKEHHs, BO3HUKAIOLLUE B PE3YNbTATE BO3ACHCTBUS
C/IBMTOBBIX BO/IH; 6 — COKMMAIOLINE HATIPSDKEHUS, BO3HHKAIOLIHE
B pe3y/IbTaTe BO3ACHCTBHSA CXXUMAIOLIMX BOJIH

T T lfl]l”‘ 7 Il(llll[ T T T

Oan \

=1-2nGoCs .

Oow ~ 1=V~

IMopucrocTs

& L n=03

= - 04 ]
= ]
© 05 .

L C2=4BX10'5/Mna i

090l Ll Lo gl L1
10 10 100

Mopnyns cagura G, MITa

Puc. 2.2. HanpsixeHnHoe cocTosAHUE,
BbI3bIBAEMOE NMPOXO0XKICHUEM NPOJOTLHBIX BOJH
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W3 3TOTO ClIEyET, Y4TO PaCHPOCTPAHEHHE CKMMAIOIMX BOJIH B Cabblx
BOJIOHACBHIIIEHHBIX TPYHTaX BbI3BIBAET NOYTH HCKIHOYHTENLHO CKHMAIO-
M€ HAMpPSOKEHHMS, [IPHYEM KOMIIOHEHT JE€BHATOpa HAlpPKEHHN Oy — Oay
NPaKTHYeCKH paBeH Hymo. [TockoIbKy CKAMAroIe HANPHKeHUs nepena-
FOTCS 4epe3 BOAy, COAePKaUIyocs B Mopax rpyHra, a¢dexruHbie Hanps-
KEHHSA, BBI3bIBAEMbIE MPOTOJILHBIMH BOJHAMH, OCTAKOTCA HEM3MEHHBIMHU.
[TosTomy 3(PexToM BO3eHCTBHS NPOAOIBHBIX BOJIH MOXHO MpeHebpeusb
NPHU OLIEHKE YCTOHYHBOCTH FPYHTOBOTO MacCHBa B PE3yNbTaTe, HapuMep,
PaRKIDKEHHUs U CBA3AHHBIX C 3THM OC40K [IECYaHOro rpynra. TakuM obpa-
30M, TOPH30HTAJIbHBIE CABHIOBbIE HANpPSXKEHHs, BO3HUKAIOIME MpH pac-
MIPOCTPAHEHHH TOIEPEYHBIX BOJIH, SIBJIAIOTCS OCHOBHBIM KOMIIOHEHTOM
HANPSHKEHUH, KOTOPBIE HEOOXOAUMO yUUTHIBATh MPH pacyeTe yCTOHUHBO-
CTH I'PYHTa C POBHOH IOBEPXHOCTBIO B OJTHOMEPHO# TOCTAHOBKE B yCJIOBH-
X 3eMICTPICEHHUS.

CsoboaHas
MOBEPXHOCTD e o —+

A TRITE .z 1 AR X

Us = Ugcos (WV%) eiwt

F4

Puc. 2.3. TunuyHoe pacrpeaeieHue MPUIOBEPXHOCTHBIX TOPU3OHTANBHBIX
riepeMeLIeHHii B OHOMEPHOH MOJIENH PACTIPOCTPAHEHHS BOJIH

[lycTh BENMUMHA FOPU3OHTAIBHBIX Nepemelnenuii U, npu npoxoxnie-
HHH TI0TIEPEYHbIX BOJIH ONPENeNseTcsi TApMOHHYECKOH QyHKUMeH

U =U,cod 22 &, (24)

rie 0 — yrjioBas 4acroTa, V; — CKOpOCTh pacnpOCTPaHCHMS NONEPEUHBIX
BOSIH; Uy — BENMUMHA FOPUIOHTATBHBLIX MEPEMELICHUH TIOBEPXHOCTH IPYH-
TOBOro Maccupa (z = 0), Kak nokasaHo Ha puc. 2.3.

[1py yci10BUH, 4TO MACCHB PYHTa MPEACTABIIEH FOPU3OHTAIBHBIM YII-

2.1. UHKJIMYECKHUE HAMPSDKEHWS BO BPEMSI 3EMJIETPACEHUN 19

PYTHM NIOJYTIPOCTPAHCTBOM, CABUTOBOE HANpAXKECHHUE T, U TOPHUIOHTAIIBHOE
YCKOPEHHE a;, OIPECACTIAIOTCSA, COOTBETCTBEHHO, KaK

U, ’U
Ta':GO } »ad, = atzx.

5 (2.5)

HOJI(;TaBJmH ypaBHenne (2.4) B (2.5) W wuCnONB3ys BLIpAXKECHHE
Go=pV,", MOXKHO BBIBECTH OTHOLIEHHE T4 (axpz) B BHAE

0z
tg 7

Ta _ s/ (2.6)
a,pz wz
v

¥

The P — yA€IbHBIH BEC IPyHTA.

Jlns rpyHTOBOrO Jn€MeHTa, PaClONOXKEHHOro GJIM3KO K MOBEPXHOCTH,
BesiuuuHa wz/V; ouenb mana u tg(wz /V,) = wz /V,. CnenosatensHo, ypas-
HeHue (2.6) MOXKHO 3aMucarTs B BUIE

T, =apz. (2.7)

OTO 03HAYAET, YTO BEJMUHHA CIBUTOBOTO HATPSKEHMUS, AeHCTBYIOLIETO
Ha r1ybuHe z, NpuOAM3UTENLHO PaBHAETCS NPOM3BENECHUIO MACCHI FPYHTa
Ha rayOMHY z M NOBEPXHOCTHOE yCKOpeHMe. 3aBucHMOCTh (2.7) MOXHO
BLIBCCTH M [PyrMM CMOCOOOM, PaccuMTaB ACHCTBYIOILYIO Ha IPYHTOBYIO
KOJIOHHY CHJly MHEpPLUH, KOTOpas JO0JKHA HAXOAMTHCS B PABHOBECHH CO
EE,HBPII‘;)ZB)IM HanpskKeHWeM, JCHCTBYIOMMM [0 TOAOUIBE  KOJOHHBI
puc. 2.4).

CsoboaHas
[OBEPXHOCTh

TRTAIATE EEEEREET TRIRTER

ahpz |

——

Td

Prc. 2.4. PaBHoBecHe cHi BOTM3M TOBEPXHOCTH rPyHTA
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Ecln MacCHB IpyHTa MUMEeT CJIOXHYI0 KOH(HIypalMio, HEoOXOIUMO
MPOBOAMUTEL JABYXMEPHBIH aHANINU3 CEHCMMYECKOM PEaKUMU A OUEHKH W3-
MEHEHHs KacaTEeALHHIX HANpPsHKeHUHd BO BpemeHU. B Takmx cmyvadx Ha
3]E€MEHT TPYHTa BO3ICHUCTBYIOT [Ba KOMIIOHEHTA KacaTelbHBIX Harpske-
HUit (T; U G4, — Og), KaK TIOKa3aHO Ha pHC. 2.5. B pesyibTare MHOro4uc-
JE€HHBIX BAPMAHTOB aHAIHM3a CEHCMHUYECKON peaklyH ObLIO MOKA3aHO, YTO
Ka)KIbIHA M3 3THX KOMIIOHEHTOB YBEJIHYUBAETCS (MM YMEHBILACTCS) MpaK-
THYECKH TIPAMO IPOTMOPILUOHATBHO YBEIWUSHHUIO (MM YMEHBIICHUIO) Jpy-
roro KOMIoHeHTa. 13 3Toro ciaenyer, 4To B II000H MOMEHT BPEMEHH COOT-
HOILIEHHE MEXY TyH (Gyy — Ogy)/2 OCTAETCS NIPUOIIM3UTENBLHO MOCTOSHHBIM.

Odn
> 2
(de Gdh) tg2[3= T:/
G4 —Ou

Puc. 2.5. KoMITOHEHTH! HanpsXKeHHi, JeHCTBYIOILMX HA 31EMEHT IpyHTa

HamoMHMM, YTO MMEHHO 3TO OTHOILEHHE ONpEAE/seT HampaBlneHHE
AefcTBYSA TIIABHBIX HANPsDKEHUH f:

2
tg2p=——4— , (2.8)
04— Ou

rae B — yroa Mexay BEpTHKAJbIO M OCbIO HauOOJIBIIErO [JIaBHOTO HAmps-
sxeuns (cM. puc. 2.5).

CneznoBaTenbHO, MOXHO YTBEPXKIaTh, YTO MPU LMKIHYECKOM H3MeHe-
HUM KacaTelbHBIX HANPSKEHWH BO BpPeMs CEHCMHUYECKOTO BO3JEHCTBMS
HanpaeJIeHHe OCH NIABHOTO HANPAXEHUS OCTAETCHA NPAKTUISCKH HEH3MEH-
HbIM. DTO CXEMaTHYeCKH MOKAa3aHO B JBYXMEPHOM IIPOCTPAHCTBE HaMps-

2.2. \TMHAMHWYECKHE HATPY3KU OT TPAHCITIOPTA 21

)KEHHH Ha puc. 2.6, a, TAe BEIMYHHBI T, U (G4 — Oy)/2 TIOKA3AHBI KaK nepe-
MEHHBIE B [IByX OCSIX KOOPIAHMHAT.

2.2. lunaMMIecKHe HATPY3KHU OT TPAHCIOPTA

JlvHaMu4eckre Harpy3kd OT TPaHCIOPTa HA JOPOKHOE MOKPBITHE H
B3JIETHBIE IIOJIOCHI a3pPONOPTOB MOKHO YMNPOLICHHO MPEACTaBUTH B BHIC
ypyroro nojiynpocTpaHcTBa, Ha KOTOPOE BO3AEHCTBYET paBHOMEpHas Ha-
rpy3ka po Mo MoBepXHOCTH wupuHOH 2a. Ilo pewenuto Byccunecka mns
YCIOBHi IBYXMEPHOMN MIIOCKOH aedopMaLuy COCTAaBIAOLIME HaNpsKeHHit
3aIMCHIBAOTCS KaK

G, = %[00 +sin 90 COS(e| + e2)]’

_p -
0, = 7“[00 —sin 8, cos(6, +6,)], (2.9)

=P

T, - sin 6, sin(0, +6,),

8,=6,-6,
rae 6 1 6 —~ yriibl Mex1y BEPTHKANBIO U BEKTOPAMH, COEAHHSIOMMMH Kpaii

NIOLAAM Harpy»eHUsl C paccMaTpUBaeMOM TOYKOM, KaK IOKa3aHO Ha
puc. 2.7,

a Ta 6 Td 6 td
—zg—:-d' h Od“ 0 @V %h
\

Prc.2.6. XapakTepHbie M3MEHEHUs BYX KOMIIOHEHTOB KaCaTelbHbIX HAMPSKCHHH
B TPeX THIHYHBIX CHTYAUMSX JUHAMHYECKOr0 HATPYXKEHUS: @ — UUKIMYECKUE
HAIIPAKEHUSA B PE3YNIbTATE 3EMJIETPACEHHS; 6 — OT BO3ACHCTBHSA MOPCKHX BOJIH;
8 — OT BO3IeHCTBHS TpaHCIopTa

Haunbonbiine n HauMeHpIINE TIABHbIE HANPSKEHHS Gy M Gg3 PACCUH-
I'bIBAIOTCA 1O XOPOLLIO U3BECTHOM HopMyie



22 XAPAKTEPHBIE U3MEHEHHS LIUKJIMYECKUX HATIPSDKEHH

2
G, +0 6, -0 .
_ Y4 d ( dv dhj +Tf]=£‘l((50+sm90),
T

Gd] -
2 (2.10)

2
G, +0 O, -0 :
—%4*0u ( dv dh) +T§=&(co—sm60).
T

- 2Q -—-——-—" By

i .

7 7 X

277777

01 02

Cav ~\9‘o

T
Ooh , 1;,_ _____ _
! z

Puc. 2.7. PapHoMmepHas Harpy3ka, IeHCTBYIOILAsA HA YIPYroe MoaynpoCTPaHCTBO

HanpasieHue QeiACTBHA HanOOJIBLICTO IVIABHOIO HAINPSIKEHHS MO OT-
HOILEHHIO K BEPTHKAIIH Onpeaesiercs yrioM P

tg2B=— T4 = 1g(8, +6,)- Q.11

&~ Vdh

PacnipeziefieHre HECKONBKMX KOMIIOHEHT HANpsHXKEHUH B FOPH3OHTAIb-
HOM TUIOCKOCTH, PACCYATAHHBIX 110 popmyaam (2.9)+2.11), npuBeaeHo Ha
puc. 2.8.

H3MeHeHHe HANpPsHKEHUH, TeHEPUPYEMBIX B OMPEIECIECHHON TOYKE T0-
JYNIPOCTPAHCTBA B PE3yNBTATE HArPY3KH OT KOJIECHOTO TPAHCMOPTa, MOXHO
ONPEMENNTh, IPOCIIEANB B3TIAA0M OT —© 0 +00 BOJb OCH abcuuce rpa-
¢uKoB Ha puc. 2.8 U CUNTHIBAs BEIHYMHBI HANPSIKEHHA Ha KKIOH TOUKE
3710 ocH. U3 puc. 2.8 BUIHO, 4TO KOMIIOHEHT Pa3HOCTH HaNpPSKEHHH (Cg, —
— O4)/2, TaK XKe KaK M FOPHU30HTAIbHOE KacaTelIbHOE HANpPSKEHHE Ty, U3-
MEHAETCA MO Mepe pacnpoCTpaHEHHUs KOJECHON HArpy3KH 110 MOBEPXHOCTH
rpyHra. OJHOBPEMEHHO B TPYHTE BO3HHMKAIOT W3MEHEHHS B HanpaBICHUH
JEeHCTBHA rnaBHoro HampsbkeHus (cM. puc. 2.8, 6). 'opusonTansHo Ha-
npaBiieHHas OCb AeHCTBHA HaHOOJBLLIETO TJIABHOTO HANPSXKEHHS HMMeeT

2.2. IMHAMMYECKHUE HATPY3KH OT TPAHCIIOPTA 23

TEHICHLIHIO K BPAlICHUIO BIPAaBO NO Mepe MpuOIMKEHMs KONECHOH Ha-
rPy3KH K paccMaTpHBaeMOH TOYKe, HO, BO3BPAIIASCh B BEPTHKAIBHOE I10-
JIOKEHHUE, 3T OCh OTKJIOHSETCS B MPOTHBOTIONOXKHOM HANPABIEHHUH TIO Me-
pe yZaneHHs UCTOYHWKA BO3AEHCTBHA. OTIMYHTENBHBIH NPHU3HAK Bpalle-
HHSL OCH TJIABHOIO HAIPsKEHHUA MOXHO 0osee 4YeTKO INMpeACTaBHTh, II0-
CTPOMB IrpadMK «rOPH30HTAIBHOE KacaTelbHOE HAMPSKEHHE T, — PA3HOCTh
HaNpPsSKEHUH (O, — O44)/2», Kak OKa3aHo Ha puc. 2.9.
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Puc. 2.8. PacnpocTpaHeHHE HECKOIBKHX KOMIIOHEHTOB HaNPsKEHMEH
B OJIHOPOAHOM YIIPYTOM MOJYTIPOCTPAHCTBE
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Puc. 2.9. TpaexTopun HanpsiKeHUH, BbI3BaHHbIE HATPY3KOH OT MOPCKHMX BOJH ()
W IPOXOJAlIero TpaHcnopra (6)

W3 puc. 2.9 BUAHO, YTO BpaIlEHHE TJIABHBIX HAIPIKEHUN MPOMCXOINT
cHayajla C yBEJMUYEHHMEM, a 3aT€M C YMEHbLIEHHEM [€BHATOpa Hanpsxke-
HHH, IO MEpPE TOTO KaK KOJIECHas Harpy3ka MepeMeLiaeTcs OT —oo 10 +o0 10
[OBEPXHOCTH TPYHTAa. DTO — XapaKTepHas OCOOEHHOCTh M3MEHEHHs Ha-
OpSDKEHUS. B 3JIEMEHTE TPYHTa JOPOXKHOTO MOJIOTHA aBTOCTPajl HJIM Hackl-
neit xene3nbix gopor (Ishihara, 1983). Ota TpaekTopHs HanpspkeHUH Tak-
e 110Ka3aHa Ha puc. 2.6, 6.

2.3. lnnaMuvyecKre HArpy3KH 0T MOPCKHX BOJIH

BonHeHre Ha MOBEPXHOCTH OKeaHa MOYKHO IPEACTaBUTb Kak Oecko-
HEYHOE KOJIMYECTBO CEPHUHl BOJIH, XapaKTCPHU3YIOLINXCA NOCTOSHHON am-
IJIUTYAOW M JUTMHOU. B TakoM cilyyae MpoX0oXAeHHUE BOJIH MO MOBEPXHOCTH
MOpS FeHEepUPYET raPMOHMYECKUE U3MEHEHHS 1aBJICHUS Ha MOPCKOE JIHO C
NOBBILICHUEM AaBICHUS NOJ IpeOHAMM BOJH M MOHWKEHUEM — MOJ BNa/u-
Hamu. Hampsokenns, nmepenaBaeMble HA MOPCKOE JHO TaKUM 00pas3oM, crie-
JIyeT aHaJU3UpPOBaTh, NPUKIAbIBAS CHHYCOUJAIBHO BapbUPYHOLIYIOCS Ha-
Ipy3Ky Ha TOPHU3CHTAIBHYIO IMOBEPXHOCTh OT —o0 110 +oo (puc. 2.10). Ecnn
TIPETNOI0KUTh, YTO JOHHBIE MOPCKUE OTJIOKEHHS MPEeNCTaBnsioT u3 cebs
OJTHOPOJIHOE YNPYTO€ MOMyNPOCTPAaHCTBO, TO HANpsKEHUE JErKo omnpese-
IUTh, UCTIIONB3Ys pellleHHe byccHHecka A KIacCH4YecKoH 3afqadd ABYX-
MepHOH nockoi aedopmaunu. JJomycTum, YTO rapMOHHYECKas Harpyska
pacripesieniena 1o MoBepXHOCTH YIIPYTOro MOy pOCTPaHCTBa:

2 2x;
X) = p,cos(—x——1), (2.12)
p(x) = p, cos( AR )
TA€ py— aMIJIUTYAA HAarpy3Ku; L — annHa BOIHB!, 7 — Nepro/i BOJTHBI.

BCp’I‘MKaJleOC HOPMAJIbHOE HAMPsXEHHUE Oy, FOPH3OHTAILHOE HOP-
MAJIBLHOC HAIPAHKCHHUE O U KACATCJIbHOE HAINPSXKCHUE Ty, FTCHEPUPYEMBIC B

2.3. AMHAMMWYECKHUE HATPY3KH OT MOPCKHUX BOJIH 25

MOJTYNIPOCTPAHCTBE ITOM HATPY3KOM, ONpPEeNeNIIoTcs CIeayromuM 06pa3oM
(cM. Yamamoto, 1978; Madsen, 1978):

21z -325 2nx 2wt
G, = P 1+——L— e - COS| ——“—F 5

L
2nz ) 2 2mx 2wt 213
e R e B
2 -ZT” . (2mx 2wt
‘Ed—po——e sin -L——T N

rl€ X ¥ z — NPOCTPAHCTBEHHBIE KOOPAUHATHI, COOTBETCTBEHHO, B TOPHU30H-
TaJbHOM M BEPTHKAJIbHOM HamnpaBfeHusx (cM. puc. 2.10).

........ - Yeos(FEx- 4Et) e

XN AN SN
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HenoasrkHas BoJia,

Puc. 2.10. HanpsikeHMst B JOHHBIX MOPCKHMX OTJOXKEHHUSAX,
TeHepHpYyeMbIE MPOXOKAECHHEM BOJH

XO0pol110 U3BECTHO, YTO TJIaBHbIE KOMIIOHEHTBI HANPSIKEHHUs, 00yCI0B-
JICHHBIE CABUroBoi aedopmalvell CIJIOLIHOrO Teja, — 3TO KacaTeNlbHOe
HanpsHKEHUE Ty U Pa3HOCThb HAMpPSHKEHUH (G4 — Gg,)/2. PasHOCTE Hanmpske-
HHI pacCYUTHIBaETCA U3 ypaBHeHHs (2.13):

u O _ 2z COS( 2me 2mt j (2.14)
2

CpaBHeHUWe BbIpaxeHUH U1 T, M (Oy — Oyy)/2 MOKA3bIBAET, YTO 3TH
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KOMIIOHEHTBI UMEIOT OJIHY U TY € aMIUIUTYAY M Pa3jindaroTcs TOJIBKO (a-
30if BpeMEHH TPHIOKEHUS UHKIWYeCKOH Harpy3kd. UToOBl MONy4YHTH
MPEJICTABIIEHAE O MPHUPOAE LIMKIUYECKOH HArpy3KH, HCKIIOYHM IIEPEMEH-
HYIO Z B BRIPOKEHHAX Ty U (O — Oup)/2:

2 tg(z_“x _ﬂ} (2.15)
G, — O, L T

Jlerast cTropoHa ypaBHeHHS (2.15) paBHseTCS TaHI€HCY HABOHHOro yria
HAKJIOHA HAUOOMBIIEro rMaBHOTO HANPSXKEHHS K BEPTUKAIBHOH OocH B — 310
BUIHO U3 ypaBHeHus (2.8). CnenoBarensHo,

L | (2.16)
L T 2 G, —OCu

JlaHHOe ypaBHEHHE MOKa3bIBaeT, YTO B (HUKCHPOBAHHON TOYKE X OCb
[JIABHOTO HAMpsOKEHHS HEmpepbiBHO Bpamuaercs Ha 180° Bo Bpems ogHOro
nepuofa 7 NPHIOKEHHA UKIMYECKOH HArpy3kd. Takoe e BpalleHHe
ocell IIaBHBIX HANPSKEHHH MPOUCXOAMT OJHOBPEMEHHO 10 BCel riyOuHe
nonynpocrpancta. CokpaTus nepeMennyo (2mx/L — 2nt/T) B BbIpaXeHHsX
VIS Ty ¥ (Og, — Ogp)/2, IONTyYaEM

GdV_Gdh 2+1'2 =p2 _2£ 2‘6—477[2 (217)
2 d 0 L .

B yueOHHMKAaxX MO CONPOTUBICHUIO MAaTE€pHaJOB IMOKA3aHO, YTO JieBas
4acTh ypaBHeHus (2.17) paBHseTcs KBaapaTy A€BHATOPa HAMPAXKEHHH, KO-
TOPBIN ONpeAenseTcsl KaKk pa3HOCTh MEXYy MaKCHMAIbHBIMH H MHHUMAJIb-
HBIMH TJIaBHBIMH HalpsOHKEHUSIMH O, M Og, AcTICHHBIMH Ha 2. CrenoBa-
TETBHO,

~2nz

2
Cu =0 _ (de—ﬁth o =p03Ln—Ze_T- 2.18)

2 2

W3 3TOTO ypaBHEHHs BUJHO, YTO B I'PYHTOBOM 3/IEMEHTE Ha OINpEe-
JIEHHOM TUIyOHHE IeBHATOP HANPSHKEHHWH OCTaeTcs HEW3MEHHBIM B JII00OH
MOMEHT BPEMEHHU U B JII000H TOUKE B FOPU3OHTAIBHOH IJIOCKOCTH BO BpE-
Ms MPUJIOXKEHHS LMKIMYECKOH HArpy3ku. TOT Xe caMbli MEXaHHM3M LHK-
JIMYECKOTO Y€PE0BaHUs HaNpsDKEHHH HMeeT MECTO IO BCed IiryOHHeE Mo-
JQynpoctpaHcTBa. Kak MOXHO 3akiounTh M3 (2.18), 1Ba KOMIOHEHTa Ha-
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NPsKEHUS Ty U (G4 — Ogy)/2 HONEPEMEHHO YBEJIMUMBAIOTCA U YMEHBHIAIOT-
s, TIPU4EM BeNWYMHA JEBHATOpA HAMpPSKEHHH COXPAHACTCS MOCTOSHHON
Ha MPOTSHKEHHH BCErO MEPHOAA NMPUIIOKEHUS HUKINYeckod Harpysku. Ec-
JIM [1BA KOMITOHEHTA HANPXKEHUH MPEACTAaBHTh B CUCTEME IIPIMOYTONBHBIX
KOOpAMHAT, ypaBHeHHe (2.18) MOXXHO paccMaTpuBaTh KaK ypaBHEHHE OK-
PY)KHOCTH C PafiiyCOM, PaBHbIM JI€BHATOPY HANpPSDKEHUH (C41 — O5)/2. Ta-
Koii rpadmk mokazaH Ha puc. 2.9, g, TAe Yyron MExAy BEKTOPOM Harpske-
HUit | TOPH3OHTAIBHOI OCbIO KOODAWHAT NPEACTABIAET JBOHHOE 3HAYe-
HHE yrja HaKJIoHa HauboNbLIEro IaBHOTO HANpsKeHUs 2 K BepTHKAIb-
HoM ocu. O00611as, MOXXHO CKa3aTh, YTO LUUKIMYECKUE M3MECHEHHs Kaca-
TEJIbHBIX HANpPSIKEHHH B YHNPYroM MOJYNPOCTPAHCTBE MO FAPMOHHYHON
HArpy3Koi XapaKTepHU3yIOTCA MOCTOSHHBIM BpAIEHHEM BEKTOPA IJIaBHOTO
HAnpsHKEHUs, MPUYEM AEBUATOP HAaNpPsUKEHWH BCEraa OCTAETCH HEH3MEH-
HBIM. 3TO IJ1aBHAs XapaKTEPUCTHKA LUKIMYECKOr0 M3MEHEHMs Harpske-
HHIi, reHEpUPYEMBIX B JJOHHBIX MOPCKHX OTJIOXKEHHMAX PaclpOCTPaHCHUEM
BOJIH Ha BOAHO#M nosepxHocTH (Ishihara u Yamazaki, 1984). launsiii THn
[MKJHYECKOTO HAMPSHKEHHS TAKKe NOKa3aH Ha pHc. 2.6, 6.

Bo3sBpawasicb kK TpeM THMaM LHMKIHYECKHX HAarpy3ok (cM. puc. 2.6),
MOXHO 3aKJIOUHTb, UTO HArpy)XEHHE, EHEPUPYEMOE CEHCMHYECKHM BO3-
JIeCTBHEM, XapaKTepu3yeTcs CKa4yKooOpasHBEIM BpamICHHEM OCH IJIaBHOTO
HanpsHKEHHs, a €€ HENPEPbIBHOE BPALLEHHE SBIACTCS Pe3yJIbTATOM Harpy-
JKEHMS, BbI3bIBAEMOr0 PacnpOCTPAHEHHEM MOPCKHX BOJIH U TIPOXOKICHUEM
TPaHCMOpTa.
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ONNUCAHME HANIPAXKEHHO-AE®@OPMHPOBAHHOI' O
COCTOAHUSA TPYHTA IIPU IUKVIMYECKOM
HAI'PYKEHUU

Ilpu aHanM3e peakuUWH MACCHBA TPYHTA WIM 3EMJISIHBIX KOHCTPYKLMii
Ha CEHCMHUYECKNE BO3ACHCTBUA B PaMKax TEOPHH PacnpOCTpaHEHWUs BOJH
WIH C IOMOILBIO METOAa KOHEUHBIX IEMEHTOB OUYCHb BAXKHO MPEACTaBUTh
UMKITHYECKYIO paboTy TpyHTa B BH/IE€ MaTePHAILHOH MOJENIH, YCTaHAB/IHU-
BAIOLIEH COOTHOILEHHE KacaTeNIbHbIX HANPSIKEHUH U CIBUIOBOM nedopma-
un. MonenupoBanue paboThl TPYHTa B YCIIOBUSX LMKIMYECKHAX WIH CJy-
4aifHBIX HArpy30K MO3BOJISET MONYYUTH AeOPMALIMOHHBIE XapaKTePUCTH-
KM B paccMaTpyBaeMOM JuamnasoHe aedopmauuii. Ecnd mpeanonoxurs,
4yto Aedopmaruy rpyHTa OyayT HEOONBIINMH, TOTAA ONPAaBIAHHO MpUME-
HEHHE YHOpPYyroi Mojesd, H KIKYEBbIM IapaMeTpoM JIS aieKBaATHOIO MO-
JCIMPOBaHUs PEakuy rpyHTa OyaeT Moay.b casura (puc. 3.1). Ecan xe
MBI MIMeeM JIeNio ¢ fiedopMaLiuaMu cpenHeli Benuumnst (Hike 107°), paGota
I'PYHTa CTAaHOBUTCS BA3KOIUIACTHYHOH, @ MOIYJIb C/IBUra YMEHBILIAETCS NpH
yBENMUYEHUH AedopMaiuu cIBUra.

B To xe camoe BpeMs B IPOLECCE NPHITOKEHHUS HAPY3KH NPOUCXOANUT
JIACCUIIALIUS SHEPrHH, KOTOpas B PYHTaX B OCHOBHOM HE 3aBUCHT OT CKO-
POCTH M HOCHUT THCTEPE3UCHBIN XapakTep, MpHUeM /sl OLEHKH 3HEProrno-
[JIOMIAIOUIMX CBOHCTB IPYHTA UCHOJb3yeTcd Ko3dduLuueHT aeMnpupoBa-
HUs. YPOBEHb feopMaluu, O KOTOPOM HUIET Pedb, BCE CILUE CIMILIKOM Mall,
9TOOB! BBHI3BATH HPOrPECCHPYIOLE H3MEHEHHS CBOWCTB rpyHTa. [loatomy
MOZYJb COBUTa U KOIPOUUMEHT AeMIUPOBAHHUSA MO MEPE YBETHYEHUS
KOJJMYECTBA LIUKIOB HATPY3KH OCTAIOTCS HeW3MeHHbIMH. Takas pa3HOBH/I-
HOCTb PabOTBI FPYHTa XapaKTEPH3YETCd HAIMYMEM 2ucmepesucda «cma-
bunvrozo» muna (non-degraded hysteresis type). XapakTepUCTHKU TPYHTA,
NPEACTABIAIONINE YCTOHUUBYIO CTalHI0 ero paboThl, MOXKHO € U3BECTHOM
JoJcH TOYHOCTH OMHCATh ¢ NOMOLIBIO TEOPHU JTMHEHHOM BA3KOYNPYrocTH
(puc. 3.1). Moxyab casura u kodapduuueHT neMndupoBanis, oNpeaense-
Mble KaK (YHKIHH CABUTOBOM AedopMaiiiu, SBJSIOTCS KIOYEBBIMU Iapa-
MeTpaMu JUis MPEICTaBICHHUS XapakTePUCTHK FPYHTa B THANA30HE CPEIHUX
aedopmaLHii.

AHaNMTHUYECKMM HMHCTPYMEHTOM, TPHIOJHBIM JUIS PAacCMOTPEHUS
CBOWCTB I'PYHTOB, 3aBUCALLMX OT Ae)OpMaLMH, HO HE 3aBUCALLUX OT KOJH-

3.1. JIMHEWHAS BS3KOYIIPYTASI MOJIEJTb 29

YECTBA LUKIIOB, SBISETCS DKBUBAJEHTHBIN JTHHEHHBIN MeTO/, OCHOBAHHBIH
Ha KOHLICMLUH BA3KOYyNpPYrocTd. [Ipu 3ToM JIMHEHHBINA aHAIU3 MOBTOPSIOT
C TOMIArOBBIM M3MEHEHHEM XapaKTEPHCTHK TPyHTa A0 TeX Mop, NMOoKa He
Oyner nosnyyeHo AeopMalMOHHO-COBMECTHMOE pelleHne. Mozenuposa-
HHME peakuud TpyHTa Ha ceHCMUYecKOoe BO3ICHCTBHE, BBIMOJHEHHOE VIS
FOPU3OHTANILHON CIIOUCTON FPYHTOBOH Cpenbl C MOMOLIBIO KOMOBOTEPHOU
mporpammsl SHAKE (cm. Schnabel et al. 1972), aBngercs THIUYHBIM IpH-
MEPOM MPUMEHEHHUS aHATUTHYECKOTO MHCTPYMEHTA, KOTOPBIH MOXHO YC-
MELIHO MCIOb30BaTh M UCCENOBaHus CrenU(pUKH paboThl rpyHTa MpU
Jnepopmatusix CpeaHeH BETUYHHBL

Jlns caBuroBoii aeopmanuy, npesblmatouei 107, 3aMeTHOe H3MeHe-
HME XapaKTEPUCTHK FpyHTa OyIeT BBI3BAHO HE TOJIBKO HAapacTaHUeM Je-
¢dopmMauHK cABHIra, HO U HATMYHEM LHKJIOB HarpyeHus. Takas pasHOBHI-
HOCTb paboThl TPYHTa XapaKTEPHU3YETCH SUCMEPE3UCOM «NPOZPeCcCUpyroue-
20y muna (degraded hysteresis type). CunTaercs, 4TO CTerieHb H3MEHEHHS
Mozyns caBura u kodpduuneHTa neMnpHpoOBaHUsA PU NPHIIOKEHHH IHK-
JMYECKON Harpy3Kd 3aBHCHT OT CTENEeHH M3MEHEHUs 3(¢eKTUBHOro 06-
KHUMAIOLLEro HaNMpPsXKEHUs MPH HEPETYIIPHOM TPHUIIOKEHUH KacaTelbHBIX
HarpsbkeHMH Bo BpeMeHH. Korzma ycTaHoBNeH 3akoH u3MeHeHus dddek-
TUBHBIX HarnpshkeHWH, HeoOX0AMMO BBIBECTU OMpeJeNsiollee ypaBHEHUE,
M0 KOTOPOMY MOXHO OMpPEICTUTh HaMpAKEeHHO-IeHOPMUPOBAHHOE CO-
CTOSIHWE Ha KXXAOW CTYMEHH IpoLEcca Harpy)XXeHus, pasrpy3Ku U MOBTOp-
HOT'O HarpyeHus.

1 (I)'6 107 1 (I)-4 107 1 9-2 1 9"

Cpasurosas
nedopmanus Mansie Cpennue 3HauuTeNBHEIE Jedopmanun
Jiedopmaunu nedopmauuu nedopmaruu pa3pyueHus

YVnpyras ..

Ynpyro-
nJactTHyHas
ToTeps necy-
ek cnocobHo-
CTH

Dddexr no-

BTOPHOTO Ha- »

rpyKeHus
Dddexr cropo-
CTH Harpyxe-
uust

JInueiinbiii \ Bsskoynpyrui
METO/1 METO/L

MeTtoa ananuza Jlusedinbit \ DKBHBaNEHTHBIH
PCAKLIMM TPYHTA | METOA JIMHENHbIR MeTOA

Mogaenb \Memn MOLLArOBOTO HHTErPUPOBAHUS

\Memz{ MOWAaroBoro HHTErpHPOBAHHUS

Puc. 3.1. MoaenupoBanue paboTsl rpyHTa
B COOTBETCTBHH € Ae(OPMALIMOHHO-3aBUCHMBIMH XapaKTEPHCTHKAMHU
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OnHoll U3 HamOoNee PacHpOCTPaHCHHBIX KOHLEMIMN, HCIOJL3yEMbIX
IUTS 9TOTO, ABIAETCA 3aKkoH Masuura (Masing law). Jlnsa aHann3a paGoThi
IPYHT2, HAMPSHKECHHO-1ePOPMHUPOBAHHOE COCTOSHHE KOTOPOTO XapaKTepH-
3yercs Oonbioil aedopManueii Ha rpaHHIE pa3pylleHHs, HEoOX0oaumo
KCIIONIb30BATh YHCIICHHBIH MeTOJl, BKIIOHYAIOIMH MPHEM [OMIAroBOro WH-
TErpUPOBaHH, KaK MMOKa3aHO Ha puc. 3.1. Jlanee pacCMOTpHUM METOAbI MO-
JENMPOBaHUs PaboThl I'PYHTA, YA 0co00e BHMMaHHE CTAOHIbHOMY
(non-degraded) Tuny.

3.1. JIunelinas BA3KOynpyrag MoJaejab

Ecin ypoBeHb HUKIHMYECKOH CIBUrOBOH aeopMaluu CPaBHHUTEIbLHO
Hu3ok (nopaaka 107°...10™), To paboTy rpyHTa B yCNOBHAX MPHIOKEHHUA
MKTUYECKON Harpy3kd MOXHO C NMPHEMIIEMO#H CTENEHLI0 TOYHOCTH Npef-
CTAaBUThb C MOMOLIBI0 MOJENH, OCHOBAHHOH Ha KJIaCCHYECKOH TEOpHM BS3-
KOynpyrocti. B 5Toit Mojenu HanpsHkeHHO-Ae(pOPMHPOBAHHOE COCTOSIHUE
NPUHUMAETCS JIMHEHHBIM, TIPU 3TOM MOTYT ObITh JIOTHYECKH YUYTEHBI HEp-
ropacceMBaiollle XapaKTEpUCTUKH rpyHTa. JoKa3aHo, 4TO TPYHTaM B He-
KOTOPOM CTENEHH BCETr[a IPHCYILE CBOWCTBO JEMNQpHPOBAaHHS, KOTOPOE
MIPaeT 3HAYUTENBHYIO POIIb B ONPEAECIEHUY XapaKTepa MOBUXEK IPyHTOB
BO BpeMs 3emuieTpscenuil. Takum o6pa3oM, NaHHas MOAENb YaCcTO UCMO/b-
3yeTCs JUIA OnucaHus paboThl IPyHTa AaXKe B TAKMX 0 HEKOTOPOM CTEeNeHu
HEAMHENHBIX MIOCTAHOBKAX, TJ¢C BIMAHHE JeMII(PHPOBaHHSA CYUIECTBEHHO.

3.1.1. Obwee svipaxcenue HANPAHCEHHO-0PHOPMUPOBAHHO20 COCMOAHUS
HPU YUKTUHECKUX HACPY3KAX

I[Tpekyie 4eM pacCMOTPETh 3aKOH M3MEHEHHs HAINpsKEeHHO-aedopMu-
POBAHHOIO COCTOSHUS AJs CrelHbHIecKoi BA3KOYNpPYrod MOAenu, npea-
CTaBMM B 0OLIEM BH/E BHIPAKEHHE, CBA3BIBAIOLICE HANPSKEHH U Aedop-
MarHH.

O603Ha4UM Yepe3 T M Y COOTBETCTBEHHO HAMpPSKEHHE U A€DOPMALIUIO
s moboro AeGOpPMHPOBAHHOTO COCTOSHUSA, HAMPUMEP, IS TPEXOCHON
nedopMalim, IPOCTOTO CABHUIa HIIM CABUTA NPU KpY4eHuH. JIonyCTiM, 4To
K Tely, MMEIIUEMY BA3KOYMPYIYIO DPEaKiUIo, MPUKIaIbIBACTCA [OBTO-
pAIOIIEECs KAacaTeIbHOE HANpPsHKEHHE, U3MEHAIOLIECECs MO CHHyCOWIamb-
HOMY 3aKOHY

T =T, sin ¢, 3.1)

rne T, - aMIUIMTYJa; [ — BpeMs; 0 — yrjioBas (PIJ]PI prFOBaﬂ) qacToTa.
B pe3ylibTaTe NPHUIOKEHMS KacaTeJIbHOrO HanpsXXCHUS paBHas €My IO
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HacTtore ne(bopmaum CABHIa HpOHBOﬁI{CT C OTCTAaBAHHUEM BO BPEMEHH, KO-
TOPOC NPEACTABUM KaK

Y = Y. sin(®z — d), 3.2)

rae Y, — aMIuIuTy a Aeopmanuu; & — yroia pasHoctu (a3, nokasplparoiuii
BpeMs OTCTaBaHuA 1ehOpPMaLMHM OT MOMEHTA NIPUITOKEHHSI HATPY3KH.

U3 ypasuenuii (3.1) v (3.2) BuaHO, 4ro nedhopMaliioOHHas peakuus, Ko-
Topas 0OBIYHO BBIpaXKaeTcs Kak T /Y, €CTh He TONABKO (DYHKUKS OTHOLIEHHS
aMruTya T, / Y., HO M pyHKIMs $asoBoro yria d.

[ paccCMOTpPEHHst 3TOW 3aBUCHMOCTH TNPEANOYTHTENBHO MCIIONb30-
BaTh METOA KOMIUIEKCHBIX IEPEMEHHBIX. XOpOWIO H3BECTHO, YTO Hamps-
KEHHOE U 1eQOPMUPOBAHHOE COCTOSHMUA, BRIPRKEHHDIC YpaBHEHHAMH (3.1)
1 (3.2), MOXKHO TaK»Ke MPeJCTaBUThL KaK

T, =T, COSWZ,
(3.3)
Yo =7, cos(@r —3),

TA€ Tg U Yg — COOTBETCTBEHHO HANPSKEHHUE U JCPOPMAIINS, CBA3AHHBIE C
aHanorvuHbiMu napamerpamu B (3.1) u (3.2).

MHbIMH CTIOBaMH, €Cii B BA3KOYNPYIOM TeJ€ MpH ACHCTBYIOIIEM Ha-
NPSKEHUK T Pa3BHBAETCs AeOpMALUSA 7Y, TO NPH HANPSHKEHHH T B HEM
Oyaet pa3suBaThes aedopmauus Yz CleqoBaTeNbHO, MOXHO YTBEPXKIATh,
4T0, €CJIM JAHHOE BA3KOYNPYroe Te0 MOIABEPracTcs BO3ACHCTBMIO JAEHCT-
BYIOLUErO HAMNPAMEHHSA, BHIPAKAEMOTO KOMIUIEKCHBIMH MEPEMEHHBIMA T =
Tr + T, TO pe3ylibTUpyoLias AedopMalUs TPUHUAMALT BUI ¥ = Yg + iy, TAE i
— €AMHUYHOE MHUMOE UYHCIIO, 8 T U Y — HalpskeHue U aedopmalins B BUAE
KOMIUIEKCHBIX NMEPEMEHHBIX.

[oactasnas ypastenus (3.1), (3.2) u (3.3) B BoipakeHHs a1st T U ¥, 10-
ny4yaem
owr

*

(3.4)

T=1.e
i{or—8)
€ .

-2

Oto — obulas popma BeIpaKEHHS HANPSDKEHUH 1 aedopmanuii B Buge
KOMIUICKCHBIX NepeMeHHbIX. llpun ucnonb3oBanuu ypasnenus (3.4) npu-
HUMAIOT, YTO PealbHbIH U MHUMBIH KOMIOHEHTHI BXOJHOTO HANpPsSXKEHHS
KOPPENNPYIOT UCKIIIOYHTENBHO € PEalbHBIM M MHHUMBIM KOMIIOHEHTAMHM
pe3yipTUpytomed aedpopmanuy. 3aBUCUMOCTh JAedopMaliuil M Hanpske-
HUA XapaKTEPU3YETC X COOTHOLIEHHEM T/ Y , KOTOPOE MOXKHO MOJTy4HUTh
u3 ypaBHeHHS (3.4) B sBHOM BuU/gE:
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§=T—“ef5 =T—“(c058+isin5). (3.5)
T Ya Ya
. ITpunas
W= 2 cosd, 1’ = —<sind, (3.6)
wE=p i

ypaBHenue (3.5) MOXHO niepenucars 0os1ee KOMIAaKTHO:

=p+ip =u*, (3.7

=<2l Al

e |, P Ha3BIBAKOT MOOVIEM ynpy20cmu W MOOyleM nomepo, COOTBETCT-
BEHHO.

Moayab ynpyrocts OnpeenseT ynpyryto Wid MIHOBEHHYIO peakuuio,
a MOJlyllb MOTEPL XapaKTECPU3YET PACCEMBAHUE DSHEPTHH B BA3KOYNPYroM
tene. YpaBHeHHe (3.6) MOKHO TaKXKe 3aMnucarh:

Ei: uz +u'2 :‘u*’
Ta (3.8)

’

tga:&:n,
U

rae N — Ko3puyuenm nomepe, BHIPKAIOWNH NOTEPH SHEPrUU WIH Xa-
PaKTEPUCTHKH IEMII(PUPOBAHHMSL.

Vpaprenune (3.8) onpeaenser abCONOTHYIO BENMUHMHY KOMIUICKCHOrO
MOIyas W*, MpeAcTaBlsomero coboi Moaylb CABUra FPYHTOBOrO Mate-
puana. ’

OTMETHM, YTO [lapaMeTphl FPYHTOBOrO MaTepuaia pL u p HeoOg3aTelb-
HO SIBISIIOTCH JIEHCTBUTENBHBIMH TIOCTOSHHBIMU, OHH MOTYT ObITb yHK-
LMSIMH YIJI0BOi 9acToThl ®. Cj1e/0BaTeNbHO, MOAYIH | H {' B ypaBHEHUH
(3.6) paccMaTpHBalOTCsi B CaMOM OOieM BHIE M MOTYT BBIPAXAaTbCA KAK
dynkuus gactorsl. Korja ans oTHX MOAJICH yKa3eIBaeTCs $HYHKUHOHATb-
Has opma, BsA3KOynpyras paGoTa rpyHTOBOTO MarepHaia MOXET ObITh
onucaHa B 6ojee sBHOM BHae. JUns ONpeseneHMs >THX Moayned Obiio
[PE/UIOKEHO HECKOJIBKO METO/IOB, OCHOBAHHBIX mubo Ha IKCMEPHMEHTAITb-
HBIX JAHHBIX, JMOO HA NPUMEHEHUH IMPYKHHHO-IEMIN(EPHBIX MOAENEH,
yTO OY/ET PAaCCMOTPEHO HUXKE.
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3.1.2. Kpusas «nanpsasicenue—oeopmayusy ¢ 2ucmepesucom

PaccmoTpum Gonee noapoGHO HamnpsKeHHO-AEPOPMHPOBAHHOE CO-
CTOSHHME BA3KOYNPYroro Teja, ofnuceiBaeMoe ypaBHeHHsAMH (3.1) u (3.2).
VckniounB napameTp @f B 3THX YPaBHEHMSX, MOXHO IOJYYHTh €IMHYIO
3aBHCHMOCTb BHIa

2 2

T Cocosy | 4| X —sin’d=0. (3.9)
Ta ’Ya T(I YH

OTO BbIpaXKEHHE MOXHO PACLEHUBATH KAaK yPaBHEHHE BTOPOTO MOPSA-
Ka. PELUNB ero OTHOCHTEBHO T, C Y4€TOM BBIpaKeHH# /g w1 u' B (3.6)

NoJLyuaem
T=pyR Y - Y (3.10)

JlaHHo€e BbIpaXKEHHE MPEACTABIAET ATLTEPHATHBHYIO 3aBUCHMOCTb Me-
KLY HalPSOHKEHUIMH M AepOPMaLMAMH, KOTOpasl BLIBOAUTCA U3 ypaBHEHUI
(3.1) n (3.2). Eule 0aHO anbTepHATUBHOE BBIPAXKEHHE MOXHO IOIYUMTh,
pasnoxuB Npasyo yacTe ypaBHeHus (3.10) Ha ABe vacTy:

T=T,+1,,

— 3.11)
2 2

——T,l- + X =1,

ny, Y

Bropoe ypaBueune T,= py B (3.11) usobpaxeno Ha puc. 3.2, g B BUIe
MPsMOA IMHKUK ¢ HakIoHOM W. Tpertbe ypaBHenue B (3.11) onpenenser 31-
JIUIIC B OCSIX Ty — Y € 60J1€€ KOPOTKOH OChIO MPH T, = W' ¥, N Boliee ATTMHHOMN
MPH Y = ¥,. DTOT 3NIUNC TAKKe MOKa3aH Ha puc. 3.2, a. [lepBoe ypaBHeHHe
B (3.11) nokasbiBaeT, 4TO CyMMa JIByX KOMIOHEHTOB KacaTelhbHOro HaIpsi-
KEHHUS T) M T, U300paXKEHHBIX HA OCH OPAMHAT, JOKHA PABHATHCS BENH-
YMHE JIEHCTBYIOLIErO KACATEILHOrO HAmpshkeHus T. [I0CKOIbKY ABA KOM-
[IOHEHTA KacaTeJbHOro HANpsKEeHHs H300pa)keHbl Ha rpaduke B ocsax c
obuieH koopanHATON AeOpPMalMK CABHIra Y, CI0KEHHE MOXHO JIErKO Bbl-
MOJIHUTL HA PUCYHKE. B pesynbraTte mosyyaeM 3MuIC ¢ HAKIOHHOM OCKIO
(puc. 3.2, 6). I'paduueckoe oTobpaxenue ypasHenus (3.11) ykasniBaeT Ha
TO, YTO JUI 3a[jaHHOW BEIMYMHBI LMKIHYECKOH CABHIOBOM nepopmanuu
110J]y4aeMoe KacaTebHOE HanpsHKEHHE COCTOMT M3 ABYX yactel. Onna u3
IIMX H3MEHACTCS JIHHEHHO C M3MEHEHHeM JIe(opMalMH CHBHra BrEpe-
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Hasaj 1o npsaMoi (cM. puc. 3.2, @), a Apyras — IO YacOBOW CTpEJNKe, Mo
TPAEeKTOPHH, COBNAJAIOIIEH ¢ O4EPTAHUEM DILIHIICA.

Takum 00pa3oM, peabHO NEHCTBYIOLIEE HANpPHKEHHWE, COCTOsLIee H3
JIByX KOMIIOHEHT, CJIefyeT TPAaeKTOPUH HAKJIOHHOTO 3JUTHIICA C IBHKEHHEM
[10 4ACOBOH CTpesKe MPH MPHIIOKEHHH LHKINYECKOH HAarpy3ku (CM. puc.
3.2, 6). OTMETHM, YTO TPACKTOPHs, COBNALAIONIAA C OYEPTAHHEM HAKJIOH-
HOTO DJUTHIICA, TIPEACTABIAET COOOW NETII0 THCTEpe3nca, OOBMHO Habo-
naeMyro Ha rpadMke «HampshkeHHe—AedopMauus» B YCJIOBHIX LMKIHYE-
CKOI'O Harpy»eHus.

Kak noka3zaHo Ha puc. 3.2, 6, HAKJIOHHBIH DJUIHIIC NIEPECEKAET OpAUHATY
B TOUKE KacaTelbHOro HanmpshkeHHud p'vy,. CreaosaresHo, MOXKHO CHHTATH,
4TO BEJNHYMHA |’ OTIPENENAET CTENEHb «CXKATOCTH dmnca. Yem Gosblue
11/, TeM GoJiee OKPYIJIBIM CTAHOBUTCS 3JUTHIIC. DTO TOBOPHT 00 yBENMYESHHH
TIOTEPH JHEPTHH WM JAeMNIUpOBaHHs. B To ke BpeMms ¢ yMeHblIEHHEM |’
SIUTHIIC COKMMAETCS, YTO YKa3biBaeT HA yMEHBILUEHHE AeMN(QUPOBaHUA BO
BpeMsl PUIOKEHHUS IMKINYECKOH HArpy3KH.

JIns npeJicTaBIeHns KONHYECTBEHHBIX XapaKTEPUCTHK AeMNUpoBaHus
00BIMHO 00palal0T BHUMAHHE HA KOIMYECTBO IHEPIHUH, KOTOpas TEPACTCS
3a OJJMH LWKJI NPUIOKEeHUs Harpy3kH. [loTeps sHEprud 3a OAHMH LMK paB-
Ha TJIOLIAM NETIM TMCTEpE3uca, MoKa3aHHOH Ha puc. 3.2, 6. IlockonbkKy
wiomans AW HaKJOHHOrO JUTHICA A0JKHA PaBHATHCA IUIOLIAH NPAMOro
3JUIMICA, H300pKEHHOTo Ha pHUc. 3.2, a, €€ MOXKHO PacCYUTaTh MO U3BECT-
HoH (hopmyne:

AW = [ety= iy, (3.12)
a T,T2 '/‘(r.c%;)z‘*(%;)z=1 6__,____-___“

|L’Ya I ;tY—;_
N l Ya v |hJ_Ay

’o-'YqSin ]

Ti=pY

Puc. 3.2. Paznoxenne BI3KOYIpYyroi MoeNY Ha YNPYTHH Y BA3KHI KOMIIOHECHTHI

Teneph pacCMOTPAM MaKCHMAIbHYIO YHPYrylo dHepruio W, xoropas
MOJKET COXPAHATLCS B eAUHHLE 00beMa BA3Koynpyroro Tena. CymecTByer
HECKOBbKO CMOCOOOB ONpeieneH!s COXPAaHEHHOH 3HEPTHH, OXHAKO JIOTHY-
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1CC BCECrO YYECTh JHEPTHIO, HAKOMJICHHYIO YIPYTHM KOMITOHEHTOM Kaca-
TeIBHOrO Hanpskenus 1;. C yyeToM oTHoweHus 1;= p'y, B (3.11) Benuun-
114 BHEPTHH BHIPA3HTCA CAEAYIOUINM 00pasom:

1 1
W=—1y =—py. .
5 e =S K, (3.13)

KonuyectBeHHO# MepO# XapakTepuCTHK ASMIDUPOBAHUS MOXKET CIy-
KUThb NapaMeTp NOTEPH 3HEPruu AW, HO MOCKOJBKY OH caM SBASETCS
(pyHkuned amnautynsl pedopmaunu vy, NOTeps SHEPIMM KaK TaKoBas B
KOJIMYECTBEHHOM OTHOLUEHUH HE MOXKET CUMTAThCA aJEKBATHON IS BBIpa-
KCHUsS CBOWCTB MaTepuana. [103TOMy NMPHHATO KCIIONB30BATH BEJIMUHHY,
ONpeneNAeMyI0 KaK OTHONIEHHE NOTEPH SHEPTUHM 32 OAWH LHKI K €€ Mak-
CMMAaJIbHOH COXpaHEHHO# Bennuuue. TakuM 06pazoMm, u3 ypasHenuii (3.12)
1 (3.13) nonyuaem:

AW g oW (3.14)

w1 il
5 uy,

HaHHas BelMyMHa CBA3aHa C KO3(P(DHULHMEHTOM NOTEPH 1), KOTOPBIH OIN-
peaensercs ypaBHeHueM (3.8):

1 AW u’
_— - _t 0 .
N=———="=1gd (3.15)

OTO BbIPaXXEHHE TIOKA3bIBAET, KaK NOTEPS SHEPIUH, NPOSBIIEMAs Kak
HETJIA THCTEPE3NCa, CBA3aHa ¢ AEMNI(PUPOBAHHEM, NIPOSBIAEMBIM B (hopme
pa3zHOCTH (a30BOro yria.

C y4erom (3.15) moxHO nepenucats Ko3dduLuenT norepu

n=fle (3.16)

OueBuaHoO, 4TO uncauTenb ypaBHeHus (3.16) pasen anune orpeska Of
IICTIIM THCTEpe3nca Ha puc. 3.2, a 3HaMeHaTelb — JuiHe oTpe3ka ah. Cle-
JIOBATENbHO, MPOCTEeHIIEH rPaguUECcKOR MpoIEaYpoil onpeneneHus Kodg-
(pnumenta noteps no metne TUCTEpesnca GyneT cunThIBaRMe 3HaueHHi Of
H ah ¢ UMKIHYECKOH KPHBOH «HAIpPsKeHHs—aehopManuuy, Moay4aeMoi
110 SKCTIEPHMEHTAIbHBIM JaHHEIM, TOCIE YEr0 HX COOTHOLICHHE IPUMET
#HA
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— KacarenbHOE HanpsxeHHe NPy HYJIeBo# aedopManyy (3 17)
n KacarenbHoe HanpsbKeHKe NpH MakcUMaibHOH AedopManun :

OmucanHyro Mpoueaypy yIOoOHO HCIOIB30BaTh B KAYECTBE SMIMpPUUE-
CKOro TpaBW/a AJIs pacdera KodhdHiHeHTa NOTEPH JaXe NPH HEMHEN-
HOM XapakTepe TMCTePEe3HCHBIX KPMBBIX, I'Zie JHHEHHas BA3KOYNpPYrocTh
HENPUMEHHMMA, a TaKKe J4 onpeneneHus napametTpos AW u W (puc. 3.3).

3.1.3. [Ipedcmaenenue modenu 8 npyjcunHo-demngeproti cucmeme

BS3KOILIaCTUYECKOE TIOBEAEHHE TEM, OMMMCAHHOE BhILIE C OOLIMX MO3u-
Ui, MOXeT ObITh PaCCMOTPEHO Gojiee HArIAAHBLIM H (QU3IHYECKH TIOHAT-
HBIM CHOCO6OM IyTeM BBENCHMs MpPYXHHHO-IEMIepHbIX Mopened. B
3TOM TMIIE MOAENEH YNpyrue CBOWCTBa NpEACTABIEHbl INPYKUHOH, a
aeMinHUPYIOIHe XapaKTePUCTHKU — neMrdepoM. DTH IEMEHTHI COeAHHE-
HB] ITapaljIeIbHO WK nocienoBaTensHo (puc. 3.4). Kak n3sectHo, motepu
SHEPrUM MOTYT MPOUCXOIUTh B Pa3TM4YHBIX BHYTPEHHUX MEXaHU3MaXx MpH
neopMUpOBAaHKK Teia. 3aMETHM, YTO JeMMdep CrocobeH MpeacTaBasTh
XapakTEePUCTUKH MOTEPb SHEPTHH, TPOUCXOAAMIMX TOJBKO U3-3a BA3KOCTH,
T. €. JAeMIpUpOBaHHE, NPONOPLUHOHATLHOE CKOPOCTH AeopMaLu. ITOT
THI NI0TEPh OyaeM Ha3bIBaTh JEMI(PHPOBAHUEM, 32aBUCHMBIM OT CKOPOCTH.
[py UMKIMYECKOM HATPYXEHUH 3aBUCHMOCTb OT CKOPOCTH MpOsBIAETCS
TakuM 00pa3oM, 4To aedopMalius 3aBUCHT OT YacTOThl Bo3zeHcTBUA. [lo-
3TOMY YaCTOTHO-3aBHCHMBbIE XapPAKTEPUCTHUKH CUMTAIOTCS albTEpHATHB-
HBIMH QOpMaMu MPEACTABICHUA CBOWCTB Marepuala, 3aBUCSALIMX OT CKO-
POCTH.

'n=i.éw_:.p"l§_
2T W HYa

Puc. 3.3. Onpeaenenve koapduLeHTa NoTEPDH
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3.1.3.1. Mooenw Kenvsuna

[IpocTerias ¥ Hambosee WMPOKO HCMOjb3yeMas mozaenb KenbBuHa
COJIEPKUT TIPYXKMHY H AeMnpep, COeanHEHHbIE apaielbto (puc. 3.4, a).
BB 1ol mMoaenu nedopmanvs Y OMHAKOBA A1 0OOMX JJIEMEHTOB, a Ha-
HPsOKEHHE T AEJIMTCA Ha [BE YacTH — HANMPSHKEHHE B IIPYXXUHE T; U Hanps-
)KeHHE B JeMndepe 1,. Takoe pasaeneHne NpoU3BOAUTCHS B COOTBETCTBHMU C
00WUM 3aKOHOM, 00yCI0BIeHHbIM ypasHeHueM (3.11). Hanpsixenue, me-
penaroleecs Ha NMPYXHHY, BBIMUCIAETCS Kak Gy, HaNpspkeHHe B feMide-
pe — kak G'dy/dl, rae G - ynpyras koHcraHTta; G' — KOHCTaHTa Aemndepa.
Takum oGpasom, oOuiee HaMpsHkeHUE T = T+, BEIPAKAETCSA KaK

_ il
T=Gy+G e (3.18)

TakoBo COOTHOIIEHHE HampsuKeHWil M aedOpMalyii, BHIBOIANMOE M3
moznenu KenbBuHa.

a ’i TY 6 ‘E
.
6 tlj . G TY,

G TYz

Puc. 3.4. Tunuuusle BA3KOYpyrHe Moaesu:
a —mozenb KenbBuHa; 6 — moaesnb Makceenna

YpaBHeHue (3.18) npeacTaBiseTcs YaCTHBIM CllydaeM BBIPAKEHHA
(3.5). Berpasum ynpyruit Moaysis 1 ¥ MOZYb MoTeph W' yepez G u G'. s
NTOTO HaNpPsHKEHWS W AedopMmaluy, BhIpakaeMble B ypaBHeHuM (3.4) B
KOMIIJIEKCHBIX IEPEMEHHBIX, BBOAAT HEMOCPEACTBEHHO 1A T U ¥ B (3.18):

1,e° =(G+inG)y,. (3.19)
C ydeToM (3.6) 3T0 COOTHOLIEHHE 3aNHCHIBASTCS KAK

K+ip =G +ioG’. (3.20)
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CpaBHHBas OTAETLHO PEANBEHYIO H MHUMYIO 4acTH, ITOJIy4aeM

u=G,u =Gw,
Go (3.21)
=tgd= .
n=1g G

B cnydae ucnonp3oBanus moAend KenabBHHA ynpyruif MOOyJb | €CTb
C/IBUTOBAas KOHCTaHTa, 8 MOAYJb NMOTEPh W' — JMHEHHAs QYHKUHUA yrioBOH
qactotel. [loaToMy ko3(p¢duLIMEHT noOTEPh N MMEET TEHACHUHIO K JIMHEH-
HOMY YBEIHYEHHUIO C BO3PACTAHMEM HaCTOThl LMKIUYECKOrO HArpyXeHHs
JIAaHHOTO Tela.

B Teopuu sazkoynpyroctu Mojens KenbBuHa 40 CHX MOp HCHOMB30Ba-
Jach JUIA TIPEACTABIIEHUS NMOI3YYEro MOBEACHUS MaTepuana, roABEp)KEH-
HOTO JUIMTENbHO JSHCTBYIOIMM Harpy3kam. Bripaxkehue, cOOTBETCTBYIO-
1iee YCJIOBUSIM HCIBITAHUS MPU 3aJaHHOH Harpy3ke, MOXeT ObITh Mosnyue-
HO MHTErpdpoBaHHeM ypaBHeHus (3.18) mo BpeMeHM NpH HavallbHOM YcC-
AOBHH T=Tounpu =0

To —t/f
=0~ , (3.22)
Y G( e’")

rae ¢ = G'/G — BpeMs 3ana3/bIBaHus.

Ioactasus ¢ B (3.22) BMecTo ¢, noyuum y =0,632 1,/G. Cnenosarens-
HO, BpeMs 3ama3piBaHHs — 3TO BpEMs, HEOOXOAUMOE /A [AO0CTHIKEHHS
63,2% obuiei pedopManvi B YCIOBUAX JJIMTENbHO ACHCTBYIOLIMX Kaca-
TEJIbHBIX HAIPSIKEHUM.

3.1.3.2. Modenv Makceenna

JTa MOJIE]E COCTOUT W3 MPYXHHbI U AeMIbepa, COeAHHEHHBIX MOCITe-
JIOBaTE/IbHO Kak Moka3aHo Ha puc. 3.4, 6. B 3Toil Monenn HampsKeHue T
BOCITPUHUMAETCA OOLIYHBIM CIOCOOOM, a AedopMaling y COCTOHT M3 JIBYX
qacreii: nedopmanu npyxuHsl v, U aedopmauun aemndepa y,. Kaxapiii
KOMIIOHEHT CBA3aH C HAMPSHKEHUAMH clenyroumM obpazom: 1= Gy H 1=
=G'dy>/d,. TloaToMy 3aBUCHMOCTb MEXy HanpskeHHAMH H aedopmauus-
MH B MojJenu MakcBeiuia MOJydaeTcs Yepe3 COOTHOLIeHHE ¥ = vy + 72 B
BUJIE

v ld_dy (3.23)
G Gdt at
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AHAJIOTUYHO, MTyTEM 3aMEHBI BEJIMYHMH T U ¥ B (3.23) 3HaUEHHAMH 7 U ¥
u3 (3.4), nonyyaercs BBIpaXEHHE AN YOPYroro MoayJs L U MOIYHS II0-
repsb W' [loacrasnsas (3.4) B (3.23), nonyuaem

11 s
—+ T =e Py . (3.24
(G imG'J “ Ya )

C yuetom ypaBHeHMs (3.6) BRIpaXKeHHS JUIS [L U |1’ BBIBOASATCA B BUIE

1
- G
HOLe)
- + 5
G Gw
1
’ 3.25
W= Go (3.25)
(6) ()
R + ;
G Go
G
=fgd= .
n=ig oG

B ypasnenun (3.25) xoadpduunenT notepr 06paTHO NPONOpUHOHATIEH
yrnoBoi wacrore. Moaenbs MakcBenaa o0 CHX MOpP HCIOJb30BaNaCh AJIS
OMHCAHUSl pENTaKCALMOHHOTO TOBEACHHS MaTepHana, MOABEPraroIerocs
BO3/IEHCTBHIO AedopMalMy MOCTOSHHON BENHYMHBL. VHTerpupys ypaBHe-
nve (3.23) npu HayaJbHBIX YCIOBHAX Y = Yo U ¢ = 0, MONYYHM BBIpaKEHHE
JUISL HANPSKEHNS B CNEAYIOLEM BHJE:

1=v,Ge™""’, (3.26)
rae 1 = G'/G — Tak Ha3bLIBAEMOE 8pems peraKcayuu.

[Toncrasnas = t, nony4yaeM t = 0,368 Gyo, NO3TOMY oA BpeMeHeM
penaKcauuy noApasyMeBaeTcs BpeMs, HEOOXOAMMOE AN pesiakCaluu Ha-
YANBHBIX KacaTenbHbIX HAMpsKeHUH Ha 63,2% B yclnoBusaX 3aJaHHOM Ie-
(opmaumu capura.

Kak Oyner nokazano nanee, KO3hQUUMEHT NOTEPb PaBEeH ABOMHOMY
HAYEHHI0 KO3 duuMeHTa TeMI(UPOBAHUSA, YTO OYEHD BAXKHO [PU AHAIH-
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e ceficMuueckoil peakuuu. [103TOMy HHTEPECHO HCCNCA0BATH NPUPOLY
koddduiienTa noTepb B MOAEIAX KenpBuHa 1 Makcgemna. s uioCT-
pALMH YaCTOTHON 3aBHCHMOCTH ko3 QUUHEHT NOTEPL 1|, ONPEETAEMbIH
seipakennamu (3.21) u (3.25), Ha puc. 3.5 orobpaxeH B 338BUCUMOCTH OT
espasmepHoro napaMerpa of . Ha pucyHKe ACHO BUIHO, HTO x03(hduum-
enT norteps B Mojenu KenbBuHa yBenM4MBACTCS, a B MOJCIH Makcsenna
YMEHBIIAETCS C POCTOM HACTOTHI LIMKJIHISCKOr0 HArpyKCHM.

T T 1 1 T T T
G =&
1 01 — G{Sﬂ G ¢ t= Y -
E Kenssua  Makcaein g
| Moaens —
L KenbBUHa -
0
107F Moaenb 4
- Makcsenna .
w N i
ah i
1 E E
e
16— .
- ]
.'ZL i i I L
1 O L 1 | 5 4
6% 102 10° 102 - 10

Puc. 3.5. KoadduuneHTtsi notephb
KaK (pyHKIMH 4acTOThI [0 JBYM MOJIENSM

PesynbTaThl MHOTOYHMCIICHHBIX /1200PAaTOPHBIX  OKCIEPHMEHTOB Ha
TPYHTax MO3BOJIAIOT YTBEPXKAATh, UTO nemndupyoLHe CBOACTBA PaKTH-
4eCKN He 3aBUCAT OT YacTOTHI B AWafia3oHe OOBIYHBIX BENMHUH CEHCMMUE-
cKkux Harpy3ok. I109ToMy npHMEHEHHE NPYXHHHO-IEMI(EPHBIX MONETIEH
IS PellIeHHs NPAKTHYECKUX 33784 MOKET ObITh OrpaHHICHO HEKOTOPLIMH
CrelHaTbHBIM CIYYasMH, I€ 4acTOTa HArpyKeHHs W3MCHACTCA B y3KOM
AMana3oHe MM AeMrupoBaHHe MPEHEOPEKUMO MaIO.

3.1, JIMHEMHAS BA3KOVIPYTAA MOIENb 41

3.1.3.3. Mooeno Kenveuna nesszxozo muna

OueBHIIHO, YTO YACTOTHO-3aBHCHMAas MPUpoaa KO3QDHIIMEHTA MOTEPE B
moboil npyxnHHO-1EMN(EPHOI MOAETN HEMOCPEACTBEHHO CB3aHa C HUC-
NoJb30BaHUEM BA3KOro Aemrdepa, KOTOPHIHA CBA3BIBAET HANPAXKEHHE CO
CKOpocTbio aedopmaiud. YtoOwl H30aBUTHCS OT JaHHOTO HEAOCTAaTKa, He-
00X0AUMO TIPUHATE ocoObli BUI Aemrdepa, He 3aBUCANIMHA OT CKOPOCTH.
OnHako B KJ1acCHMYECKOH TEOpUH TEPMOAMHAMMKH H3MEHEHHE IHTPOINMHU,
ABSIOLICHCA NOKa3aTeqemM PaccesHUs DHEPryu, BCEr/a paccMaTpUBasoCh
KaK 3aBUCALLEE OT CKOPOCTH U3MEHEHHS TEPEMEHHBIX.

Taxum 00pa3zom, CTABUTCS MOJ{ COMHEHUE JaXKe CYIECTBOBAHUE ICMII-
tepa, MMEIOLLIErO HE 3aBUCAILUI OT CKOPOCTH XapakKTep, M ero QU3NYeCcKoe
o0ocHOBaHWE He MOXET ObITh onpapaaHo. TeMm He MeHee, Obl10 OB Liene-
co00pa3HO BBECTH B MOJeNb AeMIldep, HE 3aBUCALINI OT CKOPOCTH, H TIO-
JIYYWTb MOJENb, OTPAXKAIOLIYIK) PEANTBHOE MOBEIEHUE TPYHTOB C BBICOKOH
noneit TouHoctH. CaMOH NpoCTON MOJEnblO, YAOBNETBOPAIOUICH ITOMY
TpeOOBaHUIO, ABJAETCI Modenb Kenveuna nHeaa3kozo muna, KOTOPYH MOX-
HO BbIPa3UThb Kak

T=(G +iGYy, (3.27)

rae Gy — KOHCTaHTa aemndepa.

OTa Moaenb COCTOMT M3 MPYXHHbl M HE 3aBHUCSLIEr0 OT CKOPOCTH
Jemndepa, coeaMHEeHHbIX napannensHo (puc. 3.6), rae nemndep 0003Ha-
YEH JPYrMM CUMBOJOM. YpaBHeHHe (3.27) MOXKHO HHTEPIPETUPOBATH KaK
3aBHCHMOCTh MEXIY HanpsKeHUAMH H nedopmaudsmu. B 9ToM ypaBHe-
HUM HanpskeHWs NpeacTasieHbl IByMS KOMIIOHEHTaMH, OIWH U3 KOTOPHIX
peanu3yercs OJHOBPEMEHHO ¢ aedopmauneil, 1, = Gy, a apyroii — Ha 90° B
nporuBodase, T, = G'yy.

OTMeTuM, YTO 3aBHCHMOCTbL MEXKY HANPSIKCHHAMH M aeQopMaliusiMu
no N1aHHOHW MOJIEIH COAEPXHT «BbIMBILIIEHHbIH» KOMNOHEHT i G'yy, KOTO-
pBIif HEBO3MOXHO BBOAMTb B YPAaBHEHHS, ONMHUCHIBAIOIIME (dH3HUECKUE 3a-
KOHBI B peajibHOM MHUpe. TeM He MeHee, Halu4yue AaHHOIo 2JIeMEHTa 00s-
3aTEJIbHO B CWIIy HEOOXOAMMOCTH PEaTMCTHYHOrO MpelacTaBieHus (eHo-
MeHa (a30BOTO 3aMEANICHHA M, CIEN0BATENbHO, ASMIGHPYIOIMX XapaKTe-
PUCTHMK I'PYHTa, €ClId UJIET peYb O NPUMEHUMOCTH HE 3aBUCAIIETO OT CKO-
poctu K03 hHIMEHTA TOTEPS.

Moxynu ynpyrocty p ¥ OTepH ', COOTBETCTRYIOLINE JaHHOM MOIEIH,
MOXKHO MOJYYHTb, Cledys H3I0XKEHHOH Bbllle npoueaype. [logcraemsas
ypashenue (3.4) B (3.27), nonyyaem

1,6° = (G +iG))y,. (3.28)
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C yueroM ypaBHenus (3.6) Beipaxenue p u p' ani monenu KenbBiHa
HEBA3KOr0 TUNa UMEET BH](

=G =G,
c (3.29)
=tgf=—2.
n=itg G
T

G 15 Go

Puc. 3.6. Moaens KensprHa HEBAZKOro THNA

COBCpI.HCHHO OYEBHJHO, UTO BCEC MOJY/IH NPHUHAMAKOT MNOCTOAHHbLIC
3HaYeHUA HE3aBUCUMO OT YacTOThl HHKINYECCKOTO HArpyXCHHsl.

3.2. HeqluHeliHas NUKJANYHO-HE3aBHCHMAs MoOAeJIb

IIpy He3HAYMTENHHOH AMIUIMTYIE Ae(OpMalMy CABHIa peakums rpyH-
TOB HE U3MEHAETCH C YBEJIWUICHUEM KOJIMYECTBA 1IUKIIOB, TO3TOMY MOIYIH
¥ aemndupyiouMe CBOHCTBA OCTAKOTCA OMHAKOBbIMH Ha BCEM MPOTAXKE-
HHH BO3ACHCTBYS LIUKINYECKHX HanpsxeHn#. ONHAKO yPOBEHb CIBHIOBOM
nedopManyiu MOXKET OBITh JOCTATOMHO 0ObIIMM IPH BO3HHKHOBEHWH HE-
JIMHEHHO-TUCTEPE3UCHON TMETIH B LMKIMYECKOH 3aBUCHMMOCTH MEXIY Ha-
npsokeHusAIMH M aedopMauuamu. Takod Tuil TOBECHHS TPYHTa MOXET
NPOSBATHCS, KOrJAa BbI3BaHHasA Je(popMalius CABHra JICKHUT B Auanasone
107°...107 (cm. puc. 3.1). B oTM4me 0T X0Opoiwo pa3paboTaHHOH BA3KOYII-
pyroii MoAenu, HET HU OJIHOU HETUHEHHOH MOJENH, ITOCTPOCHHON Ha no:
r'M4HOM (PHU3HYECKOH OCHOBE. BOJIBIIMHCTBO TNPEUIOKECHHBIX MOACHICH
MMEIOT GOPMABHYIO CTPYKTYPY, YTO YIIPOIIAET HX NPAKTHYECKOE MCIIOIb-
30BaHME H MO3BOJIAET JIyyllle allPOKCUMHUPOBATH OMBITHLIC JAHHLIE.

3.2. HEIMHEWHAS LMKJIMYHO-HE3ABHCHUMAS MOJEJIb 43

3.2.1. Cmpyxmypa mooenu, onucviéaroweii HeruHenyIo 3a8UCUMOCHb
MedICOY HANPANCEHUAMU U Oehopmayuamu

Korza rpyHTbl moasepraotcs Bo3feHCTBIIO LMKITHYECKHX HATIPSHKEHHH
C JI0BOJILHO OONBINOH aMILINTYHOH, KpHBas «HAaNpsKeHHA—AedopMalim»
MPEACTaBseT cOOOH 3aMKHYTYIO THCTEpe3dCHYyo nermo (puc. 3.7, 6).
[Ipeanonoxum, 4To cHauajda Harpyska yBEJIMYMBAETCA JO YPOBHS, OTMeE-
YEHHOIO TOYKOH a, 3aTeM UMKIMYECKH MPOXOAUT uepes Touku b c d e f a,
rae ApeanoyaraeTcs, Yro UIMEHEHUE 3HAKA HANPSKEHHS OT Pasrpy3ku K
MOBTOPHOMY HArpyeHHI0 MPOHUCXOJUT B TOYMKE d, PACIONIOKEHHOH CHM-
METPHYHO OTHOCHTENbHO MEPBOH TOUKH M3MEHEHHS 3HAKa HANPSIKEHMS 4.
Ha rpaduke «HanpskeHue—-aedopMauus» MOKHO MPOCIEAHTE ABA THIA
KPHBBLIX: OJIHA ACCOLMHUPYETCS C MOHOTOHHBIM HArPY)KEHHEM TI0 TPAEKTO-
pun doa, Apyras COEPXHUT LUKITHYHYIO IETIII0 HAa TPAeKTOpHH acdef. Tlep-
Bas M3 HUX Ha3bIBACTCA cepeduHHOU WM CKelemHou KpUBOH (skeleton
curve), a BTOpas — nemneil 2ucmepesuca.

Ecin BennumMHbl HanpsXXeHHit B KPUBOM MMCTEPE3NCA BBIYECTb U3 BEJIH-
UMH HanpsHkeHUN CepeNvHHON KPUBOH, MOJyYUM [BE pa3fiesbHbIE KPHBbIE
(puc. 3.7, a). DTy 1Be KPUBbIE PACCMATPMBAIOTCSA KAK MMEIOLIME OJMHAKO-
BBl (PH3UYECKHI CMBIC C KPHUBBIMH, H300paXKEHHBIMH Ha PHC. 3.2, g, 4TO
CBUIETENbCTBYET O HEJMHEHHOM MOBEIEHHH IPyHTOB. PaccMarpuBas He-
MUHEHHBIH Cly4ail, MOXKHO OTMETHTb, UTO CEpeJIHHHAA KPHBAsi U [HCTepe-
3ucHas netas (cM. puc. 3.7, a) oTpaxaloT, COOTBETCTBEHHO, YIIPYTHE CBOJi-
CTBA U JHEPreTHUYECKHE AUCCHNATHBHBIE XaPAKTEPUCTHKH, SBJISIOLIMECS
HenMHeHHbIMK. [10CKOIbKY CyIIECTBYET HENMHEIHOCTD, CKEETHAs KpHBas
HE SIBJIAETCS NPSMOM JIMHHUEH, a THCTEPE3UCHas KPHBas HE UMEET CKpPyT-
JIEHHBIX YTJIOB.

a T"‘rz 6 T

QAfegmm e a

Puc. 3.7. PasnoxeHue HeNMMHEHHOI rUCTEPE3HCHON KPHBOIT
Ha KOMNIOHEHTbI YTIPYTOCTH M ANCCHNALMH SHEPIHH
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IIpu BbHIBOAE HENMHEMHOM LUKJIMYECKON 3aBHCHMMOCTH MEXIy Hamps-
KEHUAMHU U JedopManuaMeu OoOLIUM Ajs BCEX MOJENEH [BISETCS TO, UTO
OHH COCTOSAT W3 ABYX (PYHKLUHUH, OHAa M3 KOTOPHIX ONpelENseT Xapakrep
Cepe/IMHHON KPUBOM, a Apyras OTpaXaeT METIo rucrepesnca. Jlonycrum,
4TO CcKeseTHas kpuBas (puc. 3.8) BbipaxcaeTcs QyHKIMEH THNA

T=f(y) (3.30)

O0BIYHO 2TO COOTHOUIEHUE MOMYYAETCA U3 UCMBITAHHN TPYHTOB HA MO-
HOTOHHOE HarpyeHue (II0CTENeHHO YBEIHUMBAOLIYOCA Harpys3ky). Ecau
IPEIIIONIONKHTE, YTO HAUaJIO PasrPy3KH IMPOMCXOANT B TOMKE d, TIE Y = Y, U
T = 1, TO ypaBHEHHE KPUBOH «HanpsxeHue—AchopMauus» s Mnocie-
JAYIOILEHN pa3rpy3Ku OIMCHIBACTCH KaK

=% _ ¥ 3.31
5 f[ 5 ] (3.31)

Pasrpy3ounas BETBb KPUBOH «HanpshkeHne—aedopmauus», Kak oTMe-
YeHO Bhillle, TOAPA3yMERAET, YTO MOJOBHHA TMCTEPE3NCHON KPHBOH nony-
yaeTcs JBOWHBIM YBENHYEHNEM CEPEAMHHON KPHUBOH H NMEPEBOJAOM OAHOTO
ee KOHIla B TOYKY Havana pasrpy3ku. Jlerko nokasartb, 4To 3Ta KpHBas
[POXOMT Yepe3 TOUYKY b, CUMMETPUYHYIO TOUKE Hauajia pasrpysku. Eciu
NOBTOPHOE HArpY>XEHHE BBIMOJIHAETCS M3 TOYKH b, TO KpUBas «Hamnpsxie-
HHe—iedopManra» A YHacTKa OBTOPHOI'O HAarpyXeHHUs IPUMET BHIL

T+7, :f(Y—Yuj' (3.32)

2 2

Take H3BECTHO, 4TO ApYyras MONOBHHA THCTEPE3UCHONH KPHBOH mnony-
yaercs yBEAMYEHHEM CKENETHOH KPHBOH B [1Ba Pa3a U 3aKPCIJICHHEM OA-
HOro ee KOHL@A B TOYKE Hayana pa3rpysku b (cM. puc. 3.8). [lokazano, 4To
BETBb NOBTOPHOI'O HarpyXeHHs, ONpeneieHHas ypaBHeHHueM (3.32), nepe-

| CeKaeTCsl CO CKEJIETHOH KPHUBOH B TOUKE g, KOTOpas ABJAIACH HaualbHOM
TOuKOM pasrpy3ku. [103ToMy Napa KpHBbIX, ONpPENEAEMbIX YPaBHCHHAMH
(3.31) u (3.32), cocraBisieT UENy0 3aMKHYTYIO NETII0, NPEACTABIAIOLLYIO
HEJIMHEHHYI0 THCTEPE3UCHYIO KPHBYIO MpPH LMKJIMYECKOM HArpyXeHUH.
[lpaBuio 41 OCTPOSHUSA BETBEH HATPY3KU W PA3sTPy3KH € UCMONL3OBAHHU-
€M CKeJIeTHOW KpHBOIi HasbIBaeTCs npasunom Masunra (Masing rule).
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T
TeTa _ /Y+Y o A
=105 T

!
1
i
!
1

CkeneTHas Kpupas

-Ya 0 :
L Ya Y
| N
{
E T=4(Y)
|
L (1)

Puc. 3.8. Kpusbie nedopMupoBanus n ckenetHas Kpupas

YcTaHOBHB OCHOBHBIE MpaBMJIa [I718 HETMHEHHBIX COOTHOLIEHHH MeX Ty
HAMPSHKEHUAMH U 1eDOPMALHAMU, Ha ClIEAYIOUIEM ITalle CAEAYeT BbIBECTH
cepuio GopmyJ1, ONPenensioIMX CABUIOBbIE MOAYIU U KO3DGULMEHT o~
Tepb nan aemnduposanms. Ilo ananornn ¢ 060cHOBaHMEM BA3KOYNPYToit
MO/ HennHeliHble 1eOPMaLHOHHbIE XapaKTEPHCTHKH YaCcTO MpeaCcTaB-
JSAIOT CEKYUIMMH MOAYJISAMH, KOTOPBIE ONMPEAEsOTCS KaK YroJl HAak/IOHa
JIMHUH, CBS3bIBAIOWEN HAYAN0 W TOYKY aMILIMTYIbl JedOpMaLMK Ha CKe-
neTHON kpuBo# (puc. 3.9). IMostoMy cekywmit Momyns G onpeaensieTcs
HEMOCPEACTBEHHO uepe3 cooTHowewnue (3.30):

T
G=to o SO (333)
YooY
rape v, U Y, — COOTBETCTBEHHO aMIUINTYIbl CABHIOBOTO Hanps>XXeHus 4

C/ABUTOBOH iehOpMali NPH LNKINYECKOM CXEME HATPYKEHHS.

Kak u B BA3KOYNpYroi Monenw, QMCCHNIALHS HEPIMHA 3a LMKJ Hpei-
cTaBisgeT coboil Muolane 3aMKHYTON THCTEPE3NCHOH et dW. IosTomy
1o anasoruv ¢ (3.15) kodpduument aemndnposanns D onpeneanM Kak

pn_ LW

2 4dn w’ (3.34)

rae W — MakCHMyM COXPaHEHHOHN SHEPIUH.
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Puc. 3.9. Onpenenenvie ynpyroi COXpaHeHHOH SHEPTHH U [IMCCUMALIMK SHEPTHH

JIis HEIMHEHHOTO Ciy4as eCTh HECKOABKO IyTEH OIpeAeSeHHs coXpa-
HeHHOM »Heprud. Haunbosiee nOrudHO MPUHATE €€ PABHOW IUIOMIAAW Tpe-
YroJdbHHMKA, OrPaHHYCHHOTO MPSMOH, ONpPEACIAIOIEH CEKYLIHHA MOAYIb
(cm. puc. 3.9). IloaToMy cOXpaHEHHas S3HEPTHS BRIPAKAETCSA KaK

W= 110 (3.35)

B cooTBeTCTBUH C TpaBUIOM MasuHra, KOTOpOE ONUCLIBACTCS ypaBHe-
auamu (3.31) u (3.32), meTuist rECTepe3nca NoTyd4acTcsl U3 CKEJIETHOM Kpu-
BOH yMHOXeHHMEM Ha kod(uimeHt 2 B 060ux HanpapieHusx — T U y. Ilo-
3TOMY CEKTOp B BUAe nonymecsua ABE (cM. puc. 3.9) nmeer Takyio xe
dopmy, kak nonymecsi AOC H, clefioBaTeNbHO, IIowans ABE cocrasiser
4 nnomaau AOC. C y4eTom 3Toro ¢akra oTepu SHEPruu 3a uuka dW npu
amIuiuTyae 1e(opMaLiut Y, BBIYUCIAIOTCS KaK

AW =8 y]f(y)dy—W . (3.36)

Ioncrasnss (3.35) u (3.36) B ypasrenue (3.32), BEIYMCIHM KO3GuLH-
enT AeMnpupoBaHus:

2 [rnay

D=2
| Y.f(Y.)

(3.37)

. 3.2. HEJIMHEMHA Sl LIUKJIMYHO-HE3ABUCHUMA Sl MOJIEJIb 47

Cekymmii Moayns, onpenesnsemslit ypasHenueM (3.33), u koadpduument
aemndupoBaHus, BeUKCAIEMBIH 1O (3.37), ABNSAIOTCS TVIABHBIMH [apaMeT-
paMH, YCTaHABIMBAIOIIMMU HEIMHEHHbIE Ae(QOPMAUMOHHBIE XapaKTepH-
CTUKH TpyHTOB. OTMETHM, 4TO 00a mapamMeTpa BBIPaKarOTC KaK (QyHKIHUS
CIIBUTOBOH aMIUTUTYABl JedOpMaLuy IPYHTOB Y,, NOCKOIBKY BBIBOJ (op-
MYJ OCHOBaH Ha ypaBHeHuH (3.30).

Ecau onpenensiomas Moaelb NOCTPOEHA TaK, YTOOBI BEIPA3HThL 3aBH-
CUMOCTB AehopMaluy COBHra OT KacaTeIbHOTO HANIPSKCHHUS:

v=2g(1), (3.38)

TO, CeAys ONMUCAaHHBIM BBbILIE PACCYKAECHHUAM, KacaTelIbHbIH MOIY/Ib CABH-
ra u ko3¢GUuMeHT neMnpUpoBaHUs OyIyT BBIPaXKaThCA Kak QYHKLIUH Ka-
CaTebHOTO HANPSKEHHA T, |

G=lo—_Ta_| (3.39)
Y. &)
2]'g(t)d‘c
_2| 5 ‘ (3.40)
T T, f(T)

3.2.2. MoOenu HenruneliHblx OMHOULEHUTI MEXNCOY HANPIHCEHUAMY
u decpopmayusamu

s onyicaHMs HETMHEHHBIX OTHOWIEHWI MEXIy HanpsHKCHHSIMH U Jie-
(opMaLUAMHU B TPYHTE HUCIOJIB30BAIUCH ONPEJENISIONIME MOEIH IBYX BH-
noB. [lepBas — nByxnapaMeTpu4eckas MOAENb, NPEACTaBICHHAS THITEPGO-
NUYECKOH MM 3KCHOOHEHUHMAIbHONH (QYHKUMAMH; BTOpas — YeThIpeximapa-
METpHYECKas MOAEb, U3BECTHas kak Mojens Pambepra — Osryna (Ram-
berg — Osgood model).

3.2.2.1. 'unepbonuueckas mooens

JlornqHO MpPEATIONIOXKUTh, YTO Jrobas KpUBas  «HATPSIKEHUA—
JedopManyuy Ui TPyHTa BCETAa OrpaHHYeHa ABYMS MPSIMBIMH JIMHHAMM,
IPOXOAMIMMH O KacaTeNBbHOH K HeH Kak INpH MajiblX, Tak M MPH 3HAYH-
renbHbIX Aedopmanusax (puc. 3.10). Tanrenc npu Mansix Aedopmaruax
(Go) npencTapisieT MOAYJIb YIIPYTOCTH MPH MallbIX AedopManusx, a ropu-
JOHTANbHAs ACHMIITOTA NMpH GOIBIIMX AepopMalMIX NMOKA3bIBACT BEPXHUA
1IpEAEN HaNpsXEHHs T; T. €. MPOYHOCTh IpyHTa. KpHBas «Hampskenus—
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nedopMaIm», OrpaHMYeHHas 3THMH JBYMS NIPSIMBIMH, MOXET OBITh BbI-
paxena B auddepenumansHoi Gopwme:

T _Ga-Ly, (3.41)
aH T

f
rJie # — IPOU3BOJIEHOE YHCIO.

Bripaxenue (3.41) nmokasbiBaeT, YTO TAHIEHC YIVIa HAK/IOHA KacaTe/b-
HOM K KpUBOH «HanpsikeHUs—aehopManum» umeet Besnnuuny Gy npu 1 =0
1 YMEHBIIACTCS C YBENHUEHHUEM HallpshkeHusd, obpauaice B 0 npu t = 15
Kpome ciy4asi, korga » = 1, ypaBuenue (3.41) MOXKHO MHTErpupoBaTh Ta-
KHM 00pa3oM, YTOOBI cuTyalus yAoBIeTBopsia ycnoBuo y = 0 ipu t = 0:

y=tr { i _1}, (3.42)

-1 0=/t

r1e Y, — HOBbIM mapaMeTp, Ha3blBAaeMbIil 3TanoHHOM Aedopmaumeii (refer-
ence strain)

Tr

=L, 3.43
Y. G, (3.43)

Oranounas nedopmaius — 310 aedopmanus, koropas Obina Obl xoc-
TUTHYTa [IPU Pa3pylLialolnieM HampshkKeHHH, eciad Obl rpyHT paboTan Kak
ynpyrag cpena (cM. puc. 3.10).

HutepecHo, uTO KpHUBas «HanpsOKEHUA-AeGOpMaLMM», BblpakaeMas
ypaBHenueM (3.41), npu Gonpiiux nedopmanusax AaeT MPeAeabHY BEIH-
yyHy Ko3ddunpenTa neMndUpoOBaHUsA, PaBHYIO 2/T. 3TO MOXHO A0Ka3aThb
nyTeM rpeodpa3oBaHus ypasHenus (3.37):

Yo
1+ DY,/ (1)=2 [f(nan. (3.44)

Ecmn koadpdunment nemnupoBaHus npu OoAbLINX AedopMatHaIx
NPHHATH NOCTOAHHBIM Dy, To ypaBHeHue (3.44) nuddepeHumpyercs cie-
AYWUIHM 06pazoM:

A-Zp)r(v,) = A+ ZD)y, 11, (3.45)
2 2
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T Go
1
Tt
Taf--- /1 =
: : CepenunHas
: 1 KpHBas.
A
! |
: |
i
|
| I
YI‘ Yq Y
DranoxHas
nehopMalus
-Tt

Puc. 3.10. OnpeneneHue stanoHHoi aedopmauum

Honcraenss ypasuenus (3.41) u (3.42) B (3.45) npu t = 1,, y = y,, HO-

Jyuaem
1-Zp, =1 ﬂ(HEDO 1=t X |, (3.46)
27 a1, U 2 T, T,

rae f(t,) =1, u f'(v,) = di/dy no onpenenenmio.
Korzna nedopmaumn oueHs BeMKH, T, CTAHOBUTCS PABHBIM T, M [IpaBas
4acTb ypaBHeHus (3.46) obpawaercs B 0. CrienoBaTenbHo,

D, = % =0,637. (3.47)

Taxo#t BEIBOA MOXHO MOTY4HTh JUIs CIy4asi, Koraa n = 1, cienys aHa-
JIOTUYHOH TIpoLenype.

Kpueyro «nanpsikenue-nedopManus» s runep6oandeckoil Monenu
MOXXHO [10J1y4YHTh HETIOCPENCTBEHHO U3 ypaBHeHus (3.42), 3anaBas n = 2;

1= QoY (3.48)

1+-F

¥
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VpasHenue (3.48) MHUPOKO IPUMEHSETCS IS ONMHMCAHUS HATPSHKCHHO-
1eOpMHPOBAHHOTO COCTOSHHS B Pa3IM4HbIX IPYHTAX MOCJIE TOrO, KaK ero
ucnonp3osanu Kondner and Zelasko (1963) u Duncan and Chang (1970).
T'unep6onnueckas MOAENb TAKkKe MCIIOJIB30BANACh [ yTOYHEHUS MPaBH-
/a YIPOYHEHHS B TEOPHY TUIACTHMHOCTH TPYHTOB (Vermeer, 1978). Bripa-
JKEHHE T CeKyIIEro MOXYJs NPU LUKIMYECKOW Harpy3ke MOXHO MOiy-
yuth 13 (3.48) B cneaymroIieM BUe:

G__ 1 gL (3.49)
GO 1+,Ya/yl‘ ’Yu

Benuuuaa COOTHOLIEHMS ceKkywmx moayied G/Go, BbluncHgeMas Mo
(3.49), nokasana Ha puc. 3.11 B 3aBUCHMOCTH OT OTHOCHTEIILHOM nedop-
MaLK CABHTA Y,/Y,. OTMETHM, UTO CEKYLIUKH MOIYJb CIBUra yMEHbILAETCA
710 TIOJIOBHHBI CBOEr0 HAYaJbHOro 3HayeHus, Korga aedopmauus CABHra
CTaHOBMTCS PaBHOM 3TaNOHHON AedOpMaLIUH.

1.0 0637
! 06
] Q
S r {os £
© g
g 1n, 8
= 04 &
= i =y
= s
= 05 b &
=
2 =
=S i T
s los &
I =
2 g
== B k=)
5 {01 %
[e] o
== I 4
5 O Il
107 107 10° 10' 102 108

JehopMaius caBura/Iraontas aedbopmaumst Y,/v,

Puc. 3.11. OTHOwWeEHKHE MOAYNEH CaABUra U KOIDOULMEHT AeMIPUPOBAHHS
Ju1g runepOonMuecKoil Moenu

VYpasHenue s koddUIMEHTa NeMIIUPOBAHHS B mnep6onw1uecxoﬁ
MOZEIH MOYKHO BbIBECTH, IIPMMEHHB MPaBUIO Ma3uHra K CKeJICTHOH KpH-
Boil, onucbiBaeMoit ypasHenneM (3.48). Tloacrasus (3.48) B (3.37), mony-
9UM BBIpAXEHHUE [T KoIpdHImenTa aeMminprpoBaHms:

p=i L | nd+v/y) | 2 (3.50)

T Y.V, Y./, T
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Bemuuna xoadduuuenra nemnduposanus, paccuntaHuas no (3.50),
nokasana Ha puc. 3.11 B 3aBHCHMOCTH OT OTHOCHTENBHOH aedopmaumu
caBura v,/y,. Kak nokasano Bbilie, K03¢UIHEHT AeMIPHPOBAHMSA 10 TH-
nepboJHUYECKOH MoaenH cBoauTCs K 2/n = 0,637, xorna aMIUIMTyaa CABH-
rosoil aedopmanny CTaHOBUTCA OeckoHeyHO Goabmioii. [TockosbKy U Mo-
Aydb CABUTra, U KO3pPUIMEHT neMrnbHupoBaHUs D BLIPAXKAKTCA B BHJE
Gynkuny ammauTynsl nedopmaunu y,, 3Ty BeawuuHy B (3.49) m (3.50)
MOMKHO COKpaTHTb. Toraa OTHOUIEHHE MEXIY CEKYLMM MOJYIEM CABHMIA U
xoappuureHTOM AEMTIIPUPOBAHMS TIPUMET BHII

41 1, GG G2 (3.51)

TRI-G/G,| 1-GIG, |G, )| &

DTO OTHOLIEHHE rpadyecKH TIoKazaHo Ha puc. 3.12,

B onucanunoit runepbosnueckoll Moaeny NpUCYTCTBYIOT ABa ONpeje-
naromMx napamerpa — Gy U 1. B HEKOTOpBIX Ciyyasx TPYAHO ONPEAEIUTD
KaK 3aBUCAWMH OT aedopMalmM MOAYNb CABHra, Tak U xod(pduumeHT
J1eMpUpoBaHHsl C NMOMOLLBIO TOJbKO ABYX mMapaMerpoB. OcoOeHHO He-
y100HO TO, YTO, KOTr/Ja 3TajlOHHas Aedopmauus v, 3anaeTcs u3 aedpopmary-
OHHO-3aBHCHUMBIX XAapPAKTEPUCTHK CEKYLIEro MOIyJsd CIBUTa, BeIMYHHA
nepopMaunonHo-3aBucUMOro koddduuueHTa aeMndUpoBaHUs npeaonpe-
JIENSETCH aBTOMATHUYECKH. Takum 00pa3oM MCKIIOYAETCS BO3MOXKHOCTB
W3MEHEHHS JIIOOBbIX N1apaMEeTPOB IS JOCTHKEHHS XOpOLeH KOPPENALNH ¢
IKCIEPUMEHTANBLHO MOJTYUYEHHBIMH BETHYMHAMMU 3aTYXAHHS.

ITpumepHbIH 1HMana3oH, B KOTOPOM JIeXKHT GOJblias 4acTh pe3ybTaToB
HCTIBITAHHMH, 110Ka3aH Ha puc. 3.12 (3aWITpUXOBaHHBIN cerMeHT). BuaHo,
Y70 MOJIE/Ib YJIOBJETBOPUTENBLHO paboTaeT B Auana3oHe Maibix gedopma-
ILMi, HO C YBEJIMUCHHEM C/BHIOBBIX AedopMmaimii OHa OTKIOHAETCS OT
JICHCTBUTENBHOIO NMOBEAEHHUs IPYHTOB, YTO NPUBOJMT K 3aBBILLEHHIO BEH-
“1HBI KO3 duLMeHTa neMnpUpOBaHHS.

B Teopun niacTHYHOCTH WHOFAA UCMIONB3YETCSH APYras MOJAEINb, TIpe-
CraBisiolas co00H IKCNOHEHUMANLHY O QyHKUNIO. OHA BBIBOXUTCS MyTEM
HITErpUpOBaHus ypaBHeHus (3.41)cn=1:

T=1,(1-¢ "), (3.52)

Beipaxxenue aas cexyiero MoayJIs Npy LUKJIMYECKOM HArpy>KEHHH 3a-
I1MCBIBAETCS KaK

Gﬁ =Jrqogniny, (3.53)

”
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AHaJoruiHoe pacCyXKaCHUC BCPHO U 1 SKCIOHEHUHAITLHOM MOJIETH.

70—
0637

60

50

40

30

20

Kosdumuent nemnduposanus D, %

10

01 02 03 04 05 06 07 08 09 10

Cexymmii Moayss casura / HadanbHeIA Monynb casura G/G

Puc. 3.12. 3aBucuMOCTE MeXIy K03(hGhHIUMEHTOM 1eEMNPUPOBaHNS
1 OTHOLIEHUEM MOLYJNEH CABHIa

3.2.2.2. Modens Pambepea—Oczyoa (Ramberg — Osgood Model)

HcxonHas ¢opMa 3aBHCHMOCTH MEXIYy HaNpsXeHUsMH u aedopma-
LHAMH AJIS CKEJIETHOH KPUBOIi TIPE/ICTABIICHA BBIPAXKEHHUEM

N PP 12 B (3.54)

e T, M Y, — KacaTeNbHOE HampshKeHUE W Aedopmalius CIABHMra, KOTOpbIE
HY’>KHO aJIEKBaTHO BBIOPATh; O H ¥ — KOHCTAHTBI.

Taxum oGpasom, Mozens Pambepra—Ocryna (mosens R-O) comepxut
yeTHIpe MapaMeTpa, 3HadeHHUs KOTOPBIX MOXHO HAa3HauaTh VIS OCTHIKe-
HUS HAWTyylleH KOPPEJsUHH C SKCIIEPUMEHTAIbHBIMH JaHHbIMH. Hanbo-
€€ UIMPOKO HCIOJIB3YeMbIid CIIoco0 ONpeNeNeHus T, U Y, 3aKI0YacTCs B
TOM, 4TOGBI ypaBHATH MX CO CIABMIOBBIM YCHIHEM T; U ITAIOHHOH Aedop-
Manueit y,, kak Opu10 npemsoxkeHo Mnpuccom (Idriss et al. 1978) n Xapa
(Hara, 1980). [pupaBHuBas 1,= T; U Y = Y,, NepenuuieM peipaxenue (3.54)
B BHJE
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1= G0¥ (3.55)

r=l"

T
1+ol—

Ty

Beipaxcenue ans n1edopMaLHOHHO-3aBHCMMOTO MOJYJIS TIPH [THKIHYE-
CKOM Harpy»eHUH MOXHO TOJYy4YHTh MyTEM MOJACTAHOBKK T =T, Y = Y, B
ypaBHeHue (3.55):

G _ ! (3.56)

G
0 1+ 0o

0

Ya

r=1°

¥y

CkenerHas kpuBas, onmuchiBaeMas ypaBHeHHeM (3.55), umeer dopmy
ypasHenus (3.38) u, cooTBEeTCTBEHHO, Hcnoub3ys (3.40), BeIpakeHHE KO-
>ddpuunenta nemnouposanus 1 monenu R—O nepenucrIBaioT Kax

G v
p=2r=1 . _1G 7 (3.57)
ntr+l Y r-l
I+of— 22
GO Yr

Jns TUNHYHBIX 3HAYeHHE o U r ypaBHeHUs (3.56) u (3.57) rpaduuecku
Mpe/ACTaBEHbl Ha pucC. 3.13, OTKyda BUIHO, YTO ¢ BO3PACTAHMEM OTHOCH-
TeNbHOW CABMroBOH aedopmanuu vy,/y, BenumunHa G/Gy CTpeMHTCs K
YMEHbLIEHHI0, a K03(D(HULHEHT NeMIbHUPOBaHNS — K YBEIHYEHUIO.

r=35

(@)

=50

OtHowenune Monynei casura G/Gg
o
[$))
f

o

102 107 10° 0 107
Hedopmaius caBura/atanosHas aegopMauus v,/y,

Puc. 3.13. Uncnennsiit npumep mozenn PambGepra—Osrona
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Kak 1 g9 runepOonmdaeckoil MoaesH, CEKyLMH MOAyJIb CABHIa U KO-
s PULHEHT ASMIPUPOBAHUSL BBIPAKAIOTCA KaK (PYHKIHUS OTHOCHTEIIBHOM
nedopmanuu cagura y,/y, CnenoBaTenbHoO, MyTEM B3aHMHOTO COKPALIEHUs
Yo/Yr B (3.56) 1 (3.57), MOXHO BBIBECTH COOTHOILEHHME MEXIY MOLYJEM
CIBHIa U KO3(hPHIHMEHTOM IeMNI(DUPOBaHHUS:

D_Ef—l(l_ﬁj_ (3.58)

o+l G,

OpuuM u3 HenocraTkoB Mozaenn R—O saBaserca To, uTO aedopmauus
CIIBHTA Y, MPH OOJIBIIMX BEJIWYHHAX BO3PACTAET NPONOPLUOHAILHO T,. ITO
JIETKO Jloka3arh, pewiuB ypaBHeHue (3.55). Ecnu 3nadeHus napamerpa r
NPEANONOKHTENBEHO HaXOAATCA B Adana3one 2...4, BelIH4YKWHA T, CTPEMHTCA
K OECKOHEYHOMY YBEJIMYEHHIO C POCTOM CABMTOBOH Ae(OpMalMH, YTO HE
COOTBETCTBYET pealbHOW KapTHHEe moBeneHus rpyHToB. [lpeogonets 310
NPOTHBOPEYHE MOKHO, YCTAHOBHB CJIEAYIOLIEE NPAaBUIIO U1 ONpPEae/IeHHUs
napaMeTpa 0: KacaTelbHOE HAMPSIKEHHE T, HUKOTAA HE JOMKHO MPEBbI-
IaTh BENMYHUHY T;, COOTBEICTBYIOLIYIO Pa3pyIUEHHIO. DTOT METOJ, Mpel-
noxennslii Xapa (Hara, 1980), 3akitouaeTcs B UCNOIb30BAHWU dedopma-
MM CABMIa TIPH Pa3pylIeHUH B KauecTBe HOBOro mapamerpa. [loacrasnss
T=1,0pH Y =Y B (3.55), omy4nm
Y

Y

a=-L-1. (3.59)

[pn ompeneneHuu napaMeTpa o 3THM CNocoOOM CBOWCTBAa IpyHTa
MOHO TPEICTaBUTh JOCTATOYHO TOYHO, OCOOEHHO B AWanasoHe OoibluKX
Aetdopmaumii. Ecnu BesMduHa AedopMalMu MpU paspyllEeHUH Y, Ha3Haya-
€TCs TAaKOM, YTO €€ HEBO3MOXKHO IMPEBLICUTH, TO YKa3aHHbIH MOTEHLHA/b-
HBIH HeROCTATOK MoJein R—O MOXHO criIaguTh.

Ipu ompeneneHuu r CIENYeT Y4UTBIBATh NeMNQHpYIOIME CBOHCTBA
rpyHrta. ITockonsky koadduuuenT aemnduporanus D B mogenn R-O cas-
3BIBAETCS C OTHOINEHHEM Moaylei casura G/G, ypasHeHueM (3.58), Benu-
YHHY ¥ TIPH OTIPEACICHHOM YPOBHE AedOpPMalMH MOXKHO YCTaHOBUTh, 3HAS
D n G/G,. Korna usBecTHa BeMurHa Koddduuumenta nemndupopanus Dy
IS COCTOSIHMS pa3pyIleHH s, # BBIYUCIAIOT U3 ypaBHeHHs (3.58):

nD, 1
I+ 2 1-G,/G
= st 3.60
"TT_mD, 1 (.69
2 1-G,/G,

rae Gy— CeKyluuit MOZY b CABHTa NpH PaspyLICHHH, OTpeJensieMblil Kak
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T

G, =, (3.61)
Yr

Jl1s HauGollee NOJHOro NPEACTABISHHS MOEIN HE3aBHCUMO OT €€ TH-
na (runepbonnyeckuit v R—O) I0MOMHUTENHHO K KOHCTAHTAM o U Y He-
00X0MMO OTPEIEUTH ABA APYIHX [apaMeTpa: HavyaubHbI MOMY/Ib CABHIa
Gy 1 KacaTeNbHOE HampsDKeHHE Tr. JlaHHBIH acekt OyaeT noapo6HO pac-
CMOTpEH B CAEAYIOLIUX IJlaBax.
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[IPUBOPbI U METOIUKH AJI51 NPOBEAEHUA
JJABOPATOPHBIX HCIIBITAHUHN

4.1. I[Ipubop A ACNbITAHUHA HA TPEXOCHOE CHKaTHe

ITpuGop s HCNBITAHUH Ha TPEXOCHOE CHKATHE IIHPOKO UCTIONb3YeTCs
B JTa0OPAaTOPHBIX HCIBITAHUSIX HECBA3HBIX IPYHTOB B YCIOBUSX KaK MOHO-
TOHHOM, TaK W LMKIHYECKOW Harpy3ku. CymecTBYET HECKOJIbKO Mojened
3TOro npudopa, PasIUYAOIINXCH OTAEIHHBIMU 2JIEMEHTaMH, a OCHOBHbBIE
y3/ibl T€ Xe, YTO Y OOBIYHOTO TPEXOCHOTO MpHOOpa, MpPEeAHa3HAYEHHOIro
JUTS. UCTIBITAHUH CBS3HBIX TPYHTOB.

B TpaaunmonHoM annapare, pa3paboTaHHOM B BenukoOpHTaHMH, TAIM
JUIS KpETUICHUS BepXHel KPLIIIKH, a TAK/KE NOPIIEHb HAXOAATCS BHE Kame-
pBbI TpexocHoro cxaTtusa. B TakoMm npubope mociie yCTaHOBKH Harpy304HoOro
HITaMrna Ha BEpPXHHUH Topen o0pa3la MOHTHPYIOTCS KaMmepa, BEpXHss
KPBIIIKA U TACH, [IOC]E Yero KPHIIIKa KeCTKO Kpenurcs K TiaraM. Ha aroii
CTaM HATPY304YHBIA IUTAMIl HAXONUTCA BHYTPH KaMepbl 0Oe3 OOKkoBOi
MOAJIEPKKH. 3aTeM B Kamepy OIYCKaloT NOPHIeHb 10 KOHTaKTa ¢ Harpy-
304HBIM IITaMaoM. YToObl TOOUTBCS TOYHOrO coeauHeHus, oOpaszen Aoi-
’KEH HaXOJHUTLCS B CTPOTO BEPTUKAIILHOM MOJIOKECHHUH,

Yro6bl u30eKATh CBSA3AHHBIX C 3THM TPYAHOCTEH, B HEKOTOPBIX CTpa-
Hax, B YACTHOCTH B SIMOHWH, UCMIONB3YIOT APYroi Tui npudopa (puc. 4.1),
B KOTOPOM BEPXHIOK KPBIIIKY KaMephl CHauala 3aKperuisioT U MOA4EepPIKH-
BAIOT C [IOMOIIBIO TAT. 3aTeM HAarpy304HbIi MOpPLUEHb ONYCKAIOT U COEAH-
HSIOT CO IITAMITOM BPYYHYIO, [IOCKOJIbKY Ha 3TOM 3Tale Kamepa eLle noJ-
HOCTBIO HE CMOHTHPOBaHA. Mecc/1o3y U JAaTUUK NEPEMEMIEHUs] YCTaHaBIIN-
BalOT BPYUHYIO, KAMEPY TPEXOCHOFO CKaTHs CTaBsT Ha OCHOBAHME U K Heill
KPenAT BEPXHIOW KPbILIKY.

Pyunas c6opka uenecoobpasHa, B YaCTHOCTH, KOTAA TOPUIEHb U HATPY-
30YHBI LITAMII JIOJIKHBI OBITh KECTKO COESIMHEHD! /I Nepeiadl PacTATH-
BaloIero ycunusa. B 3ToM ciydae HanpaBlieHHas BBEPX CHJIA PACTSHKEHHA
nepeiacTes BepTUKAIBHBIM MOPITHEM, U 00pa3el] 1101Bepraercs TPEXoCHO-
My pacTsxeHnio. OTMETHM, YTO MECCAO3Y Ui U3MEPEHUS OCEBBIX Harpy-
30K MOMELIAIOT B KAMEPY TPEXOCHOTO CXKATUA, YTOOb! UCKIIIOYUTE TPEHHE O
nopueHs (cM. puc. 4.1). i co3naHus NOLYMKH Ut HMIYJIbCHOTO Ha-
rpyeHHs, B YACTHOCTH BO BpeMs NPHJIOKEHHS LHKJINYECKOH HArpy3KH, B

4.1, TIPUBOP JIJ151 UCTILITAHUI HA TPEXOCHOE CXKATHE 57

BEPXHEH 4aCTH KaMephl OOBIYHO YJIEPKUBACTCS BO3IYX.

Opnnoit u3 Hanbolee BaXKHBIX 0COOEHHOCTEH TPEXOCHOTO IUKITHYECKOTO
MCITBITAHUS ABJISETCS TO, YTO K BEpXHEH YacTH 0Opa3lia MOKHO TPHUKIAIbI-
BAaTh PaCTATMBAIOUIME HATPY3KH. TakuMm oOpa3oM, TPEXOCHOE PACTSHKEHHE
o0pasiia MOXKHO CO3/1aBaTh [IUKIWYECKH 0€3 U3MEHEHHS JJABJICHUSA B KaMe-
pe. 310 HeoOX0AMMO AT OCYIIECTBISHHUS TaK HA3bIBAEMOr0 NBYCTOPOHHE-
r0 HarpyXcHus, KOria HaNps)KEHUs NpH LHAKIMYECKONH Harpy3Ke MEHSIOT
CBOE€ HamnpasjieHHe Ha MPOTHBOIOJIOXKHOE, BHI3BIBAA TPEXOCHOE CXKATHE U
pacTspkeHue. [IJ11 3TOrO BEPTUKAIbHBIA MOPIIEHb NODKEH OBITH MPOYHO
NPUKPETJIEH K HArpy304HOMY IUTaMITy.

Harpy3o4Hbliii riopuieHb

LHaprukonmoAUIHUK

Bosayuinas npocnoiika

beckoHTakTHBIH
MATYHK

- nepemelleHni
Bepxnss nacaaka
n basa patuuka
Buytpennsa
ra
-
Harpysounbiii

Mecenosa urramn

_ﬂ

IMopucrbrii - Obpaseu
KaMCHb_/_
o Pe3uHoBas
MemOpaHa

ITnactukosas "
Kamepa

{

e 777723

Puc. 4.1. Tlpubop 15 MCNBITAHAHA HAa TPEXOCHOE CKaTHe

Ha puc. 4.2 npusoautca npumep cOopku npubopa Uit TPEXOCHOTO
IMKIHYECKOro UcnibiTanug. B nannoii cbopke aaBieHe BO3xyxa co3naercs
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KOMIIPECCOPOM M MEPEAAeTCs MO JABYM Pa3JMYHBIM CHCTEMaM CTaTHYECKO-
ro Harpyxenus. Ilepeas — cicTeMa Kamephl JaBieHus. [JasineHde Bo3ayxa
KOHTpONMPYETCS KIAMaHOM B U Moc/e yMEHBUIEHHUs [0 XKeNaeMoi BelH-
YHHBI C MOMOUIBIO PETYIATOpPA JAaBICHUs NEPENacTCs B pesepByap B, a 3a-
TEM uepe3 BOAY — B KaMepy TPEXOCHOTro Cxxarus. M3-3a Hamuuus BEpTH-
KaJIbHOM TATH BHYTPH Kamephl BEPTHKAJIbHOE HANpPSKCHHE, BBI3bIBAEMOC
JIaBIICHHEM B KaMepe, MEHbIIE TOPH3OHTAILHOTO, MOITOMY /Ul TPHIIONKE-
HUS JOTIONHUTEIbHBIX BEPTUKAIbHBIX HArpsuKeHHH oObYHO Tpebyercs
Apyras cuctema. Jlis 3TOrO  MOXHO HCIONB30BaTh pEryisrop A
(cMm. puc. 4.2).

Jlatuux
JlaBnenue JABACHUS DnexTpUUecKuit
BO31yXa /ama CHUTHAN

H

Peryastop Bo3ayxa ans

Perynsrop /  Llmmnap K LUKITHYECKOFO HAarpyXKeHHs
ANIA IHEBMa-

Jasnenne THYECKOTO
ACMEHTA
BO31yXa e
! A > BropeTka
l VYposeHs
B \ BOJIbI
¥ ¥
Knanan /
Pesepsyap B /|
- 1
J
Jaryvk nopo-

G BOT'O JAaBIICHHUSA

Pesepeyap D

Peszepryap £

Puc. 4.2. CucTeMa HarpyXeHUs U1 TPEXOCHBIX HMKIWYECKHX HCTILITAHHHA

Bropas cucrema HarpyXeHHs HeoOXomuMa JUis Mojiauu B obpasel] Bo-
ABI U CO3JaHuA obpaTHOro AaBieHus. Bona mojaetces B obpasert MOA AaB-
NeHHeM uepe3 ocHoBaHMe pesepByapa D (cM. puc. 4.2), a pesepsyap E
npeaHa3HaueH MUIA MPHIOKEHUA OOpaTHOTO NaBJICHHS 4Y€pe3 BEPXHIOK
JPEHaXHY!O THHHIO. KOHTAaKTHas MOBEPXHOCTH BOJBI U BO3XYXa B TPyOke
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OIOPETKH CAYXKUT U KOHTPOAS o0beMa BOZbI, BBIXOAAIIEH U3 00pasia Bo
BpeMs ero konconupauuy. IlomectuB pesepByaps! D U E Ha 0gHOM ypoOB-
HE, MOXKHO YPAaBHATH BEWYHMHBI OOPaTHOTO JaBIeHUA, ACHCTBYIOILIEr0 Ha
BEpXHHMH TOpeLl M OCHOBaHHE o0pasua. A ecid MOMECTHTh pesepByap D
BBIILIE pe3epByapa F, HanpuMep Ha 70 cM, TO Pa3HUILY HAIIOpa MOXHO HC-
10JIL30BATH IS NIPOTOKA BOAbI Yepe3 obpaszen. [logodHas Hebonbiuas pas-
HULA HeOOXOaMMa AJf BREIBEIACHHS MY3BIPHKOB BO3AyXa U3 00pasua nyTem
UMPKYJSUMH Bofbl. [IpOTOK BOABI MOXHO Takke OOECNEeYHTh, COEIUHHB
TpyOKy M3 pezepByapa E ¢ BepxHeH ApeHaXHOH THHUEH.

HlMknnueckoe oceBoe HaNpsHKEHHE CO3AAETCA C NOMOILIbIO THEBMATH-
4ECKOr0 Harpy304HOro 3JIEMEHTa JHO0 IEKTPOTHAPABINUYECKONH CHCTEMBL,
B nHeBMaTHYecKoH cHCTEME PErysITOp BO3AYXa HCIONB3yeTCA TS YIpas-
JIeHUS aMIUTUTYAOH M YacTOTOM JBWKEHHs HArpy304Horo mopuias, OyHk-
LUMOHAJIbHBIA TEHepaTop MOJAET YIpaBisiOIUUH CcUrHaN B perysiarop. Cur-
HaJIbl, CHATBIE C MArHUTHOH JIEHTHI Y€PE3 HEPABHbBIE MPOMEXKYTKU BPEMEHH,
TOXKE MOTYT HanpaBjsATLCA B BO3AYIIHBIH peryasTop. HarpysouHsiéi mop-
WIEHb NPUBOANTCA B IBHKEHHE CHKATHIM BO3LyXOM, KOTOPBIH KOHTPOAUPY-
etca peryastopom Bosayxa K (cm. puc. 4.2). Llmuimuecknii Harpy304Hblit
YIEMEHT COEIMHAETCS C MOpPIIHEM NpUOOpa TPEXOCHOTO CIKATHA M MOXKET
co3aare n00yl0 BOJNIHY HeperynspHoi ¢GopMbl U mepeaaTh ee Ha obpasel
rpyHTa, HaxoAsuiMicsa B kamepe. JIo0as NOCIeA0BATENHHOCTh HEPETYISAp-
HbIX BOJHOBBIX (POPM, 3aMMCAHHAs Ha MAarHUTHYIO JIEHTY WJIH KOMITBIOTEP-
HYIO JHCKETY, MOXKET ObITh M3BJIeUeHa OTTY/a KaK aHAJIOroBasg KOMaHaa H
nepeaaHa Ha Harpy3O4HbIH 3J€MEHT, NPUBOJUMBIH B IBHXEHHE C MOMO-
1O JABIEHHS BO3AyXa.

4.2. [IpnGop A1 McnbITaAHUE HA NPOCTO# CABHT

Coeaunaus mob6oi npubop A HCMBITAHUSA HA POCTOM CABHL C LUKIIU-
YECKHM Harpy»XarolluM 3JeMEHTOM, €f0 MOXHO HCIIONb30BaTh 1 MCHbI-
TaHus 0Opa3lOB IPYHTA B YCJIOBHAX IMKIHYECKOTO MJIHM IHHAMHYECKOTO
Harpyxenua. Ha puc. 4.3 nokaszana ofHa u3 Mojened Takoro npubopa.
O6pa3sen, NOMEILEHHBIH B PE3HHOBYI0 ODOJIOUKY, ONYCKAKOT B TPyOy M3
Te(IOHOBBIX KOJIELl, YTO MO3BOJIAET MOJEIHPOBATh HPOCTONH CABHUI IyTEM
epemenieHus obpasua B 6okosoM HanpasieHud. Korga Ha ctaguu KOHCo-
/mMaauud K oOpasily NpUKIAJBIBAIOT BEPTHKAIBHOE HAlPSAKEHUE, B HEM
BO3HHMKaeT OOKOBOE HampsKeHHue, onpenenseMoe koddouimentom K. Ec-
JIM UMKJIHYECKOE HANpPsHKEHME NMPUKIABIBAIOT B HEIPEHUPOBAHHBIX YCIIO-
BUAX, TIOPOBOE JABJICHHE B BOJOHACHINIEHHOM 00pa3sie BO3pacTaeT [0 Be-
JIM4HHBI, NpeBbllIaloNIell HauanbHOe OOKOBOE HANpPAKEHHE, BOSHHKIIEE B
cocrosHuH Ko. B 3ToM cHTyaunu pe3nHoBas MeMOpaHa pacIiMpseTcs W
JIaXe Clerka BBIAABIMBAETCA M3 BEDXHEH TiockocTH oOpasua. YUTobwl us-



60 TIPUBOPBI U METOJIMKH 151 MPOBEJEHHS NTABOPATOPHBIX UCTILITAHUHA

0eXaTh HEXeNaTeNbHBIX IMOCAEACTBHIH, HY)KHO MOMECTHTh BHYTPb KaMephi
npubop mpocToro capura (cM. puc. 4.3).

Harpy3ounbiii nopiuenb

Pe3nnoBas
memOpana
®dopma ans s Bakyym
NOAroTOBKH ~— 27 /
obpazua Z //
/ Popma s
/ oS . % NOAFOTOBKY
% g B Y obpasua
7
Haop //J/ "ﬂopucrblﬁ P
aMenb
xoney | K
/ 0O-ob6painoe /
7777/ KOJTbLO T 4

QOcHoBaHHe

7777 Arrry
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Puc. 4.3. OGpasupi, 3aKTI04EHHSIE B CNELHANBHYI0 HOpMY
IU18 UCIIBITAHUH Ha MPOCTOH CABUT

B rpoitecce UCIbITAaHUM HA [POCTON CABMI U1 [MPOBEACHHA M30TPOIN-
HOW KOHCOJMIAlMM B KaMepe CO3[al0T AABIEHUE, PABHOE MO BENUYHHE
BEPTHKAIBHOMY HaMpsHKEHUIO. METOAMKY BbINOJIHEHUS NOAOOHBIX HCIIbi-
taHuii onuckiBaror Miumxapa u Amacaku (Ishihara & Yamasaki, 1980).
Onnako u3-3a psiaa Jpyrux HeJOCTaTKOB, HAIIPUMEP HEOILHOPOAHOCTH pac-
npejeneHns Ae(popMalrH, TPYZHO TNPOBECTH HWCMbITAHHE HA MPOCTOH
CABUTI B HAeanbHbIX ycaoBuAX. COCAMHUB CUCTEMY LUKIHYECKOro Harpy-
KEHHSA C BepxHeil 4acTbio 00pa3LoB B ABYX FOPU3OHTAILHBIX B3aHMHO
NEepIEeHANKYIAPHBIX HAMpPaBJICHUAX, MOKHO OCYIUECTBUTL MHOFOHanpaB-
JEHHBIE UCOBITAHKS Ha MPOCTON CABUI, 000PYAOBAHUE HJIA KOTOPLIX NOKA-
3aHO Ha puc. 4.4.

4.3. IIpnGop 118 MCILITAHKUI HA CABHT NPH KPYYeHHH

B TakoM npuGOpe MOXHO HWCHBITBIBATh HA KPyUYEHHE CILIOLIHON WM
0Bl QUIMHApHIECKHi oOpasen. McnbiTaHne CIIOMHOro obpa3ua uMeer
OAWH HCOOCTATOK: B palHajlbHOM HalpapJICHHU B FOpI/ISOHTaJILHOﬁ T10C-
xocTu obpasua gehopManus pacnpenensercs HepaBHOMEPHO. [losTomy B
nociieaHne rofbl UCMOJIb3YIOT MPEUMYILECTBEHHO MOJIbIE UHIHHIPHYECKHE
obpasubl.

4.3. IPUBOP 711 UCTIBITAHUIM HA CJABUT [1PU KPYUEHHH ol

TTHeBMaTHUECKHH BEMENT HATPYyKEHUs

Haryuk
riepeMeLleHN i YcrpoiicTBo ans nepenadd Harpy3km
LVDT

I1HeBMaTHUECKHUI
JIEMEHT HArpyMeHus

Bepxusis
1112CTHHA

Kamepa n3 oprerexia

/4 3akum

BepxHuit aneMeHT HarpyKeHus

HuxHuil oneMeHT Harpyxenns

/

Puc. 4.4. [Tpu6op 415 UCOBLITAHUS HA NPOCTOH CABHI
NPH HArPY>KEHUH B ABYX HANPABICHHUAX

CyuiecTByeT HECKOJIbKO Moaenel Takux npubopos. B npubope, paspa-
OotaHHoM B Sinonun (puc. 4.5), k 06pa3iy MOTYT OPHUKIAAbIBATHCS YETBIPE
KOMIIOHEHTA HANPAXKEHNA: BEPTHKANbHOE, KPYUeHHs M J1Ba OOKOBBIX (BO
BHYTPEHHEH W BHEWHEH Kamepax pAaBiieHus). CoenuHsas BHYTPEHHIOW H
BHELWHIOW Kamephbl, 0ObIYHO NPOBOAAT UCTILITAHUS NPH PABHBIX BENWUHHAX
6oxoBoro HanpsokeHus. C MOMOLUBIO TaKOTO MPUOOpa KPYYEHUS MOMKHO
BBINOJTHATE Y TPEXOCHBIE MUCTIBITAHHA. MOXKHO TaKKe MPHUKNAIbIBATH K 00-
pasily HanpsHKEHUs! KPYUEHHs B TPEXOCHOIo CABHIA B JII000H KOMOMHALIMH.
Takum o6pa3om, 0bpa3el MOXKET MCMBITHIBAT CIOXKHOE HAMPSHKEHHOE CO-
CTOSIHHE, BKNIOYas MNOBOPOT ocel InaBHBIX HanpsokeHud (Ishihara &
Towhata, 1983; Towhata & Ishihara, 1985). ITpuGop xpyuyenns yuusepca-
JeH ¥ yrobGen s UCCRe0BaHNs OCHOBHBIX aCNEeKTOB Ae()OPMALMOHHBIX
XapaKTEPHCTHK [PYHTOB, OAHAKO OH MOXET HE HOAXOJAMThL JUIS PEIICHHA
NPAKTUYIECKHUX 3a]ad.
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Puc. 4.5. [TpuGop A UCTIBITAHKE HA KPyUYEHUE NOMBIX LIMIHHAPHUECKHUX 00pa3LoB

4.4. Pe30HAHCHBIE MCIIBITAHHSA KOJIOHH

B maHHOM HCOBITAHMM CIUIONIHAS WIIH [TOJ1as LMIMHAPUYECKas KOJOHHA
13 obpasiia rpyHTa pukcupyercs B MpHOOpPE TPEXOCHOTO CXKaTHs, a 3aTeM
floiBepraeTcs IpojiobHOM BUOpauuy 160 BuGpaumu kpyuenus. Yacrora
CHCTEMBI 3NIEKTPOMArHHTHOrO BO3ACHCTBUA MOCTENEHHO M3MEHAETCH A0
TeX TOp, NOKa B 00pasie rpyHTa HE NOABATCS NEPBLIE IPH3HAKH PE30HAHC-
HOTO COCTOAHMSA. 3Has BEJMUHHY PE30HAHCHOil 4acTOThl, a TAKXKE IeOMET-
pHYECKUE XapaKTePUCTUKH oOpa3slia U YCJIOBHS 3aKPENJIEHHA €ro TOPLOB,
myTeM 0OpPaTHOro pacyeTa MOXKHO BHIYHUCIHTh CKOPOCTh PACNPOCTPaHEHMs
BOJIHBI uepe3 obpasen rpynta. [locne 3aBeplueHHs H3MEPEHNH B YCJIOBHAX
pEe30HaHCa MIPUBOJHYI0 CUCTEMY OTKJIIOHAIOT M 00pa3ell OCTaBisOT B CO-
CTOAHUM cBOOOAHOro Konebauusa. Habmogas 3a 3aryxaHueMm CBOOORHOH
BUOpaLMH, OnpeaessoT Aemrdupyroliee cBOHCTBO 00pa3sua rpyHTa.

[Mpoueaypy MOBTOPSIOT HECKOJBKO Pa3, CTYMEHYATO yBEIUYMBAsA [BU-
Kyutyro cuiy. [To Mepe pocta mocnenueil odpasel 10CTUraeT pe3oHaHCHO-
ro cocTOsHUs Mpu Oosiee HU3KOH HacCTOTE, MOCKOJIBKY W3-3a BO3pPacTaHHA
YPOBHS AehopMaLIHK CIBUTa €r0 KECTKOCTh yMEHbLIAETCA. B cnenytomem
HCTIBITAHWM Ha cTaauu cBoGoaHoro konebanus kodxpduuneHt aemnpupo-
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BaHua Oyner Oonblue, Tak Kak ypOBEHb HEMHEHHOCTH 0Opasiia BCIEACT-
BUE yBenMuMBLIeHCS AedOPMaUMH CABUTa MOBBICUTCS. B pesynabTare mpo-
BEICHMSl HCIBITAaHWH MONy4aloT JaHHBIE O CKOPOCTH M Koddduimente
AeMnpUpoBaHUA Kak GyHKUHAX AedOpMALIUK CABHIA.

CylecTByeT HECKONIbKO THMOB NPHOOPOB AJISl PE30OHAHCHOTO HCMLITA-
HUSL KOJIOHH, B KOTOPBIX CO3[al0TCA Pa3THUHBIC YCITOBUSA /I OrpaHHYEHHS
JilepopMaliiy BEpXHEro H HMXKHEro KOHIOB o0OpasioB. Cxema Haubosee
paclpoCTpaHEeHHBIX CMOCOOOB OrpaHWyeHui AedopMaldy Ha KOHHAx 06-
pasua npuseneHa Ha puc. 4.6. Takue npubOpb! MPUMENAIOT AT UCTIBITA-
HUH, B XO[le KOTOPLIX NPUKAABIBAETCS BHOPALINSA KPYyUEHHS.

TO eiwt

Obpasen

uoeiwl

Puc. 4.6. IIpubopsi VIS pe30HAHCHOTO HCTILITAHUS KOJIOHH: d — BHOPALMS OCHOBAHUS
11PY He3aKpenseHHo# BepXHeil yacTu obpasua; 6 — Bubpanus BepxHeit uactu obpasua

B mMonenn, nokazanHo# Ha puc. 4.6, a, k oOpa3ily npHKIaaLIBAETCA
#HOpans co CTOPOHBI OCHOBAHHS, a PeaKLUs Ha BO3AEHCTBHE (PUKCUPYET-
s B €r0 BEpPXHEH YacTU B BUJE CKOPOCTH WM YCKOpeHHs. Takoe ycTpoii-
CTBO Ha3bIBAETC NPHOOPOM co c80600HOI ukcayueti, ero pabora onuca-
nu Xonnom u Puyaprom (Hall & Richart, 1963). Ha puc. 4.6, 6 npeacras-
Jicna pa3HOBUIHOCTL NpHbopa co cBoboaAHON dukcauyei, pazpaboTaHHOro
Xapauuom (Hardin, 1965). 3necs Bo3meiicTBHE MPHKIAAbIBAETCA K BEPXHEN
“ucty o0pasua, TaM XKe OCYLIECTBISETCS U U3MepeHHe oTkiuka. [1ns npu-
JKCHUS BO3NCHCTBUA K BEPXHEH 4acTH 00pasiia Heo6X0aHMO CMOHTHPO-
mur Gonee maccHBHOe mpucnocobnenue. TakuM 06pa3oM, MOMEHT MHeEp-
UHH JIAHHOM MAacChl PU KPYUYEHHH JIO/KEH YYUThIBATHCA MPH BbIYHCIEHHH
CKOPOCTH BOJIH B 00pasue.
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Huke NpHBOAMTCA TEOPETHUECKOE OOOCHOBAHWE aHalM3a CHCTEMbI
«oBpazew ~ npubop» (CCHUTKH Jal0TCA Ha 0003HAYECHHS Ha PHC. 4.6, 6). Ans
YIPOLIEHHUs aHanu3a MPEANONaraercsi, YTO MCHbITYEMbIA IPYHT ABJISCTCA
ynpyruM. OOuiee pelleHue BOJHOBOTO ypPaBHEHMS MOXHO MPEACTaBHTh
cnenyrmuM obpazom:

Q= E™7/V) 4 Fplttalve) 4.1)

rae 6 — yron BpalleHus; o — YIJI0Bas 4acToTa.

IMepBhiit wieH B npaBoil yactu (4.1) onpenesnsier yron BpalleHHUs, Bbi-
3BAHHBIH PACTIPOCTPAHEHHEM CABHUIrOBOM BOJHBI BBEpX, T. €. B MOJOXH-
TEABHOM HANpPaBJEHNH OCU KOOPAMHAT Z, BTOPOM WeH YpaBHEHHs OTpaxa-
€T KOMIIOHEHT, BBI3BAHHBIH PACTIPOCTPAHEHUEM BOJHBI BHU3 — B OTpHUA-
TENBHOM HampaBjeHUH OCH z. Benuumubl £ ¥ F' OTpaxatOT aMIUIMTYAbI
CABUTOBBIX BOJIH, PACHPOCTPAHSAIOIMXCS CHU3Y BBEPX M CBEPXY BHH3. DTH
BEJIMYMHBI ONPEENAT TakUM oOpaszom, 4To6b oflilee peuieHne ypaBHe-
Hud (4.1) YIOBIETBOPSIIO FPAHUUHBIM YCIIOBUIM

0=0 npu Z=0,
0% 90 o - *+2)
0=1 Fr GJ, == Tye npu Z=H,

rae /, -MOMEHT MHEpPIMH BPALICHWS HArpy304HOH CHUCTEMbl Ha BEPXHEM
Topie 06pa3ua; Jy — NONSAPHbI MOMEHT MHEPUMH ceyeHns; Ty — aMILIuTy Aa
BpaLiaroLero Momenta; G — MoJyb cABUra odpasua.

Bropoe yciosue B (4.2) yka3biBaeT Ha TO, YTO COMPOTHBIEHHE TpH
KPy4EHMH, BLI3BAHHOE MHEPLMEH Macchl U XECTKOCTbIO 00pasua, A0KHO
OBbITh YPABHOBELIEHO ABWXXYLIEH CHIIOHN, NPUIOKEHHOH K BEPXHEH vacTH
obpasua. Iloacrasnss (4.1) B rpaHndHble ycia0Bus (4.2), MOXKHO onpeje-
auTh Benvundbl E v F. CHOBa MOACTaBiss 3TH KOHCTanThl B (4.1) n npu-
HuMmas z = H, Ioay4uM BhIpaXeHne Ul YIila BPALIEHHs Ha BepLIMHE 00-
pasua 6:

. [ oH ), oH
sin| — {/——
6, _ i) ¥ : (4.3)
6, oH) I, oH . [oH
COS| —— {(—— S ——
V\' Ie I/S V"

rae Iy = pHJy; 0, — yrnoBoe cmeuienue (yroa noBopoTa) BEPXHEro Topua
o6pa3ua, eciu K HeMy MPUIOXKHUTE CTATHYECKOE YCHIIHE, PABHOE aMILTUTY-
ae To. _
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yFHOBy}O 4aCTOTYy B COCTOAHHH PE30HAHCA MOXXHO NOJIY4YHUTh, €CIIU B

(4.3) BRECTH YcnoBHE O, = <o, KOTOpOE pean3yeTcs, Korja 3HaMeHaTelb
pPaBeH HYM1O:

oH (oH) 1 '
Tt —— |=28. 4.
y_ 8 V. I 44

B § !

3aBHCHUMOCTD, NpuBesicHHas B (4.4), nokasana Ha puc. 4.7 s TIEpBOi
HACTOTHI (4aCTOThI OCHOBHOTO TOHA) B ocax wH/V, — Iy/l,. Ecau Macca B
BEpXHEH 4acTn obpasua oueHb mana (M0 CPABHEHMIO C ero KECTKOCTBIO),
10, MOACTaBHB [y/]— 0, NONYUHM YyrI0BYIO lIac‘:TOTy NEPBOI TADMOHHKH ();:

nV
O == 4.5)
2H
1'6 ”ll T ITI‘IHI] LS IIIIIII T lllllll T Ill'lV]
1.4} Kpusas ?ﬂ
1.2} WH 4 n(2H) :i_" cip;g";;: .
1.0 ; : Wl 4
08} -
[
:x:\ 061 =
3
0. N
0.2 e
0 L lllllll[ 1 IIIIlll‘ 1 ||I|II|‘ 11 Illllll
0.01 041 10 100

1.0
le /1t
Puc. 4.7. Uucnenusiii rpaduk ans Iy/l, (Richart, Hall & Wood, 1970)

3TO NpenenbHOE COOTHOWEHHE COOTBETCTBYET HCIBITAHHUSM CO CBO-
GoaHol dukcauueit (cM. puc. 4.6, a). B obmem ciyuae /], MPHHUMAET
KOHEYHOE 3Ha4YeHHE, U MepBas yrioBas YacToTa OMPENENseTcs KAk (yHK-
uust Io/,. Ipeanonoxum, uto u3 puc. 4.7 1t JAHHOTO 3HAYCHHS Iy/I, nony-
YCHA ONPEIE/NCHHAs BENMYHHA (), TOFNA PE3OHAHCHAs YINIOBas 4acToTa
OTIPEACIISICTCS KAK

4
=9 (4.6)

Tepeniem ypapnenue (4.6) ¢ y4eToM BBIpaXeHHs 1A pe30HaHCHOH
4acToThl f) = w,/(27):
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G

§

PG

rae p — yaeJapHbIH Bec oOpasua rpyHra.
Ecnu BeMvMHa f) NOJTyY€Ha 10 pe3y/bTaTaM PE3OHAHCHOTO UCIILITAHHSA
KOJIOHH, TO U3 YpaBHeHUS (4.7) MOXKHO ONpeIEIHTh MOAYJb CABHIra .

2
G=| 2" mipp. (4.8)

¢

B npHBeICHHBIX PACCYKACHUAX MPEANoaranoch, YTo 3IEMEHT MPyHTa
BegeT cebs, Kak ynpyroe teno. OIHaKo M3BECTHO, YTO peaibHbli MPYHT BO
BPEMsl PAcCEMBAaHHA SHEPrHM TPU NPUNOKEHHH UMKIMYECKUX HArpy3ok
ornMuaercs Gojliee WM MeHee HeJIMHEHHbIM NoBefeHHeM. Heynpyryio pa-
60Ty MOXHO JOCTATOYHO TOYHO NMPENCTABUTh C MOMOLIbLIO JIMHEHHOH Bs3-
KOYNpYyroi MOJENH, NPH 3TOM BEIHYHHA HArpy3KH J0/DkHA ObITh OrpaHu-
yeHa, 4ToObl He BbI3bIBATH OobiIMX Aedopmanuil casura. Ucnonbsys Bas-
KOYTIPYTyl0 MOZEb Ul OIHMCAHUS 3aBHCUMOCTH «Hampskenne—aedop-
Mal{a», MOXKHO TOJydMTh OOIlee pelIeHHE PactipOCTPAHEHHUs BOJIHBI Ue-
pe3 BA3KOYMPYTYIO Cpeny, KaK B ypaBHEHHH (4.1). JIONOMHUTELHBIA KOM-
MOHEHT BO BTOPOM IPAHHYHOM YCIIOBHH B (4.2) y4HTHIBAET BA3KOYNPYrvid
3¢ dext. IIpH 3TOM MOXHO TaKXKe NONYYHTh BHIPAXKEHHUE [UIs ONpeAeNeHHs
yria BpauleHus 9, BepxHero Topla o0pasua, Korja Ha HEro BO3JEHCTBYET
rapMOHHYECKas Harpyska Toe™.

M3-32 CI0XHOCTH MaTeMaTHYECKOro BBIBOJA PEIIEHHE BA3ZKOYNPYro
3a/au B JaHHOH padote He nmpuBoauTcsa. OJHaKO HEOOXOAMMO OTMETHTD,
YTO BA3KOCTb B OCHOBHOM BITHAET Ha YMEHBILCHHE BEIHUNHLI AMIUIUTY LI
peakuuy, a ee BO3CHCTBHE HAa BEIMYHMHY YAaCTOThI PE30HAHCA HE3HA4H-
TenbHo. OOBIYHO CYMTAIOT, YTO YaCcTOTa, OonpeneneHHas mno (4.7), npu pe-
30HAaHCE COXPAHIET CBOE 3HAYCHHE U JUIA BA3KOYynpyroi cpeael. Korna uu-
NMHMHAPHYECKHi oOpasen HaYMHAeT BUOPUPOBATE C PE30HAHCHOH 4acTOTOH,
AMIUTITYa PE3YJIbTHPYIOIIETO ABMKEHHs B OCHOBHOM ONPENENAETCS BsA3-
KOCTBIO HNH AeMNQUpPYIOIMMHA CBOHCTBaMH Martepuaia. B To ke Bpems
pacnpesieneHye BeNUYMH yIia BpalieHHs (MM CMELIEHHS) MO BbICOTE 00-
paslia He 3aBHCHUT CYILECTBEHHO OT XapaKTEPUCTUKHU Aemnuposanuns. Xa-
PaKTep pacrpejie/ieHys BeJIMYMH YIia BPaILEHHsS MOXHO ONpPENEnHTh, He-
clenys JUIMHY BOJIHBI CIBUTA, C KOTOPOH OHa MpOXoauT dyepes obpasell mpu
konebaHuM Ha pe3oHaHcHOH yacrote. Mcmoms3ys 3aBucHMocTe M3 (4.7),
MMUHAV RONMHKE [. MOXCHO OTTNENENUTH CIENVIOIIHM 06Da30M:

v [Co2 oy @7
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V. 2=n
L=—==""H. (49)
Lo

[Ipeanosoxunm, uto mpuGOp CIPOEKTHPOBAH Tak, YTO BeMW4HHa ly/],
cocrasaser 0,75. CornacHo rpadmuxy Ha puc. 4.7, ¢, = n/4, Toraa no ypaB-
HeHHIo (4.9) L = 8H. IT10 03HAYaeT, YTO B COCTOSHHM pE30HaHCa IUJIHHI-
puueckuii obpasen coBepiuaeT BpalaTebHble KOJNeOaHHS, HCIILITHIBAS Ta-
Kyto AeopMaluio, pH KOTOPOii JUIMHa o6pasia paBHa 1/8 [LIMHBI BOTHBL
Ha puc. 4.8, 6 nokasano pacnpeznesneHne nepopMaLHH (B JaHHOM cliydae B
CPaBHEHHH C BBICOTOH 00pa3ia).

Ecnu ucnonbsyercs npubop co cBoGoaHOH ¢ukcauueit (cM. pHc.
4.6, a), 6e3 IOMONHUTENILHON MACCH B €T0 BEPXHEH YacTH, BeJTHYHHA Iy,
CTaHOBHTCS GeCKOHEYHO 60bioi, a @ = /2 (cM. puc. 4.7). ITosTomy, co-
rnacHo (4.9), L = 4H.

A

g L2=8H

L1=4H

Puc. 4.8. Pacnipenenenue nedgopmarin
0 BBICOTE 00pa3na B nepBoii hopme konebaruii

Ha puc. 4.8, a nokasaHo pacrpeesneHne CMEILEHHI N0 LTHHE obpa3ua,
X8paKTEPHOE 11 NaHHOTO ciy4yas. CpaBHEHHE JBYX rpaHKOB yKa3biBaeT
HA TO, YTO HAJIWYHE NOMONHUTENLHOM Macchl R Renxueil uacTu nnufRnna
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AJ1g pE30HAHCHBIX UCIBITAaHHI KOJIOHH MNPpUBOAWUT K YMCHBUICHUIO PE30-

HAHCHOW YaCTOTHI H, CJIEIOBATENbHO, K YBEIMUEHHIO [UIMHBI BOJIHBL. Ha
puc. 4.8 myHKTHpDOM OTMEHYEHO NHHEHHOe pacrnpejeneHne nedopmaiuuu
BHYTPH WCIBITYEMOTO 3JiEeMEHTa IpyHTa. HanoMHHM, YTO NpH JIMHEHHOM
pacnpeneneHud aegpopmauuu gedopMmanus CABMra OZHOPOAHA MO BeeH
JUTHHe 00pas3ila, YTO CO3JAaeT CYIIECTBEHHbIC NIPEUMYLIECTBA s YCIOBUH
ucneiTaHus. [1o3TOMy ¢ yBeNUUEHHEM Beca YCTPOHCTBa B BEPXHEH 4acTH
obpa3ua gedopMalius cOBUra, BO3HUKAKOIAA B X0O/I€ PE30OHAHCHOIO HMCIIbI-
TaHUs# KOMOHHBI, CTAHOBHUTCS Bce Oosiee paBHOMEPHOW N0 BCei JinHE 00-
pasua.

Koaddpuunent nemnduporanns obpasua rpyHTa onpeaensercs Ins
KaX/OH CTYNEHHW YBENWYEeHHS OBWKYLISH CHUIbI ITyTEM aHanau3a KPHBOi
3aTyXaHHs aMIUIMTY/bl, TOCTPOEHHOH B (pase cBOOOAHBIX KonebaHMH, KO-
Topad cleayeT Tocie BBIHYKACHHOH BuOpanuu. lIpennonoxum, 4to am-
MUIMTYa B COCTOSHHUM CBOOOAHBIX KOJIEDaHUH 3aTyXa€T BO BPEMEHH, Kak
mmokaszano Ha puc. 4.9, a. Torma norapudMuyuecKrii JEKPEMEHT 3aTyXaHHus
Ay byner

—log =log22 =...=log 2¥=L, (4.10)
Vs J’3 yN
rae N — 4MCIIo HHKIOB.
Torna
log y1=A,tog y,,
log y,=A+log s,

@.11)
lOg yN_1=A1+10g YN
CknaapiBas 3TH 3aBUCHMOCTH, moJy4yuM
A =—iog 2. (4.12)

N-1 Yy

Ecnu nmoctpouth rpaduk norapupma aMniaMTyabl B 3aBUCMMOCTH OT
KOJIMYECTBA LMKIIOB, KaK IMOoKa3aHo Ha puc. 4.9, 6, To Haki1oH rpaduka Oy-
JET paBeH BEJUYMHE JOrapu(PMUIecKoro 1eKpeMeHTa A,

CornacHo teopuu KonebGaHuil, 1orapupMHUECKHI TEKPEMEHT CBS3aH C
koaddunmentom nemnduposanus D cieayromum 06pa3om:

1
D=—A,. (4.13)
2n

4.4. PE3OHAHCHBIE HCITBITAHUS KOJIOHH 69

Ilpu pe30HaHCHOM MCIBITAHUH KOJMOHH KO3 GhHuKeHT qeMmnduposanus
) ompenenserca B KaXAOH CEPHUU HCIBITAHWH NPH Pa3IMuHBIX YPOBHIAX
AMIIIIUTYZ CABHUTOBOH JedopMaliu.

i
TAUL

a 4

AMnnuTyna

u\<
D
Y

_..“‘<

f t

Haknon A

AMILIUTYAA 'y
B lorapu@MUUECKOH mKaie

Y

Puc. 4.9. Meton onpenenenus koshduuyenTta nemMnbrpoBaHus
B (baze cBOOOAHBIX KONeOaHmii: a — 3aTyxanue CBOBOAHLIX KoNeGaHuii;
6 — aMILIMTYZA U KOJIMYECTBO LIMKIIOB HArpyXeHHs

Ha puc. 4.10 noka3zana mozens nmpubopa i pe30HAHCHOIO UCTILITAHMS
KONOHH, paspaboTannaa [Ilannonom (Shannon et al., 1959). B sroii moxe-
JIM Ha OCHOBAHHME CIUIOLIHOTO LMIMHIPHYECKOro obpasiia AEHCTBYET Mpo-
JWONIBHBIA MMITYJIBC, @ BEPTHKANBHOE IMEpPEMEIEHHE UIMEPSETCA [IPH M0-
MOILY KPUCTALIMYECKOTO JATYHKa, PACIIOIOKEHHOTO Ha BEpILMHE 00pa3-
ta. O6paseu B 3ToM npubope paboTaer Kak cBOGOAHO PUKCUPYeEMBIit (CM.
puc. 4.6, a).
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Puc. 4.10. TIpn6op Anst pe30HAHCHBIX UCHBITAHUIA KOTOHH
€ MCTOYHHKOM BO3/EHCTBHsI B OCHOBaHHH (Shannon et al., 1959)

Ha puc. 4.11 nokazaHa Mozenb, CIPOEKTHpOBaHHas JIpHeBUuUEM
(Drnevich, 1972), a na puc. 4.12 — monens, paspaborannas Kypubasiuu
(Kuribayashi et al., 1974). O6a 3ti npubopa co31al0T BUGPALIHIO KPYYEHHUS
¥ OCHAILEHbI GJIOKOM ABMXXEHHUS, PACTIONOKEHHBIM B BEPXHEH YacTH M10JI0-
ro HUWIMHIpUYECKOro o0pasua, cleloBaTelbHO, OHHM MpPEJCTABIAIOT MO-
Jesab cBOOOAHOM (PMKCalnK, IOKa3aHHYI0 Ha pHC. 4.6, 6.
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Puc. 4.11. lNpubop ansa pe3oHaHCHBIX UCIBITAHKK KOJOHH
(Drnevich, 1972)

Pe3oHaHCHOE HMCHbITAHHE KOJOHH MOJIE3HO AJS ONpeJeNeHUus MOAYJS,
HaBHCALIETO OT JedopMalldM, a TAKKE XapaKTEPUCTHK JeMM(UPOBaHMS
I'PYHTOB, OJIHAKO CYLLECTBYIOT HEKOTOpPbIE OTPAHHYEHHS €r0 MPUMEHEHHS:

1. Pe3oHaHCHOE MCIIBITAHHE KOJOHH Yallle BCETO CTPOMUTCS HA OOpaTHOM
n11anM3e, OHO OMHCBHIBAET PEAKLMIO CHCTEMBI, COCTOsILEH U3 obpa3na rpyH-
T4 W APUCOECIUHCHHOTO K HeMy npuGopa. [ToaroMy pe3yieTar uccieqona-
IR OTpaXkaeT COBMECTHbIM 3¢deKT ucneiTyeMoro obpasina u mpubopa.
(yienoBaTenbHO, YTOOH MMONYHYUTH HAIEXKHbBIE TaHHbIE, HEOOXOAUMO JEHCT-
NOBATh O4EHb OCTOPOIKHO.

2. Pe3oHaHCHOE HCTIBITAHUE KOJOHH MOXET YCIEIIHO MPUMEHATBCS IS
HOJIYYEHHUA JaHHBIX O AMHAMMYECKHX CBOHCTBAX IPYHTa, MPUYEM Mpeesbl
HIMCHEHHUS BETMYHH 1ehOopMalK CABMIa IOKHBI OBITh MeHbLIe 5X107%,
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Puc. 4.12. [IpuGop Ans pe30HAHCHBIX HCTIBITAHKH KOJIOHH
(Kuribayashi et al., 1974)

4.5. Merox pacnpocTpaHeHHs BOJIHbI B J1A0OPATOPHBIX HCHBITAHUSAX

4.5.1. Hzzubnwiii snemenm (bender element)

H32ubusrii snemeHT (OeHIep-21eMEHT) COCTOUT U3 JBYX TOHKHX KECTKO'
COEIMHEHHBIX MbE30KEPAMHUECKUX MIacTHH. Korja nox AEHCTBHEM yCH-:
JTUS JEMEHT M3rubaeTcs, OJHA M3 MIACTHH YUIMHAETCH, a Apyras CoKMMa-,

eTcs. B 5TOT MOMEHT reHepupyeTCs JIEKTPUIECKUH UMIYJILC. ITOT MeXa-
HH3M HCIOJB3YETCs B BOJIHOBOM mpHeMHuke (puc. 4.13, a). C apyro# cro-
POHBI, €CIH 3IEKTPHYECKOE HANPSIKECHUE NIPUKIAJBIBACTCS. U3BHE H IPUBO-
IHUT B Heha30BOE JBHKEHHE BA JJIEMEHTA, OIHA U3 TUIACTHH YIUIHHACTCA, &

aApyras yKOpayHBaceTcCAa, B PE3YJILTATC B H3TMOHOM 3JIEMEHTE BO3HHMKAET

u3ru6. 3TOT MEXAHU3M UCTONB3YETCA A/ FCHEPALIMH BOJTH.
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Puc. 4.13. Mcnone3oBanne U3ruOHBIX 3JIEMEHTOB B IIpUbOpEe TPEXOCHOTO CXKATUS

IIpy n3MepeHnH CKOpOCTH CABHMIOBOH BOJIHBI C HCIIONB30BAHHUEM MPH-
6opa TPEXOCHOrO CKaTUA OAMH U3rHOaeMbll 371EMEHT KPenUTCA Ha BEpX-
Ic Hacazke, a Apyro — Ha ocHoBaHHU (cM. puc. 4.13). CornacHo puc.
4,14, TonmuHa snmeMeHTa OOBIYHO cocTaBifeT | MM, mHpuHA — 12 MM,
JUIMHA — TIpuMepHO 15 mm. Tlpu ycraHOBKE B Kamepy TPEXOCHOT'O CHKaTHS
HIrMOHBIH DNIEMEHT 00OMMH KOHL[AMK BXOAMT B OoOpasen U paboTaer kak
koHconb (puc. 4.14, 6). Korna BepxHUH W3rHOHBIN JIeMEHT MPUBOINTCA B
JIBMXKEHHE, OKPYXKAIOLMH €ro I'PYHT TaKiKe ABMKETCS, U CABUIOBAs BOJIHA
pacnpocTpaHseTcs BHU3 Yepe3 o0paseil rpyHTa.

[MpubbiTHE BONHBI QUKCHPYETCA BTOPHIM M3TMOHBIM 3JIEMEHTOM, 3a-
KPPCTUIEHHBIM Ha OCHOBaHMH. CUrHal 0 NPUOBITUH BOJIHBI, 4 TAKKE CHIHA
H3 UCTOUYHMKA 3aIIMCHIBAIOTCS HA OCLIMJLIOCKOIN, 6Jarofaps 4eMy MOXHO
ONpPENeIUTh BpeMs JBIDKEHHUS BOJHBI CABUra. JIJTMHY BOJIHBI MTPHHHUMAIOT
puaBHO#H AnMHe 00paslia 3a BBIYETOM YacTH U3TMOHBIX AEMEHTOB, BHEPEH-
ok B obpasen. M3rubHeiil anemenT MoxeT ObITh TAK)Ke MOMEIEH B 00~
MeTp MM npubop VIS MCHLITAHUE Ha mpsMoii casur. Jeranmn moaoGHBIX

MCXaHU3MOB M MX YCTAaHOBKHM ONHCBIBAIOTCA B pabore [laiiBuka u Maamyca
(Dyvik & Madshus, 1985).
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Puc. 4.14. [ieranu usrnbduoro snementa (Dyvik & Madshus, 1985):
a — U3ruOHbIH 3TIEMEHT MOCIe MPHIAHHS MY HMITYJILCa;
6 — u3ruOHBIN dIIEMEHT B PHOOPE [T HCTILITAHUS TPYHTOB

OnHUM U3 HEJOCTATKOB U3THOHOT0 JIEMEHTA SBISETCA HEOOXOAMMOCTh
€ro 3all|UThl OT MMPOHUKHOBEHHS BOJbI BO M30€XaHHE KOPOTKOro 3aMblka-
HHA, @ 9TO JOCTATOYHO MPOOJIEeMATHYHO, OCOOEHHO IIPH UCIIBITAHWUH TJIOT-
HBIX M TSDKENBIX BOJOHACBHIIEHHBIX TPYHTOB. YCTAHOBKA H3rMOHOrO 3e-
MEHT4 B TAKHE MATEPHAIBI MOXKET HAPYIIUTh TMAPOU3ONALMIO. Pe3ynbraThl
HCCIIEIOBAaHMI OMHUCHIBAIOTCH B paborax Bumxuanu (Viggiani, 1991), e
Anp6sl ¥ bonnynna (De Alba & Baldwin, 1991).

4.6. UcnbiTaHuA HA IUKJIHYECKOE HATPY’KeHHEe ¢ TOYHBIMH
H3MepeHuAMH AedopMannn

4.6.1. Hcnonvsoeanue damuuka ¢ 3a30pom

MOXHO 3HAYHUTENBHO YAYYUIUTh TOYHOCTb [OKa3aHWH OOBIYHOTO MpH-
6opa A7 UCMBITAaHUH HA TPEXOCHOE CXKATHUE MM KPYUYEHUE, OCHACTHB €ro
JATYUKOM CMEIICHUH, KOTOPBIA MO3BOJSET IPOBOAUTH TOYHBIE U3MEPEHHS
Maneix fedopmaiii (mopsiaka 107°). Takas nombiTka Gblna NpeaNpHHATA
Kokymo (Kokusho, 1980), kotopsiii pazpaGoTasn npubop A TPEXOCHBIX
HCIBITAHMM, OCHALICHHBIH BRICOKOYYBCTBUTEIBHBIM JaTYHKOM TIEpEMeIe-
HHIi, MoMellaeMbIM B BepxXHel 9acTu oOpa3ia B Mpubope TPEXOCHOTO Cika-
THSA,
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DTOT AAaT4YMK, Ha3bIBAEMBIH JAaTYMKOM C 3a30POM HMJIM MHKPO3a30pOM,
COCTOMT M3 JIByX HEOOJBIIMX HEKOHTAaKTHPYIOLIMX IUCKOB, B KaXIBIH U3
KOTOPBIX IIOMELLEHA IEKTPOMAarHuTHad Katyika. Jlaxe HeGombIoe H3Me-
1IICHUE PACCTOSHHUA MEXIy Ouckamu (GukcHpyercst Oaroaaps M3MEHEHHIO
nnaykuud. [loMecTHB 1Ba KOMMOHEHTa JAaTYMKA HAa HEKOTOPOM pacCTos-
MY JPYT OT Apyra HaBepxy oOpa3ua U MOoJYyYHB CpellHHUE JaHHBIE H3MEpe-
HHsl, MOXXHO AOCTHYb XKEJAaeMOr0 YPOBHS TOYHOCTH mNepeMenieHusa. C mo-
MOLUIBIO 3TOrO JaTYMKa MOXXHO NMPOBOXUTH U3MEPEHHUS B JHANa3oHE Je-
dopmaumii caura 107°...107. Urtobb 06ecrieunts TOYHOCTH H3MEpEeHHi
OCEBOM Harpy3kH, BHYTPb KaMephbl TPEXOCHOTO COKATHS MOMEINAIOT MeC-
¢/103y. Cxema nogobHoro natuuka, paspabortanHoro Kokyuro (Kokusho,
1980), npuBeaeHa Ha puc. 4.1.

4.6.2. Hcnonv3oeanue damyuxa 10KanbHblx 0egpopmayuii

EcrecTBEeHHO MpeanonoXHThb, YTO, UCHOIbL3Ys IOATYUK C 3230pOM, MEI
11EpEOLIEHHBAEM BEJIMUMHY JepOpMaliy CABUra, MOCKOJBKY CIOXKHO OCY-
IIECTBUTb HAEadbHbIH KOHTAKT MEXIY HMCIBLITYEMbIM 00pa3lioM U KOHIIE-
BLIMM MJIACTUHAMH (BEpXHEil HacaJkod U OCHOBaHHEM). M3MepuTelbHYIO
1IOTPELIHOCTDb, BO3HUKAIOLLYIO BCJIEICTBUE HEUJEATHFHOTO KOHTAKTA, 0ObIY-
110 Ha3bIBAKOT owubKol npurecanus. HennorHoe npuieranie NpUBOIUT K
nepeoleHke AedopMalMi, U3MEPEHHOH NpU MOMOLIM JAATYMKA C 3a30POM.
Tatcyoka u LLInOys (Tatsuoka & Shibuya, 1991) ykassiBanu, 4To npH npo-
BEIEHWM MCMBITaHWI Ha obpa3uax ciabblX ITIMH BIUSAHHE OMIMOKH MpHIIE-
FaHHUs HE3HAYHMTENIBHO, OJHAKO OHA UIPAaeT PEILAIOLIYIO POJib IPH UCIHITA-
HHH J)KECTKUX IPYHTOB U cHabbIX CKaNbHbIX MOPO/.

AnbrepHaTHBHas TexHonorus Oba paspaborana I'oto (Goto et al.,
[1991) ans uamepeHus Maneix AedOpMaLUil OCaJOUHBIX CKATBHBIX [TOPOA B
npubope TpexocHoro cxartus. [Ipubop, Ha3biBaeMbll damuukom aoKainb-
norx degpopmayuii (LDT), cOCTOMT U3 TOHKOH W3OTHYTO#H GPOH30BOI Iia-
CTHHBI, 10 00EUM CTOPOHAM KOTOPOH NpUKJIEEHBI NaTYUKH jedopmaruii
(puc. 4.15). U3ornyras niacTuHa KpenuTCs NpU MOMOLIH CTaJbHbIX MIap-
1MpOB, 3a(hHKCHPOBAHHBLIX Ha GOKOBOI MOBepXHOCTU obOpasua. Cunraercs,
70 3TOT JaTYMK MO3BOJSAET TOUYHO M3MEPATH AehOpMaIfio COBHIa Jaxe
IPY HE3HAYMTENbLHBIX BelMuMHaX aedopmauuu (mopaaka 1077). OxHako
IIPUIMEHEHHE JATYMKOB JIOKAJIbHBIX AedopMmanuii OrpaHUYHBAETCS HCIIBI-
TAHNUAMH B YCJIOBHAX MOHOTOHHOI'O HarpyXeHHusl, TA€ HarpsKeHUs MpH-
KJI/1bIBAIOTCS MEIJIEHHO.
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Puc. 4.15. Jaruuk nokaneHsix aedopmaunit (Goto et al., 1991)

Tem He meHee, Tatcyoka u Ulubys (Tatsuoka & Shibuya, 1991) yka3bi-
BaJIM Ha COBMaJeHHe MOAyJeHd Mayoi aeopMaliH, MONYyUEHHBIX B XOIE
PE30HAHCHBIX UCTILITAHWH KOJIOHH M UCTIBITAHMH HAa MEJIEHHOE MOHOTOH-
HOe HarpyxeHue ¢ ucnonnr3obanveM LDT. CienoBartesbHO, JIOTHUHO YT-
BEPXKAAaTh, YTO AMHAMUUYECKHH MOAYJIb IPYHTa MPH Majblx Aedopmauusx
MOXKHO MOTY4HTb B XOJI€ MOHOTOHHOTO CTATHYECKOTO HarpyKeHus, HO NpH
YCIOBHUM TOYHOTO H3MepeHUs AedopMaluy CABHIra C MOMOILBK JaT4HKa
JOKaIBHBIX AedopMarmii unu Apyroro npubopa ¢ TAKHMH KE TEXHHYE-
CKMMH XapaKTEPUCTUKAMH.
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5

MOJIEBBIE HCCJIIEJOBAHUSA I'PYHTOB ITIYTEM
HABJIIOJAEHUS 3A PACITIPOCTPAHEHUEM BOJIH

5.1. MccnenoBanmne rpyHTOB OTPa:KeHHLIMH BOJHAMH

Koraa BonHa MpoxoOuT Yepe3 rpaHULy ABYX Cpel, HMEIOLUX Pa3HYIo
JKECTKOCTh, cOracHo 3akoHy CHenna (puc. 5.1), HanpaByieHHe ee pacrpo-
CTpaHEHHUs1 U3MEHAETCA. Ecny yron majeHus BOJHBI f; MEHbILE KPHTHYE-
CKOrO yria \J/, , BOJTHa NpeJIOMIISIETCA ¥ PaclipOCTPAHAETCS BO BTOPOH cpe-
A€ MOJ YTIIOM Y, KOTOpHBIH Ooible ) (MBI IPEANONaraeM, 4To BO BTOpPOH
cpefie BOJNHA pacrpocTpaHsercs Obictpee). Ecnu HakioHHas BolHA 0XO-
JMT [0 IpaHHULBI CPEX MOA YIIoM, OGOJBIIMM ., OHa OTpaXkaeTcs B Mep-
BYIO Cpely I10[] TEM XKe YIJIOM K BepTHKaIH Y (puc. 5.2).
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VII I DI Y IVIIII4
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Puc. 5.1. [penomiienne BONHEBI Ha TPaHHLE Cpe
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Puc. 5.2. Kputnueckuii yron naaeHus ., onpeaensiolmnit rpanuiLy
MEXIY OTpaKEHHEM H MpejioMIIeHHEM

HHCTPYMEHTOM MCCNENOBAaHHA SBISIOTCSA NPEMMYLLECTBEHHO OTpaXKeH-
Hbie P-BONHBI (NPOAONIBHBIE BOJNHEI, WIM BONHEI ckaTus). OHH OwIcTpee U
npuObLIBAIOT NMEPBLIMHU, CIEI0BATENbHO, HX JIEr4e OOHAPYKUTH B TOUKE Ha-
Omo[ieHUsT Ha MoBepxHOCTH TpyHTa. [IpH ceficMuueckoM uccneoBaHUM
FPYHTOBOH TOJIIIM OTPAXEHHBIMH BOJHaMH (cM. puc. 5.3) usMepsercs
BpeMsl MPHOLITUA ¢, NPOAOILHON BOJIHBI, ABMXKYLIECHCS 1O NMPSAMOM Tpaek-
TOpHH OT UCTOYHKKA 4 K Toukam B, C’ D’ Takas BONHA Ha3piBaeTCs MpO-
J10abHO#M. CKOpOCTh €€ pacnpocTpaHeHus V; B MOBEPXHOCTHBIX CNOSX BbI-
YUCIAIOT N0 opMyie

V=2, (5.1

rie x — paccrosiHue ot Touku 4 no B, C', D'.

Jpyroe HanpaB/ieHHEe ABWXEHUS — OT McTodHMKA A k Toukam B, C, D u
obparHo x Toukam B, C, D’ Bpems pacnpocTpaHeHHs BOJHBI £, 1O 3TOH
TPAEKTOPHH BLIYMUCIAETCA 1O POpMyIie

X +4H? (52)

- b
' Y

1ie H — TonmuMHa moBEPXHOCTHOTO C1OSI TPYHTA.
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X

Hcrounnk [TpuemMnnk Tpremnnik [Tpuemuuk

Vi
3323033
D
Va2
— = - OTpa)xeHHan BOJIHA
(Vi<V2 ) ~— [IpeioMieHHan BONHA

Puc. 5.3. TpaeKTOPHH PacIpOCTPAHEHHUS BOIH OTPAXKCHHUA 1 MPEIOMIIEHHA
(Richart et al., 1970)

[Ipu TIpOBeAEHHH UCCIENOBaHN B HOJIEBBIX ycnoslymx OPUEMHHK Te-
PEMELIAIOT MO MOBEPXHOCTU OT TOUKH B’ 1o Ttoukd D’ U CTPOAT KPUBYIO
«BPEMS PACIPOCTPAHEHHS BOJIHBI — PACCTOAHMEN. CxeMaTH4HO 3Ta KprBad
fokasaHa MyHKTHPHOH nuHHeH Ha puc. 5.4. OnpenenvB OpAMHATY 3TOH
KpHBOH TipH X = 0, MOXHO PacCUHTATh TOJIIMHY NOBEPXHOCTHOrO C/10A H,
3Has BENMUHHY V), 3a1aHHYI0 ypaBHeHueM (5.1).

OtpaxeHHas BOJIHA 7

tr=\3E+AHE/, P

Bpems ¢

HPCJ'IOMJ!CHHBH BOJIHA

| tu= "4, + ,‘11'W1/V2)z

IpsiMas BOJTHA

td =%

Xe
PaccTosHUE OT HCTOYHHKA X

Puc. 5.4. [padguxu BpeMeHH pacIpOCTPaHEHHS MPAMBIX,
OTPaXXeHHBIX ¥ NPEJIOMIIEHHBIX BOJH

5.2. UICCJIIEJOBAHUKE 'PYHTOB IIPEJIOMJIEHHbBIMHU BOJITHAMHU Rl

OnIHHM W3 OrpaHUuYeHHUil MPUMEHEHUS ITOr0 METOJa ABJIAETCA TO, YTO
OTpa)KeHHas POJOibHAsg P-BOHA BCEra NPHOBIBAET Ha MPUEMHHK 1103XKeE,
YeM IpsiMad BoJHa. I1o3TOMy 4YacTO JI0OCTaTOYHO CJIOKHO TOYHO Onpeae-
JINTh BPEMsI IPHOLITHS OTPAKEHHOH BOJIHBI. METOA OTpa)keHUs NPUMEHAI-
cd s MccnenoBanus GopMalMil CKallbHBIX TOPOJ, PACHONIOKEHHbIX Ha
IyOMHE OT HECKOJBKHMX COTEH METPOB IO HECKOJIBKMX KHIOMETpoB. OH
TAK)KE MOXKET HCIOJIB30BAThCA JUIA MCCIIEOBaHMS CJIOEB IPyHTA Ha MOp-
CKOM JHE. DTOT MeTOol ObUI HEAABHO YCOBEPILIEHCTBOBAH sl UCCIIEN0Ba-
HUsA TPYHTOB Ha HE0ObLIOH TiTyOuHe.

5.2. HccaenoBanne rpyHTOB NPEJIOMJIEHHBIMH BOJTHAMH

DTOT METON ABJSETCS CAMBIM NIPOCTHIM M Haubonee pacrpoCTpaHeH-
HBIM criocoGoM onpeneneHus 06OOLIEHHOro T'eoNOruYeckoro paspesa
I'PYHTOB M CKalbHbIX MOPOA. B 3TOM ciiyyae Ha MOBEPXHOCTh FPYHTA BO3-
JIEHCTBYET 3Heprus yiapa WM B3pbiBa, U PpPOHT ee pacnpocTpaHeHus pHK-
CHpPYETCSl B TOUKE, HAXOAALLEHCS Ha HEKOTOPOM PacCTOSHUK OT MCTOYHHKA.
3Has pacCTOSHUE M BPEMsl MPHOBITHS BOJIHBI, MOYKHO BBIYUCIMTE CKOPOCTh
ee pacnpoctpaHenus (Ballard & Mclean, 1975). [TockonbKy npu UCHONb-
30BAHWHM JAHHOTO METOJA PACCMATPHBAIOTCS MPETOMJICHHBIE BOJIHBI, OH
IIPHMEHSAETCA AN UCCAEN0BaHHs cnalbiX MOBEPXHOCTHBIX CIIOEB PYHTA,
NOACTHNAEMBIX DOJIEE KECTKMMU OTJIOKEHMAMM MIIH CKAlIbHBIMH MOPOJa-
MU, OI1aroapst KOTOPLIM BOJIHBI PEIOMIISIOTCA.

Hcrounnk Tpuemnyk
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RIRTE
\ [pamas
BOJTHa [penomnennas
BOJIHA H
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NN B
V2 B ¢
(V1 <V2)

Puc. 5.5. TpaekTopus pacnpocTpaHeHHs NPeIoMIEHHOR BOTHBI

OcHoBHas Mjes 3TOTO METO/a NoKa3aHa Ha puc. 5.5, rae Vi u V, — cko-
POCTH PAcCIIpOCTPAHEHHS BOIH Yepe3 MOBEPXHOCTHLIE U TVIyOHHHBIE CJIOH.
llcpemennas H o3HauyaeT TONMIMHY MOBEPXHOCTHOrO cios. Koraa B Touke
A BO3HMKAET WUMNYNLC, BOJNHBI TEHEPUPYIOTCA W PAcipOCTPAHSIOTCH BO
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BCEX HaMNpaBICHHAX, HO HauboJee Ba)KHBIMU ABIIAIOTCS BOJIHA, ABHKYLIAs-
¢ [0 MOBEPXHOCTH M NpuObIBaromias B Touky C’, M BOJNHA, MAYyas B Tiy-
6uHy K Touke B n npuGriBatouias B Touky C mocine JBIXEHHS BAOJb Ipa-
HUUBI cpe/l W TIpoXoxJeHusa uepe3 Touky C. Ilepsasd BONHA Ha3bIBAETCH
npAMOU, BTOpast — npeaomaeHnol. BpeMs pacnpoCTpaHEHHs NPAMOM BOJIHBI
t; BeIUKCHAETCA o popmyne (5.1).

JIig BBIYMCIEHHS BPEMEHH PaclpOCTpaHEHMst NPEJOMICHHOHW BOJIHEI
HEOOXOMMO 3HATh KPUTUYECKHH Yrojl MafeHus ., M0J KOTOPhLIM BOJIHA
npejoMIseTcs B TOUke B M INPOLOJ/DKAET PACHPOCTPAHATLCA B CTOPOHY
toukn C mo TpaexTopun B—C. O003HaUMM HampasIeHHE MAJEHWA U Tpe-
JIOMJICHHOH BOJHBI | U Y, Kak Ha puc. 5.1. Toraa, no 3akoHy CHenna,
YIIIBL f} K > CBA3AHBI C 3aBUCHMOCTBIO MEX/1Y CKOPOCTBIO pacnpoCTpaHe-
HHs BOJIHBI B IByX KOHTAKTHPYOIMX Cpeaax Cledyromum obpasom:

siny, ¥V,
siny, ¥,

(5.3)

Jlns mpenoMyIeHHON BOJHBI, PaclpoCTPaHAIOMIEACS MO TPAEKTOPHU
BJIOJIb TPAHHIBI Cpel, yroJ npesioMiesns pasen W, = 90°. Torna kpuruye-
CKHi1 yron nanenus Oyaer

siny, = ; (5.4)

2

DTO 03HAYAET, YTO M3 MHOTHUX BOJIH, PacClpOCTPAHAIOWHUXCA OT HCTOY-
HHKa A, TOJEKO BOJIHA, IPUXOIALIAs B TOUKY B 1oz yriaom ., noce npe-
JIOMJIEHHUS TIPOAOJIKAET ABHKEHHE BAOIbL I'PaHMLBI CPeJl B HIXKHEH cpefe.
BosHa, KpUTHYECKH TPEJIOMIICHHAS NOJ YIJIOM ., HE MOXET ObITh MPAMO
o0HapyKeHa B KaKoi-1H00 TOUKE Ha TOBEPXHOCTH, MIOCKOJIbKY OHA Jaiblie
JBHXETCH B TOPM3OHTILHOM HanpapjieHHH. OJHaKo, COTJacHO TEOPHH
pacrnpocTpaHeHHs: yNnpyrux BOJH, BO BpeMsi [BH)XKEHUS B/OJb IPaHHLbI
cpen MpesioMIIeHHas BOJIHA CO3JaeT BO3MYLIEHHUS, KOTOPbIC HOPOXAAIOT
BOJIHY, PaclpOCTPaHSIONIyIOCS BBEPX B BEPXHEM cjioe. JTa HOBas BOJHA
HazbplBaeTcs 20106noti. OHa pacmpoCcTpaHseTcs CO CKOPOCThIO V| mox yr-
sg0M 90°—y,. x rpanuie cpeA. [IpudsiTHe roI0OBHON BOJHLI HA TIOBEPXHOCTD
MOMET (PMKCHPOBATHCA Ha JIFOOOM PACCTOSHMM OT HCTOYHHKA, OOJblIEM
2Htgy,. BonHa, koTopas 0OHapy»HMBAaeTC Ha PAaCCTOSHUM OT UCTOYHHKA,
MeHbIeM 2Htgy,, npeacrasisier cobol GpoHT OTpaKEHHOH BOJIHBI, NOKa-
3aHHOM Ha puc. 5.3 (Mexay Toukamu A u B').

Bosspatasce k rpaduky Ha puC. 5.5, MOXKHO JIETKO HAlTH BBIPAKECHHE
IS BPEMEHH DPACMpOCTPaHEHUs BOJIHBI f,, ABHXKYLIEHCS MO TPacKTOPUH
ABCC":

5.2. ACCJIENOBAHME I'PYHTOB TTPEJIOMJIEHHBIMH BOJITHAMH 83

/= H N x—2Higy, + H , (5.5)
Vicosy, ¥,  Fcosy,
rae ¥, — CKOpOCThb pacipOCTPAHEHHs CABUTOBOI BOJIHBI B HIOXKHEH cpeje.
OTMeTHM, 4YTO CKOPOCTH DPACIpPOCTPAHEHHS TPETOMIICHHON BOJHBI,
UMEIOIEH KPUTHYECKHUiI YTOM, NO/DKHA MPUHMUMATLCS Kak Vs, Tak KaK OHa
JBHKETCA B HIDKHEHN cpene BOoib rpaHuibl cpea. [lockonsky npenmosara-
€TCA, YTO CKOPOCTh PAacIpOCTPAHEHHs BONHbLI B HHXKHEH Cpe/ie BBILIE, YEM
B NOBEPXHOCTHOI, BPEeMS NPOXOXKAEHUS BOJHBI OT B 10 C JOIKHO OBITH
CYIIECTBEHHO MeHbLIE. UMEHHO MO 3TOH HpHUYHHE rojoBHAS BOJHA JIOXO-
JMT 10 TpHEMHHKa ObicTpee, yeM mpsamMas. HMcronb3ys ypaBHenue (5.4),
MOXHO BbIPa3UTh KPUTHYECKHH yrona Y, kak ¢byHkuuwo Vi/V, 4, cienopa-
TENbHO, OMYCTUTh . B ypaBHeHHH (5.5). [lepenuiuem dopmyny ans onpe-
JeNeHus ¢,.

(5.6)

B rpaduueckoii popme ypasHeHue (5.6) OyneT npeacTaBisTh NPAMYIO
JUHHIO ¢ HaklnoHOM 1/V,, mepecekaroulylo och f, B TOYKE C OPIUHATON

2H\J1/V? =1/V} , kak nokasano Ha puc. 5.4. Ha 3Tom xe pucyHke mpes-

CTaBneH rpaduk npAMoil BOMHBI B COOTBETCTBHU C ypasHeHmeM (5.1). U3z
PUCYHKA BMIHO, YTO NMPHU HEOONBIIOM PACCTOSHHU OT UCTOYHHMKA MEPBOM
MpuObLIBAET NpsiMas BOJIHA, a 32 HeH — oTpakeHHas. Ecnu ke paccrosHue
OT MCTOYHHKA JIOCTATOMHO BEJIMKO, TO CHauajla NpuObIBacT MpeoMJIeHHas
BOJIHE, a 3aTeM — NpsaMad. PaccrosiHue x, Ha3BIBAIOT AUCTAHLIMEN 10 TOUYKH
O/IHOBPEMEHHOIO BCTYIJIEHHA NPAMOi U MPEJOMIIEHHOH BOJIHBI (Crossover
distance). IMonaras, uto #, = ¢, , u3 ypasHenui (5.1) u (5.6), MoxHO Hony-
‘[MTH BBIPAXKEHUE A X,

x. = 2H (5.7)

Ha npakTuke npu uccienoBaHWW TPYHTOB TMPEIOMJICHHBIMH BOJHAMH
MOXKHO YCHELIHO KOHTPOJMPOBATh NMPUOBLITHE BOJHBI, 3aUKCHPOBAB HC-
TOYHHK KOJieOaHUH B ONpPENEICHHOH TOUKE U MepeBHras IPUEMHHK BIOJb
JIMHEHHOrO psijia Ha MOBEPXHOCTU rpyHTa. CTpost rpaduku BpEeMEHH MpH-
ObITHs NPAMOH M NPETOMIICHHOH BOJH B 3aBUCHMMOCTH OT PAcCTOSTHHSA J0
HCTOYHHMKA, MOXHO TIONYYUThb KPHBBIE PAacCTpOCTPAHEHHS BOJH (CM.
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puc. 5.4). OnpenenuB yroyl HaKJIOHa JBYX 3THX JIMHHM, BHIYUCIISIOT BE/U-
qunbl V) ¥ Vs, U3 Toro xe rpaduka MOXHO TONYIUTh BEJIHYUHY X.. [lon-
CTaBUB X, B (5.7), ONPEAETAOT TOMUMHY IIOBEPXHOCTHOTO clios H.

INpuBeneHHas KOHLUEMIKA HO3BOJAET ONUCHIBATE PACIPOCTPAHEHUE KaK
C/IBUI'OBBIX, TAK U TMPOJOIBHBIX BOJH. XOpOLIO W3BECTHO, YTO IIPOIOJIbHEIC
BOJIHBI BCETAA PACHPOCTPAHSIOTCS C OOJIbLIEH CKOPOCTBIO, YEM CABHIOBbIC.
KakuM Obi HU GBI MMITYJIbC, ICXOSMMINKA OT UCTOUHMKA, BCEr1a 00pasyroT-
csi 06e TH BONHBI, CJI€O0BATENBHO, B 3alMCAX NPHEMHMKA BCEra Colep-
KaTcs JaHHble 00 X NPUOBITHH, a TAKKE IIYMbl HEU3BECTHOTO [TPOUCXOXK-
JEeHHA.

B 1aHHBIX YCJIOBHSX JIOBOJIBHO TPYAHO ONPEIEIUTH TOYHOE BPEMS NPH-
OBITHA OTPa)XCHHOH CIBUTOBOH BOJIHBI, IIOCKOJIBKY OHA BCErAa NMPHUXOAWT
HOCjIe MPOJOJIBHON BOJIHBL. 1'0pa3fo Jierde BBIABMTH BpeMs pacrpocTpaHe-
HHUS POJOJILHOM BOJIHBL, TAK KaK OHa BCErga QMKCUPYETCs Ha NPHEMHHKE
nepBoii. [103TOMy ONHCAHHBIA METOA HCCIIEN0BAHHMS IPYHTOB MPEJIOMIIEH-
HBIMH BOJTHAMH [TOBCEMECTHO MPHMEHAETCS Ha MPAKTHKE TONBKO JUIA Npo-
JOJIbHBIX BOJTH.

5.3. lpamoii u o6palieHHBIN celicMHIECKUA KAPOTAK
(Downhole and uphole methods)

IIpamoii U oGpanieHHbIH CEHCMHYECKHHM KapOTaX MCIOIb3YIOT ANs Ha-
OMI0/IeHAA 32 PaclpOCTpaHeHWeM MPOJOJBHBIX M COBUTOBbIX BOJIH B BEp-
THKATbHOM HAMpAaBJIEHUM B TPyHTE BOJIM3H NPOOYpPeHHBIX CKBaxuH. OG-
palleHHbIi celicMuueckuii Kapotax (uphole method) 3akmouaercs B reHe-
PHpPOBAHKM BOJIH B ONPEJETICHHON TOUKE CKBAXKMHBI U (PUKCALMH UX MpH-
ObITHS HA TIOBEPXHOCTh. VICTOYHHKOM BOJIH ABJISETCS, KaK MPaBUIIO, B3PbIB,
NPOU3BOAMMBIN B CKBKMHE H IOPOXKAAIOIIMA OJIHOBPEMEHHO CIBUTOBHIE
¥l NPOJOTIbHBIE BOMHBI (S-BOJIHBL U P-BonHbl). [TpHGbITHE STHX BOJIH (QHK-
CHPYETCS HECKOIBbKHMH TPUEMHHKAMH, Pa3MEIIEHHBIMU B ONPECICHHOM
MOpSAAKE HA [OBEPXHOCTH TPYHTa. B rpyHTax, UMEIOLIMX HH3KYI0 HIH
CPEJTHIONO JKECTKOCTh, P-BOIIHBI PAaCIIPOCTPAHSIOTCS ropasao ObicTpee, YeM
S-BONHBI, uTO K (UKcUpyeTcs AaTyukoM. IIpu paccMOTpeHHH KECTKHX
[PYHTOB WIH CKaJIbHbIX MOPOI Pa3M4He B CKOPOCTSX PacTPOCTPAHCHHA
IBYX OTHX BOJIH HE3HAUUTENIBHO, MO3TOMY TPYAHO BBIICIHTH JAHHBIE O
MPUOBITHH CIBHTOBOH BOJIHBI.

IIpu MCHOJB30BAHUM TPAMOrO CelicMHYECKOro kaporaxa (downhole
method) K CTeHKe CKBaXMHBI TIPHKPEILIIOT celicMonpueMHUK (reohoH)
uny ruapodoH (puc. 5.6), 4TOOB! 3amMMCHIBATH BpeMs npubbiTus GppoHTa
BOJIHBI, IBHXYyLIEHCA BHU3 OT MCTOYHMKA, PACHOJOKEHHOTO Ha MOBEPX-
HOCTH TpyHTa. B KauecTBe MCTOYHMKA HCIONb3YHOT ASPECBAHHBIA IIHT,
3aKperIEHHbIA Ha NOBEPXHOCTH, MO KOTOPOMY YAApsIOT PYy4YHbIM MOJIO-
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TOM. YIap B rOpPU30HTAILHOM HANpPaBICHUH HOPOXAAET FOPU3OHTAIBHO
M0JIIpU30BaHHYIO CABUTOBYI BOJIHY. IIpononbHas BoiHa reHepupyeTca ¢
MTOMOLIBIO BEPTUKANLHOTO y[apa MM Pe3KOro ONYyCKaHHs rpy3a Ha LIHT.
['eodon mocnenoBaTenbHO OMyCKAOT Ha HEOOXOAMMYIO rnyOuny, npu
3TOM KaXKABIH pa3 Ha MOBEPXHOCTH CO3JaeTcd BonHa. [lonoOHOoe Hccie-
AOBaHHE MOXHO 3(Q(DEKTUBHO MPOBOANTH B YCIOBMSX IUIOTHOM TOpo-
CKOW 3aCTpOiiKM, NMpH OrpaHUYEHHOM MPOCTPAHCTBE I HCIBITAHMIA.
DTOT METON LIMPOKO HCHONb3YyeTCs B SIMOHMM, NMOCKONBKY €r0 MOXKHO
COBMeIIAaTh ¢ OYPEHHEM M HCIBITAHHEM HA CTAHAAPTHYIO IEHETPALHIO
(SPT).

Tlosyuennbie nanHble OOLIYHO HAHOCAT Ha rpadyK B OCAX BPEMEHH H
PacCTOSHHA OT MUCTOuHMKA. Ha puc. 5.7 npuBOAWTCSA THIOMYHBIA npuUMEp
3aMHCH IlaHHubIX O MNPOJOJIBHBIX U CABHMIOBBIX BOJIHAX, MOJYYCHHBIX IyTEM
HPAMOro CEeHCMHYECKOro KapoTtaka. COCAMHHMB OMNBITHBIE TOYKM B He-
CKOJILKUX CErMEHTaX, MOXHO CXEMATHYECKH TPEeJCTaBUTh CKOPOCTh pac-
NPOCTPAaHEHUs BOJIH U TOMUIMHY KaXIOTO CJIosA. B 3ToM ke CKkBaXKHMHE Of-
peenANnCh XapakTep HAMIaCTOBaHWUs TPYHTOB H MPOBOAMAMCE SPT-
UCTIBITAHHS (CM. pHC. 5.7). Kak BUAHO M3 pUCYHKA, MUHUMAabHAs TOJIIMHA
CI08 TPYHTa, KOTOPYIO MOXHO HMIACHTH(DHIMPOBATb, HCHOJNbL3Ys JAHHBII
METOJ, COCTaBJAET nopsaka 2...3 M, a GOJIBIIMHCTBO JAHHBIX IIPEICTaB-

Js10T cobok OCPCAHEHHBLIE BEJIMYUHBI CKOPOCTH B HECKOJIBKUX TOHKHX
CJ104X.
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Puc. 5.6. Cxema npamoro ceiicMuyeckoro kaporaxa (downhole method)
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Puc. 5.7. TlpuMep u3MepeHus CKOPOCTH BOJIH C IOMOLIBIO METOa
npsAMOro cericMudeckoro kaporaxa (downhole method)

5.4. MeTton MmexkckBaxkxnunoro npocseunsanns (Crosshole method)

Ipu KCIOJIB30BaHMHY METOa MEKCKBAKUHHOTO MPOCBEYHBAHHS CABH-
roBast BOJIHA WIIM BOJHA CIKATHUS TE€HEPUPYIOTCA UCTOUHMKOM HMITYJILCOB,
HaXONALIMMCS B OJHOIN CKBaXXHMHE, & €€ PACIPOCTPAHCHHE B TOPH3OHTAIb-
HOM HaNpaBJICHUH (QUKCHUPYETCS JaTYMKAMHU, PACMONOKEHHBIMM HA OHOM
JUHHH B BYX WJIH TpeX COCENHHMX CKBaxkmHax. CxeMa MCIbITaHHA NpUBe-
JleHa Ha puc. 5.8.

DHeprusi UMITyJIbCa B HCTOYHHKE CO3JAETCS HECKOJBKUMH Crocobamu.
IIpu mapasensHoM npoBeneHHH SPT-ucnbITaHui BOJHA CKATHS T€HEPHU-
pyeTcs MajJeHMeM MOJOTA Ha JHO CKBaO)XHHBI. ['eHepauus CIBUrOBO# BOJ-
HBl OCYUIECTBISETCS C MOMOLIBI CHEIHANBHON CHCTEMBI, COCTOSILIEH U3
aHKepa M MOJIOTa, PA3MELIEHHBIX BHYTPH CKBAXKHHBL. 3TO MIPUCHOCOOIEHHE
OIYCKAETCsl Ha TPOCe Ha HYXKHYIO ITyOUHY M KPENUTCS K CTCHKE CKBaXHHBI
CTIELHAJILHBIMH 3aKHMaMU. [IpH aeHHH MOJIOTa Ha 3aKPEIUICHHBIA aHKEP
reHepupyeTcs CIBUTOBOE ABIKEHHE, HampasieHHoe BHu3. K aToi cucreMe
MOHO TPHKPENUTH CHELHANIbHOE MPHCIIOCOOIEHHE, MO3BOIAIONIEe OCy-
IIECTBIIATh Y/apbl, HanpaBieHHbIe BBEPX. TakuMm 00pa3oM, BEPTHUKAIBHO
OpHEHTHPOBAHHBIM MMITYJIbC MOXKHO NPUIIOKHTh B CKBOXXHHE KaK B BEPX-
HeM, TaK U B HHKHEM HAIIPaBJICHHH.

B cocenHMxX cKBaXXMHaxX TreoQOHbI, 3alHCHIBAIOLIME BEPTHKAIBHYHO

5.4. METOJ MEXCKBAXWHHOI' O ITPOCBEYNBAHMS (CROSSHOLE METHOD) 87

CKOPOCTb, IUIOTHO NPHUKPEILICHBI K CTEHKaM Ha TOH ke BBICOTE, Ha KOTOPOii
pacrnojyiokeH aHKep B CKBa)XKMHe-UCTO4HHKe. Koraa monot omyckaercs Ha
AHKEP, CHIHaNbI M3 re0pOHOB 3aITHCBIBAIOTCA U COXPAHSIIOTCA Ha OCLIMILIO-
rpade. Pasnuily Bo BpeMEHH PacIIPOCTPAHEHHS BOJIHBI, 3aQUKCHPOBAHHYIO
ABYMsi COCEIXHUMH reo()OHaMM, MCNONB3YIOT JUIA BBHIYHCICHUS CKOPOCTH
CABHIOBOH BONHEL. Ha paHHHMX cTafusix pa3BUTHA MONOOHBIX TEXHOIOTMIH
CYHTANOCh, YTO METOJ MEXKCKBAXHMHHOIO NPOCBEYMBAHHUS MOXET MPHME-
HATBCS JUIS TOJTy4E€HHs BEJIMYHHBI MOIyNs Kak GYHKUHH aedopManuu
casura (Auld, 1977; Troncoso et al., 1977; Grant & brown, 1981), ogHako
Ha MPaKTHKE 3TO HE HCIOJIb30BAOCE.
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Puc. 5.8. CxeMa MEXCKBaXHHHOTO TPOCBEYMBAHUS

IIpu BHIOOpE paccTOSAHUS MEXAy CKBRKMHAMH PYKOBOACTBYIOTCS Clie-
JIyIOIHM: PACCTOSIHHE AOJKHO OBITH JOCTATOYHO OOJBIIMM, YTOOB! BO3HH-
Kalo OULyTUMOE Pa3NIMYMe BO BPEMEHH PACMPOCTPAHEHMsS BOJH, U JOCTa-
TOYHO MaJibiM, YTOOBI YMEHBLINTh BO3MOXHOCTH «BTOPXKEHHS» BHEILHEH
[IPENIOMIICHHOH BOJIHBI U3 COCEIHHUX cnoeB rpyHTta. Kak mpasuio, paccros-
HUE MEXIy CKBa)XHHAMH cocTraBiseT 2...5 M. IlpemmymiecTBo meronma
MEKCKBaKMHHOTO TIPOCBEYMBAHUS COCTOUT B TOM, YTO OH MOXET HCIIONb-
J0BaThCsl JUIA ONPENENEHHs] BEJMUMH MOMYJIEH OTHOENBHBIX CJIOCB TPYHTa
IIPH MX TOPU3OHTAILHOM HarulacToBaHHH. OAHAKO OOBIYHO CTOMMOCTD IO~
JIOOHOrO UCCENOBaHUs JOCTATOYHO BENHKA, TAK KaK HYXKHO MpoOypuTh
Gonee Tpex cKkBakMH. JleTallbHOE ONMHCAHME METOAA MEKCKBAKHHHOIO
1IpocBeYHBaHUA IPUBOANTCA B pabortax Stokoe & Wood (1972), Stokoe &
Richart (1973), Anderson & Wood (1975), Hoar & Stokoe (1978).
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5.5. MeToa NCIIBITAHNA NOABECHBLIM 30HAOM

W3MepeHre CKOPOCTH € MOMOLIBIO NOABECHOTO 30HAA — OTHOCHUTEIBLHO
HOBBIN MeTox, pa3paboTaHHbIH ANoHCKOH kommaHuel Oiio (Ogura, 1979,
Ogura, 1988; Kitsunezaki, 1982). OCHOBHOI NPHHUMII NMPUMEHEHUS NAH-
HOH TEXHOJIOruy nokasad Ha puc. 5.9. Kak U3BecTHO, €CJiM 271EMEHT Cpeabl
nepeMenlaeTcsi B IOMYNPOCTPAHCTBE B TOPU3OHTAILHOM HaNpaBJICHUH,
BO3HHKAIOT CJIBUTOBHIE BOJHBI, PACIPOCTPAHSIOIIMECS BO BCEX HAmMpaBie-
ausx. Ha puc. 5.9 nokasaHsl 1Be TUNHUYHBIE CABUIOBLIC BOJHBI — FOpU-
30HTA/bHAS M BEPTHKANbHAs. BOMHBI CXKaTHS TaKXKE I€HEPHPYIOTCA BO
BCeX HarpaBjeHUsx (Ha puc. 5.9 MokazaHa BOJIHA, PacMpOCTpaHsOLIas-
CcA B TOPH30OHTANLHOM HampaBieHuu). Llens HCHBITaHUA MOJBECHBIM
30HIOM — (DHKCauWsi PacnpoCTPaHEHHS TOPH3OHTAILHO MOJAPH30BaH-
HOM CIBHUFOBOM BOJIHBI, JBMKYILEHCS B MAacCHUBE TPyHTa B BEPTHKallb-
HOM HanpaBJeHHH.

Ha npaxTuke A5 U3MEpPEeHUsT CKOPOCTH BOJIHbI TIOABECHOH 30H] OMYyC-
KalOT Ha TPOCE B CKBAXKHUHY, 3aMIOJTHEHHYIO BOJION. 30H] COCTOHT M3 MCTOY-
HHKa U TeO(OHOB ¢ TMOKHM H3OISLUHMOHHBIM LIWIMHIPOM MEXIY HHUMH
(puc. 5.10). BosHbl, reHepHpyeMble HCTOUHHMKOM, 3aNUCHIBAOTCA reodo-
HAMH, HAXOJAMIUMICS Ha paccTosuuu 1 M Apyr or Apyra. B knaccuueckoi
MOJENIM JINIMHA 30HAa COCTABIsAeT 7 M, a LEHTpajbHas TOUKa reodoHOB
PACIIONIOXEHA Ha PacCTOSTHUM 5 M OT HHMXKHETO KOHUA 30H1a. Beto chcremy
LHEHTPHPYIOT, YTOOBI 30H]l HUIJIE HEe KAcaJCs CTEHKH CKBaXKHHBI.

HMIyas¢ OT UCTOYHWMKA CHAadala Nepe]aeTcs B KHIAKOCTb B CKBAXH-
He. 3aTeM COcelHHMe CO CTEHKOH CKBaXXKMHBI CIIOM IPYHTA MepeMelaloTcs
B TOPHU3OHTAIbHOM HAQIpPaBJICHHH BMECTe C JBWXKYIUEHCA BOAOH
(puc. 5.10). CaBuropas BOJHA NEepPeMELIAETCA BEPTHKANBHO uUepe3 CIIOM
rpyHTa. B 310 Bpems >KHIKOCTb BBIHYXICHA ABUIaThCA TOPH3OHTANLHO
BMECTE C NPHUIETAIOIUMH CIOSMH [PYHTa, COOTBETCTBEHHO, BOJIHA, pac-
NPOCTPAHAIOWAACS B JKHIKOCTH, UMEET Ty K€ CKOPOCTb, YTO W BOJIHA,
pacripocTpansomascs B rpyHre. Korna casurosas BojHa NPHUXOIMT B
TOYKY NPHEMA, OJHOBPEMEHHO C HEH B 3Ty XK€ TOUKY NpHObIBAET ropu-
30HTAJbHAA BOJIHA, PAaCMPOCTPAHSIOUIAsCH B XMAKOCTH. TaknMm obpaszom,
Haba0as ¢ NOMOLIBID re0QOHOB 3a JBHKEHHEM JXKUAKOCTH, MOXKHO H3-
MEPHTbL BpEMA PacClIPOCTPAHEHHS CIABUTOBOHM BOJHBI H, CJAENOBATEILHO,
CKOPOCTB €€ PacllpoCTpaHeHusl.

3.5. METOJ] UCIIbITAHUS [TOOABECHbBIM 30HA0OM 89
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Puc. 5.9. lebopmauus rpyHTa B 1101ynpocTpaHCTBE
B PE3YJILTATE BO3ACHCTBHS FOPH3OHTALHOIO UMITYJILCa

Koraa ncrounnk cosznaet ummynsc, MPaKTHYECKH TPYAHO I'€HEPHPO-
BATh TOJIbKO CABHUIOBYIO BOJIHY, TIOCKO/IbKY BCEraa o0pa3yercs BOJIHA CKa-
TS, KOTOpas 4Yaule BCEro JBUKETCA B BEPTHKAIBHOM HAMPABJICHUHM Yepes3
KHAKOCTb B CKBa)XMHE. OTa BOJIHA Ha3bIBaeTcs TpyOHOIl (tube wave) u 3a-
4acTyro ABASETCA HCTOUHMKOM MOMEX B MPUEMHHKAX, Y MEHBIIMTEL BO3IEH-
CTBUE TPYOHOH BOJHBI MOXKHO C MOMOLUBIO CNEHHANBHOTO MPHCIOCOOIE-
HUS A MCTOYHMKA konebanui. He menee sddexTuBHBIM ABIsSETCS MOMe-
IIEHUE HA NMYTH pacnpOCTPaHEHHs! TPYOHOH BOJIHBI NPENATCTBUSA, KOTOPOE
TPY/HO OOOHTH, NOCKOJBLKY OOJbILIAs YaCTh SHEPTUH BONHBI OTPAKAETCS OT
IpENATCTBYsA. B KauecTBe NpensaTcTBUS UCIONL3YETCS W3OJALMOHHBIA 11-
JMHAD, Ha3blBaeMbll QUIbLTPALMOHHON TPYOOH, COCTOALINIA U3 PE3UHOBOI
TpYyOKH, 3anonHeHHOH CxaThiM BO3AyXoM. Ero ycranaenueaior B LeHTpe
noasecHoro 3o1aa (puc. 5.10).

OKCnepuMeHThl MOKa3aIM, YTO, AaXKE €CIu (PUIbTpauHoHHas Tpyba
MEHbIlie TIONEPEYHOro CEUEHUS CKBaKMHBI, OHa BCE PaBHO OYEHb 3 dek-
THBHO MPENATCTBYET MPOXOXKACHUIO TPYOHOW BONHBI M TakuM 0OpasoMm
yMenbliaeT wyM. 1103ToOMy KO BpeMeHH NpHOLITHS CIABMIOBOM BOJIHBI Ha
IPUEMHHUK, OONBIUMHCTBO IIYMOB YK€ MOJAaBIEeHO, U Ha aBa reodoHa B
TOYKe MPUEMa NEPEAACTCS YUCTBIA CUrHan cABMroBoit Bonubl. Kpome Toro,
cucTeMa reoOHOB CIIPOCKTUPOBAaHA TakuM 00pa3’oM, YTO OHA MMEET Ta-
KYIO K€ MIOTHOCTb, KAK OKPYXKaroluas €€ )XHAKOCTh B CKBaXKHHE, a cam
reopoH MOXKET CBOOOIHO MEpEMeLLaThCs, HE CO3AaBas CUITbl HHEPUUH NPy
B3aUMOJENCTBHH C KHAKOCTBIO,
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Puc. 5.10. M3Mepenne ckopocTy Npy NOMOLUM TIOABECHOTO 30HAA
(Nigbor & Imai, 1994)

Ha npakTrke MMIYJIBC reHEpUpPYeTCA MIEKTPHUUYECKHM YCTPOHCTBOM B
OJHOM TIOPH30HTANRHOM HampaB/IeHHH, a JABHXKEHHE B TOM JK€ Halpanie-
HHU puKcupyercs reofoHaMu. 3aTeM HCTOYHHK UMITYJIbCA aKTHBHPYETCS B
OPOTHUBOINONOKHOM HANPABICHUH, U U3MEPACTCS PE3yJbTHPYIOLIHH TOpH-
30HTaNbHBIA curran. Ha puc. 5.11 cxemaTtWdHO mnokaszaHel NedopMauus
CJI0si TPYHTa BCHEICTBHE BO3JEHCTBUA CABUIOBOW BOJIHBI H PE3YJIBTATHI,
3aMMCaHHblE ABYMs NPUEMHHMKAMHU, PACIOIOKEHHMMH Ha PACCTOAHMH | M
Ipyr ot apyra. [TapHsle 3amcu BOMH, NOJAPH30BAHHBIX B Pa3HBIX Hanpas-
JIEHUAX, Y€TKO (PUKCUPYIOTCA, YTO MO3BOJIAET TOYHO BBIABUTH BPEMs MIPH-

ObITHA BONTHBI B ABE TOUKH npHema (pHc. 5.12).

5.5. METOJ1 UCITIbITAHVS NOABECHbLIM 30HJIOM
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Puc. 5.11. Habnioaenue 3a ppoHTaMH pacnpocTpaHeHHs BOJH
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Puc. 5.12. 3anucek nepemelenui, onyueHHas IpH MOMOLLH NOABECHONO J0H/18

Hcnonb3ys cneunansHbiii npubop mis Bo3OykAEHHS MMIYJbCA B HC-

TOUHHKE, MOXHO TaK)Ke F€HepUPOBaTh BOJIHY CxaTHA (P-BOMHY) U onpene-
JINTb BpeMs ee NpUOBITHS Ha ABA NPHEMHMKA C MOMOLLBIO BEPTHUKANbHBIX
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JATYHKOB B KOMILUIEKTE T€X ke reodoHoB. Ha puc. 5.13 npuseneH tunumy-
HBI IpUMEpP M3MEPEHUS] CKOPOCTH MOJABECHBIM 30HIOM Ha IUIOMIAKE HA
BOCTOYHOM CTOpOHE MocTa uepes 3auB B Can-®pannucko (Nigbor & Imai,
1994). BeTiuuHb! H3MEpEHHBIX CKOpOCTell H3MeHsoTes oT V, = 230 Mc™' B
BEPXHHX CJI0SX THHBL 10 Vi = 1400 Mc™' B KOPEHHBIX MOACTHIAIOIIMX TIO-
ponax.

Ckopoctsb, M/c
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Puc. 5.13. TIpumep H3MepeHHs CKOPOCTH BOJIHBI HA TITyOHUHE
METOIOM HCIIbITaHuA noaBeckbiM 3oHa0M (Nigbor & Imai, 1994)

Ha puc. 5.14 (Ishihara et al., 1989) noka3zansl pe3y/bTaThl APYrOro Uc-
ObITaHus. 37eCh CKOPOCTh CHBUIOBOM BOJIHBI, ITOJIy4EHHAS IOJABECHBIM
30HJIOM, CPAaBHHBAETCSA CO CKOPOCTSMH, H3MEPEHHBIMH METOJIOM IPSIMOroO
CeHCMHUYECKOro KapoTaka OT yJAapa MOJOTa MO TOBEPXHOCTH TIPYHTa.
JlaHHble, MONyUYeHHbIe MPH Pa3IMYHBIX UCIBITAHHMAX, COBMNANAIOT C 1OCTa-
TOUHOM cTeneHblo ToYHOCTH. Ha puc. 5.15 npuBoauTcs npumep nojaesoro
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M3MEPEHHsI CKOPOCTH BONHBI Ha miouiaake peku Capanfel B OxkHoit Ka-
poaune. [Inomwanka npeacraBieHa nNpuOpPEKHBIMU TOPH3IOHTATbLHBIMHM OT-
JIOXKEHWAMH HENOYIUIOTHEHHOIO TeCKa, TJIMHbI, W3BECTHAKA U rpasus. Ha
puc. 5.16 noctpoen rpaduk n3meHenus koddbuuuenta [lyaccona no ray-
OuHE, BBLIYMCIEHHOTO 1O AaHHBIM P-BosH M S-BoiH. U3 rpadmka Buano,
4TO BenMuuHa Kod(hduuuenta IlyaccoHa Ui BOZOHACHIEHHBIX IPYHTOB
cocrapysieT npuMepHo 0,5 M yMeHbInaeTca 10 Mepe yBEIHYEHHS KECTKO-
CTH FpYHTA., .
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Puc. 5.14. CpaBHeHHe BeTIMYHH CKOPOCTEM CABUTOBOI BOJIHBI,
M3MEPEHHBIX METOAOM CEHCMHYECKOI'0 KapoTaKa
Y METOJIOM MCObITaHHs MOABecHBIM 30HA0M (Nigbor & Imai, 1994)

MoOKHO BBIOCIUTH CHEOYIONIME XapakTepHblE 0COOEHHOCTH HCIIbITAHHS
11OJBECHBIM 30HIOM:

l. DTOT METOA UMEET OUEBUIHBIE TIPEUMYILECTBA MEPel APYTUMHU TEX-
HOJIOTMSIMH, MOCKOJNBKY [03BOJISCT BECTH HM3MEPEHHS HA PacCTOSHUU
mMcHblie 1 M no Bced rybuHe omioxenus. CneaoBaTeNbHO, MOXHO NO-
CTPOUTDb IeOJIOTHUECKHI pa3pe3 C BbICOKOH CTEMEHbIO TOYHOCTH.
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2. Bo3MOKHO M3MepeHHe CKOpOCTH Ha oueHb Oonblioi riaybune, mo-
CKONIbKY MCTOYHHK PacloiioXeH OMU3KO OT MPHEMHHUKOB. MakcumajbHasn
riyOuHa ucneitanus — 300 M.

3. DHeprus OT MCTOYHHKA BCErIa HEepefacTcs Yepes3 KUIKOCTh, 3aMoJ-
HAIOHIYIO CKBaXXHHBI, IOITOMY MPH OTCYTCTBHH B HWX BOJbI MPOBOIWTH
W3MEPEHHUs HEBO3MOXHO.

4. MeTo/1 NO3BONIAET YCTIEUIHO ONPENeNATh CKOPOCTh BOJIHBI HA Y4acTKe
CKBXKHHBI, HE YKpeIUIeHHOH oOcamHoi TpyOo#l. [1pu Hcnoab30BaHUM Ke-
CTKHX 00CAJIHbIX TPYO CJI0KHO H3MEPUTH BpeMs MPOXOMK/AEHHUS CIBUIOBOH
BOJTHBI Yepe3 ¢lou rpyHTa. OMHaKo MpUMeHeHue ruOkoil obcaaku, Hanpu-
Mep M3 BUHWIXJIOPUIIA, MO3BOJAET 3Q()EeKTHBHO UCTIONL30BATh MOJBECHON
30H] U1 HAOIOACHUS 32 PACIPOCTPAHEHHUEM CABHTOBOI BOJIHBI.

CKOpOCTb pacnpocTpaHeHus BOJHbI, M/c Koaddmument INyaccona v
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Puc. 5.15. Tlpumep u3MepeHHs CKOPOCTH Puc. 5.16. IIpumep pacnpeaeicHus

BOJIHBI 10 INTyOHHE METOAOM HCHBITAHUS rodpdunuenta Iyaccona ¢ rnybuHoii

noasecHbiM 30HA0M (Nigbor & Imai, 1994)  mo pe3ysibTaTaM N3MEpEHHS CKOPOCTH
METOOM HCTbITaHHS NOABECHBIM
3oHa0M (Nigbor & Imai, 1994)

5.6. CnexTpaiibHbIi aHANH3 OBEPXHOCTHBIX BOJIH (SAWS)

DTOT MeToA 3akniouaeTcs B HaOJNOAEHUH 3a PACNpPOCTPAaHEHHEM I10-
BEPXHOCTHBIX BOJIH PEJNEEBCKOrO THIA [10 MOBEPXHOCTH rpyHTa. M3BECTHO,
4TO GONBUIMHCTBO BOJIH, BOBHUKAIOLUIUX HA MOBEPXHOCTH YNPYroro rnojy-

5.6. CTIEKTPAJIbHbIM AHAJIN3 MOBEPXHOCTHBIX BOJIH (SAWS) 95

MPOCTPAHCTBA MOJi BO3AEHCTBHEM BEPTHKAILHOW KONEOMIOUICHCS HArpys-
KW, SBISAIOTCS pejiceBCKUMM (R-BOJHBI). JlOMECTHB Ha HEKOTOpOM pac-
CTOSIHUM OT UCTOYHHKA JATUHK, PUKCUPYIOMUH BEPTHKAIBHBIC MepeMelLie-
HHSL, MOXHO 3afucaTh BEPTUKAIBHBII KOMIOHEHT pacpOCTPaHEHHS pelie-
eBcKkoH BonHbl. Eciin nepenasaeMble HCTOUHUKOM KOJIEOaHUSI HMEIOT CHHY-
COMAANbHY10 (OpMY, IOBEPXHOCTD MOIYIIPOCTPAHCTBA TakKe OYAET MCIIbI-
THIBaTh CHUHYCOHMJaNbHBIE NepeMenicHus. Ha puc. 5.17 yka3aHBl IITHHBI
(Lg) pa3nu4HbIX BOJH JUIA BYX CIy4YaeB BEPTHKAJIBHOTO MEPEMETIECHHS.
Ecnu BepTHKaNbHOE CMELUEHHE TEHEPUPYEMOIO JBHKEHHS NPEICTaBIECHO
topmynon

V,(t)=v,sinwt, (5.8)

TO BEPTUKANbHOE NMEpEMELIECHUE B 1000 Apyroi Touke, OTIMYHOH OT HC-
TOYHHKA, BbIPAXKaeTCs KaK
v(t) = vsin(0t — ¢), 5.9

rie @ — pasHocTb (a3; v — aMIInTyAa.

[Tockonbky Bpems OTCTABaHHS MEXIy MCTOUYHMKOM M TOYKOH Ha pac-
CTOSIHUM X paBHO X/, MOKHO nepenucars ypasHeHHe (5.9) ciegyronum
obpazom (Richart et al., 1970, ¢. 113):

2mfx

R

v()=v, sinat—x/V,) =V, sin| of — , (5.10)

rae Vg — CKOPOCTb pacnpocTpaHeH s R-BOJIHBL, f— 4acTOTa KOJIeOaHusl.

(Da30BbIA Yrojl MOKHO Bbipa3uTh YPABHCHHEM

2ntfx
= 5.11
(o) v (5.1D)

Korpa paccrostHue x paBHO JJIMHE BOJIHBI Lg, BEIWYKMHA ()a3z0BOTO yria
JIO/bKHA cocTaBiuathk 21, CrnenoBarensHo, ypaBHenue (5.11) cBomurcs X
XOPOLIO H3BECTHOMY OTHOLUCHHIO

Ve=fLg. (5.12)
C npyroi CTOpOHBI, COTJIaCHO TEOPHUHM YNPYTHX BOJH, CKOPOCTb pac-

IIPOCTPAHEHUS PENEeEeBCKON BOJHBI B OJHOPOAHOM MOAYNPOCTPAHCTBE fAB-
smerca pyHKUMEH CKOPOCTH CABUIOBOH BONHBI V, M BOJIHBI CxaTHA V), (MaH
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ko3 duuuenta Ilyaccona). O1a QyHKUMA rpadMyecKn NpeicCTaBjieHa Ha
puc. 5.18 Kak 3aBHCUMOCTb OTHOLIEHHS Vi/V OoT Ko3dduumenta Ilyaccona
v. U3 pUCYHKa BHIHO, YTO CKOPOCTH PAaclpOCTPaHEHHUs R-BOJHEI MEHbLIE
CKOpOCTH caBuroBoil BonHbl V B 0,874...0,955 pa3s, u 11 NpakTHYECKUX
IeNeil OHA MOXeT MPUHUMATBCA NPUMEpPHO paBHOH V. llosTomy ypasHe-
uue (5.12) MOXKHO TIepenucaTh B BUAS

V.= 1L,. (5.13)

s

C y4eToM OpHBEICHHOTO BHIIIE JIOTHYECKOTO 0O0CHOBAHHS PEIECEBCKUE
BOJIHBI MOXHO HCIIOB30BaTh JUTA HEPa3pyIUAIOIINX METOAOB MOA3EMHOrO
UCCJIENOBAHMS HMJIM OLEHKM KayeCcTBA MOKPBLITUS HA aBTOMAarucTpansix H
B3JIETHO-NIOCAZIOYHBIX N10JIOCAX.
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Puc. 5.17. 3aBHCHMOCTD pejieeBCKOH BOHBI OT YacTOThl KO1eOaHMH

Ha paHHeill cTaguM pa3sBUTHS METOAMKH HCIBITAHMHA K TOBEPXHOCTH
IPyHTa B BEPTHUKAIBHOM HANPABICHWH NMPHKIAIBIBAIM MOCTOSHHYIO BHO-
pali0 M3BECTHOM YacTOTHI, @ MO3UIMH, Ha KOTOPHIX BEPTUKAIbLHOE IBH-
’KE€HHe MOBEPXHOCTH COBAaaio 1o ase ¢ ABMKeHHeM BUOpaTopa, QUKCH-
POBaJIH C MOMOIIBIO NMEPEMEILEHHS BEPTUKAIBHO OPHEHTHPOBAHHOTO Jart-
4pKa MO MOBEPXHOCTH IPYHTA MO HAMpaBJeHHIO OT UCToYHHKa. IIpenmorna-
rajgoch, 4TO PacCTOSHUE MEXITY OBYMS COCEITHUMH NHKaMH WM BIaIdHA-
MH paBHO JUIHHE PACIpPOCTPAHSAIOMIEHCS PENeeBCKOH BONHBI Lg. 3Had MC-
XOIHYH BEJIMUKMHY YacTOTHI f, C TIOMOIIBIO YpaBHEHH: (5.12) Beruucianm
CKOPOCTb pacrpoCTpaHEHHs BOJIHBI V.
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Hpyrue Benn4uubl GazoBoil CKOPOCTH Vp OOBIYHO IMOJTyYaH, U3MEHSS
yacroTy BHOpatopa. TaknM oOpa3om Gbuia MOCTPOEHA KPHMBAs 3aBUCHMO-
cTi Mexly (a3oBOi CKOPOCTbIO Vi M YaCTOTOM WM AJMHOM BOJHBI, HA3bI-
BaeMas Kpueoi oucnepcuu.

KpuByro nucnepcuu MM 3aBHCSIIHE OT 4acTOThI KosieOaHuil Xapakre-
PHCTHUKH PEJNIECBCKOH BOJIHBI MOXHO TAKXKE TNOJYYHTb H3 TEOPHUM PACIIPO-
CTPaHCHHs BOJH B YNPYrux MojynpoctpancTsax. CorimacHo 3TOH TEOpHH,
peneenckas BOJIHA JOJPKHA PACHPOCTPAHATLCA € MOCTOAHHOM (a30Boif cko-
POCTbIO, HE 3aBHCALIEH OT 4acTOThI KOJNeOaHHUH, €ClU MONYPOCTPAHCTBO
MpeacTaBiseT coboi oqHOpoAHYIo cpeny. Ha puc. 5.18 mokaszana ckopocTs
pacnpoCcTpaHeHHs BOJIHBL B TAKOM CUTyallUH, a Ha puc. 5.19 — 3aBucHMOCTD
aMIUIMTY bl PEJIEEBCKOH BOJIHBI OT OTHOCHTENBHON TyOuusl. Ha puc. 5.20
MPUBOJATCA NPUMEPHI PACTIPEAENICHUS BEPTHKATIBHBIX aMIUIUTYI O TIIy-
OuHE 1A ABYX Clly4aes, H300pakeHHbIX Ha puc. 5.17. Buano, uto no mepe
YBEJIMYEHUS JJTHHBI BOJIHbI A€OPMALIMH PACIPOCTPAHAIOTCS Ha GOJNBIIYIO
rayOuny.
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Puc. 5.18. CxopocTh pacnpocTpaHeHus pa3iuyHbIX BOJH
kak Gpynxuus koddduunenra Iyaccona (Richart, Hall and Woods, 1970)
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Puc. 5.19. 3aBHCHMOCTb aMILTHTY Bl PEIEEBCKHUX BOH OT TyOHHbI
B ynpyrom noaynpoctpatctse (Richart, Hall and Woods, 1970)

Bepruxansroe BepTukajibHOoe
cMeLieHHE CMeLLeHHE
—— > [ % y >
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CTPaHCTBO
AN \ ﬁ ]
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JUTHHA BOJTHBL JUTHHA BOJTHBI

Puc. 5.20. 3aBHCHMOCTb pacnpeieyieHNs BEPTHKAILHOIO CMEIEHHA OT AJIMHBI
BOJIHBI PU pacnpocTpaHeHuu peneesckoi Boskbl (Stokoe et al., 1994)
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B ynpyrom nosynpocTpaHCTBE, COCTOSALUEM H3 OJHOTO CNOs, Pacmloio-
KEHHOTr0 Ha MoJlyOecKOHeYHOH cpejie, aHAJIOrHYHbIA aHAIU3 PENeeBCKUX
BOJIH yKa3bIBaeT Ha TO, YTO NpH Oonblield 4acToTe KoJicOaHHH UCTOYHUKA
BOJIHA PacrpOCTPaHSETCs B OCHOBHOM B BEPXHEM CJIO€, 1103ToMY dazoBas
CKOPOCTh ONPEAE/AeTCS MO YAPYTHM CBOMCTBaM BEPXHETO CNOSA. DTO MoO-
eT COOTBETCTBOBATH CAy4aro, H300pakeHHOMY Ha puc. 5.21, MOCKOJBKY
JedopManrs B NOAYOPOCTPAHCTBE B OCHOBHOM MPOHMCXOJWT B Cpele B
npefenax BEpXHero cios, TAe JIHHA BOJNHBL Kopode. HampoTue, ecim Ha-
yanpHas 4acToTa HH3Ka, JAedopMalus ABYXCIONHOrO NONYyNpPOCTPAHCTRA,
BBI3BAHHAS PAcNpOCTPAaHCHUEM R-BOJHBI, B OCHOBHOM BO3HHKAaeT B HIK-
HEH 4aCTH MONXYNPOCTPAHCTBA, MOCKOJIbKY HU3KOM 9acTOTE COOTBETCTBYET
6dnbuiast I1MHA BOJHBI.

Takum o0pasom, NpH PACCMOTPEHHH [ABYXCIOHHOH CHCTEMBI (CM.
puc. 5.21) da3zoBas ckopoCTh pacnpocTpaHeHHs R-BOJHBI 3aBUCHT OT 4ac-
TOTBI WM JUTHHBI BOJHBL. Ha puc. 5.21 nzobpaxceHa 3aBUCUMOCTh OTHOIIE~
Hus Ve/V, ot Lg/H, rae H — Tonunza BepxHero ciod. CorjacHo rpaguky,
BIIUSHUE HWXKHErO C0s CTAHOBHTCA 0ojiee CYLIECTBEHHBIM [0 MEpe yBe-
JIMMEHUS JJIMHBI BOJHBI M3-332 pacrnpoCTPaHEHHs BOJXHOBBIX NBWDKCHHH Ha
O00nbiy0 ryOuHy. 3Ty 0cOOEHHOCTE MOYKHO HCIOJIB30BaTh, HANpPUMED,
I7s ONpeJiesIEHNs YIPYFHX CBOMCTB Ka)(IOro cJIos MyTeM H3MEPEHHs CKO-
poctH R-BOJIHBI, KOTOpasi reHepUpYeTCa HauyajbHBIMU KOJNeOaHUAMH C BbI-
COKOH M HM3KOM YacTOTaMH.
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Puc. 5.21. CkopocTb pacnpocTpaHEHHs PEEEBCKOH BOJIHbI B ABYXCJIOHHOM
NOJyNPOCTPaHCTBE Kak GyHKLMA ANHHbI BomHB (Stokoe et al., 1994)
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Puc. 5.22. CxeMma nojieBbIX u3MepeHHi MeTogoM SASW

IpuBeIeHHBIH METOX MOXKHO MIPUMEHATH U JJIs1 aHANIM3a MHOTOCIIONHO-
O TOJIYTIPOCTPAHCTBA, COCTOSIEI0 U3 CPEll C PA3HBIMH XapakTEPUCTHKAMH
yIpYrocTH. 3aBUCHMOCTE PACHpPOCTPaHEHHMA R-BOJHBI OT YacTOThI MOXET
HCIIOAB30BATLC U I UCCIEROBAHUS TPYHTOB WM CKaNbHBIX MOpoA B [10-
7eBbIX ycroBuAX. OQHAKO NPHIOKEHHE NOCTOSIHHONW BHOPALMOHHON Ha-
rPy3KH Ha MOBEPXHOCTH IPYHTa — IPOJODKUTENBHBIH H JIOPOrOCTOALUMH
npouecc. I103ToMy ¢ MOMOILBK HUGPOBOrO NEKTPOHHOro 000PYNOBaHHS
Obi1 pa3paboTaH METOJ NPUIIOKEHUS K NIOBEPXHOCTH MMITYJILCHON Harpys-
KH. DTa TEXHOJOTUA MONTyuuNia HazBaHue SASW — criekTpanbHbid aHann3
MOBEPXHOCTHHIX BOJH (spectral analysis of surface waves) (Stokoe & Naza-
rin, 1983; Nazarin & Stokoe, 1984; Stokoe et al., 1994).

Ha puc. 5.22 npuBoaurcs o0was cXxeMa UCIbITaHUs MeTogoM SASW.
CHavajia yCTaHaBIIMBAKOT /IBA IIPMEMHHKA MO 00€ CTOPOHBI OT BOOOpakae-
MO LIEHTPAJIBLHOH JIMHUH. 3aTeM yAapoM MOJIOTa K TOBEPXHOCTH MpHUKIIa-
IBIBAIOT BEPTUKAIBHBIA HMIYJIbC, TEHEPHPYS Tpynmy NOBEPXHOCTHBIX
BOJIH, MMEIOLIMX Pa3IMYHbIE YAaCTOTHI U CKOPOCTh PACIPOCTPAHEHHS. JTa
rpymnna GUKCHPYETCs C MOMOIBIO MPUEMHHKOB U 3aMUMCHIBAETCS Ha CIICHH-
alpHOe ycTpoiicTBO. [To OKOHUAHMH M3MEPEHHH NMPHEMHUKU OCTAIOTCA Ha
NpPEKHEM MECTE, 8 MCTOHUHHK NEPEIBHUraloT B MPOTUBOINOJIOKHOM OT LEH-
TPILHOM THHHH HAMPABICHUH, K HCIBITAHHE IOBTOPSFOT.

OcpeaHUB pe3ynbTaThi ABYX-TPEX CEPUH M3MEPERUH, MOKHO MOLYyUHTD
JAHHBIE BRICOKOTO KaYeCTBa, XapaKTePU3YIOIIUe YCIOBHA MIOUIaAKK BOIH-
3W LeHTpaabHOR auHMH. [lapy MOJOGHBIX OMBITOB MOBTOPAIOT C APYrHM
PacCTOAHHEM MEXAY ABYMs AaT4yHKaMH. IIpH yMEHBIICHHH pacCTOSHHS
MEXAYy JaTYHKAMH MOAYHAIOT XapaKTEPHUCTHKH C/I0E€B IPYHTA, 3a1eraroinx
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O1MXKe K MOBEPXHOCTH, NPH YBENHYEHHUN PACCTOSHUA NOJNYYalOT CBOMCTBA
Oosiee MIyOWHHBIX OTJIOKEHWH. B mnosieBoil NpakTvke MPU OLEHKE reosio-
THYECKOTrO paspesa A0 riiy6uHbl nopsaka 50 M paccTOSHHS MEXIy AaT4-
KaMH Moryu cocTasnsTh 1, 4, 16 n 64 M. HeoOxonuMble 1IMHA ¥ 4acTOTa
BOJIH 00€CNEYUBAIOTCS PA3NUYHBIMU MCTOUYHMKAMH HMITYIbCOB HArpyxe-
Huda. Ecnu paccrosHue Mex Ay MpHeMHUKaMu cocTasiser 1...4 M, ois uc-
MBITAHHH MOYKHO MCHONb30BATh HEOONBIIOH PYYHOH MOAOT, IpH PaACCTON-
HuM 5...10 M NPUMEHAIOT TSOKENBIH HagaloUIMH MOJIOT WM KyBallIy BECOM
20...70 kr.

CurHanel OT AaTYUKOB MOCTYMAlOT HA 3aMHCHIBAIOLIEE YCTPOHUCTBO.
[lony4yeHHble AaHHBIE Pa3nararT MO 4acTOTAaM, UCMOJb3YsS AITOPUTM Obl-
cTporo npeo6paszoBanua Dypee. Ins Gonee ynoGHOTO aHANM3a JAHHBIX B
YACTOTHOH cdepe MOMKET MPUMEHATHCS CHEKTpanbHbIM aHanuzarop. Hau-
fosee BaxcHasi BEJIMYMHA, MOJydaemasi B XO/€ CHEKTPATBHOTO aHauu3a, —
CTIEKTPalibHass [IOTHOCTh B3aMMHO-KOPPEIALUMOHHOH (YHKLUUH (CTOSS-
spectral density function). OHa onpeaenseTcs Kak CleKTp pe3ynbrara (3a-
MUCAHHOTO JBYIKEHHS ), YMHOWKEHHBIH Ha KOMIUIEKCHO COMPSYKEHHOE YUCO
CNEKTPa HayanbHOro JBWKeHUA. CnekrpaibHas [UIOTHOCTh B3aHMHO-
KOPPENALUMOHHON (DYHKUHU YKa3plBa€T Ha pPa3sHOCTh (a3 MexIgy AByMs
TOYKaMH NpueMa MpH pasHbiX vactorax. C Apyroi cTOpoHBI, Bpems pac-
MPOCTPaHEHUS BOJNHbI OOBIYHO OMpE/ENAeTCs BBIpaXKEHHEM Xx/Vz n3 ypas-
nenus (5.10). [oacrasnss ¢ = x/Vg B (5.11), nonyyaem

- ¢
3 (5.14)

Pasnocte a3 ¢, BbIBOAMMAS M3 CHEKTPaJbHOH IUIOTHOCTH B3aHMHO-
KOPPENAUMOHHOH QyHKUMH, BBIPaXKaeTCA KaKk QYHKIMS 9acTOTHL. [lo3ToMy,
corsiacko (5.14), Bpemsi pacnpocTpaHeHus BOJIHBI TOXe OYIET 3aBUCETb OT
YacToThl. Torga ypasneuue (5.14) nepenuiuercs ciaeayroummM o6pasom:

t(f)=%($. (5.15)

OTmeTHM, 4YTO BpeMms, HEoOXOoanMMoe AJIS pacHpoCTpaHeHus R-BOJHbBI
Ha ONpENeIEHHOE PACCTOSIHUE d, B OCHOBHOM 3aBHCHT OT YaCTOTHI M JJIHHBI
TOH BOJHBI. DTO OOBACHAETCS NMCHEPCHOHHON MPHPOAOH pacrlpocTpaHe-
HUs1 R-BOJIH Yepe3 MHOTOCIOWHOE MOTyNPOCTPAHCTRO.

[TockonbKy paccrosiHHE MEXOy ABYMsI NpPHUEMHUKaMH d H3BECTHO,
MOXHO PaccC4MTaTh CKOPOCTh BOJHEL:

Vy=—ro. (5.16)
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COOTBCTCTBy}OI.IlaSI JJIAHA BOJIHBI OIPEACIACTCA CINCAYIOIINUM 06pa30M:

Vo__d _, d

(5.17)

Ly=-£= =om——.
;oA o(f)

BBINOIIHKB ONHCAaHHBIE BBIYUCIICHUS, MOXKHO HAa4epTUTh AUCIIEPCHUOH-
HYIO KPHBYIO JUIS HCCIIEIYEMOTO C/I08 TPYHTA B HOJIEBBIX YCIOBHSIX.

Ha cnenyroniem sTamne Ha OCHOBE AMCIEPCHOHHOW KPHBOH aHATU3UPY-
I0TCA MIyOMHA W pealbHas CKOPOCTh CIABMIOBOM BOJHBI B K&XAOM CIIOE
rpyHTa. JTa 3ajaya Ha3siBaeTcs oOpaTHRIM npeoOpasoBaHueM. Ha nipaktu-
K€ IpY IpuMeHeHuu Metoga SASW nns oOpaTHOro mpeoOpa3oBaHUs HC-
nons3yetcd npsaMoe Mojaenuposanue (forward modelling) (Stokoe et al.,
1994). IIpu 3TOM TEOPETHYECKHN ONpPEIEICHHAs H IIOCTPOSHHAsA HAa OCHOBA-
HUH NIpearogaracMoi MOAEH Te0JIOTHYECKOrO pa3pes3a rpyHTa AUCHepcH-
OHHAasl KpYBasi CPaBHUBAETCH C AUCMEPCUOHHOU KPHBOM, OCTPOEHHOH MO
pe3ynbTaTam MOJIeBbIX u3MepeHHid. [IpH HEyAOBAETBOPUTENBEHOM COBMAle-
HUU Tpa)MKOB HM3MEHAIOTCA NEPBOHAYAIbHAS MOJENb TE€ONOrHYecKOro
pazpesa U TeopeTHYecKas AUCIIEPCHOHHAs KpMBas, KOTOpas CHOBa CPaBHHU-
BaeTCA C IKCMEPUMEHTANBHON AucrnepcnoHHON kpuBoid. [lono6Has urepa-
UHOHHAs MpOLEAYypa MOBTOPAETCS N0 JOCTHXKEHHUS XOPOLIETO COOTBETCT-
BUS MEXKIY KPHUBBEIMH. TeopeTHdecKHe NPEANOCHITKH Il MpPaBHIILHOTO
BBIMOJHEHUS TPAMOr0 MOACNUPOBAHHUS JETAIBLHO PacCMaTpHUBAIOTCH B pa-
6otax 'ykyHcku u Byaca (Gucunski & Woods, 1991, 1992).

[Ipumep ApAMOro MOAETHPOBAaHUA NPUBOAUTCA Ha puc. 5.23-5.25. Ha
puc. 5.23 paccmarpuparorcs Tpd npoduns ckopoctH. JucnepcHoHHbIE
KpUBbIE [I1s1 3TUX NpodUIed MOCTPOEHbl HA OCHOBE TEOPETHUYECKUX JaH-
HBIX, @ TaKXe MO pe3yJbTaTaM aHalM3a HCCIEAyeMOH ouaaku (cM.
puc. 5.24). Ilpoduns / cOOTBETCTBYET NIEPBOMY IPHUOIUKEHHUIO, 2 — MOJH-
(umpoBaHHbIil npodns ans Broporo npubamkenud. Ilpy Tpetsem npu-
OIIKEHHM ¢ MCMONb30BaHueM mpoduis 3 JOCTUTaeTcs XOpoLIee COOTBET-
CTBUE MEXY TEOPETHUECKHMHU W SKCNIEPHMEHTANbHBIMU AUCTIEPCHOHHBIMH
KPYBBIMH B IIIHPOKOM JHAnNa3oHe JIHMH BosH. [lostomy npoduns 3 BeIOH-
paeTcs B Ka4eCTBe re0JOrH4ecKoro paspesa Ui Iouanky (cM. puc. 5.25).
Ha Toii e miomanake ckOpocTh BOJHBI H3MEPSUTH Ha HEOOBIINX IITyOHHaX
METOJIOM MEKCKBAKHHHOTO npocBeunBanusd. CpaBHUTE/bHBIH aHANN3 pe-
3yNBTATOB UCIKITaHUN MeTofaMu SASW U HepeKpecTHBIX CKBaXKHH IOKa-
3bIBAET, YTO OHM JIOCTATOYHO XOPOLIO COMIAcyloTcs Mexay coboi. Ilo-
cienHue paspaborku B obnactn SASW-ananusa npusojatcs B pabore To-
kumarcy (Tokimatsu et al., 1991, 1992 a,b).
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CKOpOCTB CIIBUTOBOI BOJIUEI Vg, M/C
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Puc. 5.23. UnnocTpauus METOAA NPSMOro MOAEIMPOBAHHS,
npumensemoro a1 SASW-ananuza (Stokoe et al., 1994)

CxopocTs peneeBckoil Bonasl VR, M/c

500 ¥ ¥ Y||||[l 14 T Illll" 1 ¥ lllll;l ]
4
o
A

400r A :npoduns 1 a N

AY) - obpaTHblii

B ¢ aHanus 4

o]
3001 | — @ >Kkcnepument A -

8

100

A it 1aagl

Jnuna Boausl LR, M

100

Puc. 5.24. CpaBHeHUE IMCTIEPCHOHHBIX KPUBBIX, MOTyYEHHBIX SKCTIEPHMEHTANBHO
no pesyasratam SASW-aHanusa (Stokoe et al., 1994)
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Puc. 5.25. CpaBHeHue rpagUKOB CKOPOCTH, MONTYYSHHBIX METOJaMH
SASW-anaan3a 1 MeXCKBaXXMHHOTO npoceeunBanus (Stokoe et al., 1994)

B 3ak/IoueHHE TEPEYMCIHM OCHOBHBIE NMPEHMYIIECTBA H HEJOCTATKH
meToaa SASW:

1. SASW-aHaJiu3 — caMblil JKOHOMMUYHBIN U OLICTPBIH METO, MOCKOJIb~
Ky He Tpefyer OypeHHs CKBaXKHHBI, a BCE U3MEPEHUA MOIyT MPOBOAUTHCA
Ha TIOBEPXHOCTH rpyHTa. OH XOPOIIO NMOAXOMHUT AJIst MOJNEBLIX HCMbITAHUH
I'PYHTOB C COJEP)KAHHEM IPaBHs, MU KOTOPBIX MPAKTUYECKH HEBO3IMOXKHO
BOCCTAHOBHUTH 00pa3el] HEHapYILEHHOH CTPYKTYPHI.

2. TIpu uccnenoBaHMy TEOJNOTHIECKHX Pa3spe3oB TPYHTOB, B KOTOPBIX
ciou ¢ GONblIEH CKOPOCTBIO PAacHpOCTPaHECHUS BOJHBI MOACTHNANOTCA
CJIOSIMH C MEHbILEi CKOPOCTBIO €€ PAacrpOCTPAHEHMS, HYXKHO ¢ 0000 Oc-
TOPOXKHOCTBIO OTHOCHTBCS K @HAIH3y Pe3yJIbTaTOB MONEBBIX HCIIbITAHUH.
J11s 3TUX Cly4aeB HeOOXOMUMO CO37aTh aJEKBATHYIO TEOPETHUECKYIO MO-
Je7b, COOTBETCTBYIOILY IO SKCIIEPUMEHTAILHBIM JAHHBIM.

3. Mpu ucnons3oBanuu Meroza SASW jaHHbBIC MO I€OJIOTHYECKOMY
paspe3y OOBIUHO TIONYYAKOT KAk CPEeJHHE 3HAYEHMs N0 3aJaHHOH riyOuHe.
[Jo3TOMy HOTEHIMANl ITOTO METOAAa HEIOCTATOYEH I MAEHTH(UMKALWH
TOHKHX CIIOEB C Pa3iH4HBIMH CKOPOCTAMH PaclpOCTPAHEHMs CIABHUIOBBIX
BOJTH.
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MOAYJ/IA CABUT'A
INPU JE@OPMALUAX MAJIOU AMILUIUTY bl

6.1. Onpeaenenne Moayei casura npu aegopMauuax MAJIOH
AMITHTYABI B X0/€ J1A00paTOPHbIX HCNbITAHUIA

B Hacrosiiee BpeMsi HaKOIUIEH KOJOCCAIbHBI OOBEM ONBITHBIX JaH-
HBIX MO OLEHKEe MOJYJs CIBWTa paziM4HbIX FPYHTOB IPH OYEHb HU3KOM
ypoBHe AedopmMailuii. 3TOT MOAyJib HAa3bIBAETCA MAKCHMAJIbHBIM, WM Ha-
YallbHBIM MOZYJIEM CIIBHra, WM K€ MOAYJEM CABHIra NpH AedopmManuiax
Masoii aMmIuTyabl U 06o3HauaeTcs G UM Go. 1 onpeneneHus 3Toro
MOIlyNs B 1aDOPaTOPHAHIX YCJAOBHAX IHHPOKO MCIOJB30BAICd METOX pe3o-
HaHCHOTO WCNbITAHHA KOJNOHH. B nocneanue roawl Onarozaps npocToTe
npoBeAeHHs Bce 60JbLIYIO MONYJISPHOCTh BO BCEM MHpPE, B 0OCOOEHHOCTH B
AnoHuu, npuobpeTaeT UUKINYECKOE HCNBITAHHE HA TPEXOCHOE CHKAaTHE C
TOYHBIM OMpele/IEeHHEM OCEBBIX AehopMaLuil U XapaKTEPUCTUK AeMIpH-
poBaHHd. PaccMOTpUM pe3yiabTaThl 3TUX HMCCIEAOBaHMH, mpudeM ocodoe
BHHUMaHUe Oyaem ynenaTb 1abopaTOPHBIM HCTIBITAHHUSM.

6.1.1 Modyns coeueca neckos

B m106b1x 1a60paTOPHBIX UCMBITAHUAX MO ONPEAEeICHHIO MOLYIS CIBH-
I'a HECBSI3HBIX 'PYHTOB NPH MajbIX AedopMalMsiX U3MEPEHHS BBITOTHAIOT
MpH pasHbIX BeNUUHUHAX 3(QHEKTUBHOrO OOKHMAIOLIETO HAINpPSDKEHHS Gy
JUISL pa3fiMuHBIX COCTOSHWI MIOTHOCTH, BBIpAaXKaeMOH pa3HBIMH K03 u-
IIMEHTaMH NOpHUCTOCTH ¢. B panHux paborax I'apauna u Puuapra (Hardin
& Richart, 1963) BnusHue ko3¢ duLMeHTa NOPHCTOCTH BHIPAXKaIOCh Yepe3
(pynxuHio Fle):
(2,97 -¢)*

6.1
l+e (6-1)

F(e)= nn F(e) =

(217-¢)’
l+e
CnemoBate/ipHO, MOXKHO Pa3lIENUTh H3MEPEHHYI0 BETUYHHY MOILYJIS

ciBura (g Ha QyHKUUKO F(e) 1 moCTpoUTh rpadUk 3aBUCHMOCTH 3TOTO CO-

OTHOLLEHUS OT 3¢PEKTHBHOTO OOKMMAIOLIETO HANPSIKEHUA NP MPOBEIE-

nuu ucneitanua. TakuM crnocoOoM 00paboTaHbl THNMHYHBIE PE3YJIbTAThI
IMKJINYECKHX HCMbITaHUH oOpa3uoB necka «Toyoura» B npubope Tpexoc-
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HOro oxkarus (puc. 6.1). Moxyas casura G, onpeaesuics 10 KPUBOH «Ha-
npsxenue—aedopManya» Ha necatoM uuxie Harpyxkenus (Kokusho,
1980). AMmuinryna caBuroBoit medopmanuu y, (cM. puc. 6.1) nomyuena
nmyTeM npeoOpa3oBaHus U3MEPEHHOH oceBoi AedopMalmy €, MO COOTHO-
LICHUIO

v, =(1+V)e,. (6.2)

JI;1 BOJOHACHIIIEHHOTO IeCKa, UCCIEAYeMOro B aHHOM HCIBITAHHH,
konddunuent Ilyaccona v = 0,5. Ha puc. 6.1 BUAHO, YTO JAHHLIC O KaX-
Jo¥ amnutyae aedopmalnd B J0orapuMUUECKHX OCAX MOTYT ObITb Mpel-
CTaBJICHBI MIPSAMBIMH JTUHUSIMH:

G, = AF(e)(c,)", (6.3)
rne Go u 6’ usMepstores B klla.

B nmaHHO# dMIMpHYECKO 3aBUCUMOCTH KOHCTAHTBI A U 1 3aBUCAT OT
aMmMTy sl aedopmanuu casura. [Ipu HeGonpuioh medopmauuu cisura
(vo=10"°) pesynbTarThl McrbITaHui (puc. 6.1) JAOT THIHYHYIO (BOPMYIY
JUTSL OTIPEAEIICHUST MOXYJTIS C/IBUTa!

(2,17 -e¢)’

G, = 8400
l+e

CARS (6.4)

T ¥ LA I

i T T

IMecox «Toyoura»
(BOAOHACHILLIEHHBIH)

£0.64
20f [ eso64 | J

4 Puc. 6.1. Biusiaue o6xu-
MaIOIIErO HAMPSIKEHNA
| | Ha MOAYJb CIBHTa
i ) i | 1 i1 o
10 20 50 100 200 300 NpH Maok aeopMatmi
O6xuMalollee HanpsxKerne 6'g, klla (Kokusho, 1980)
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Jlnst qpyrux MeckoB ObLIH BBIBEIEHBI MOXOXKHE (HOPMyJbI, OJHAKO B
obmeM BuAe OOMBIIMHCTBO W3 HUX MOXHO BbIpasHTh depes (6.3). B
rabn. 6.1 paerca o6obienue smnupudeckux ¢opmys, coctasichHoe Ko-
kyuto (Kokusho, 1987). 13 tabnuuel BUAHO, YTO B OONBIIMHCTBE CIy4aeB
n=10,5, B TO BpeMs KaKk A U3MEHSETCs B JOCTATOUYHO OOJBLIOM JAHAIa30HE,
YTO OTPAXKAET U3MEHUMBOCTH MOJYJISl AJIS PA3TUUHBIX NeckoB. UTo kacaeT-
ca F(e), To nepsas u3 GpyHkuuii (6.1) 0OBIYHO MCNIONB3YETCS VIS ONIMCAHUSA
00pa3loB YKCTOrO Mecka ¢ KPYTJIbIMH YacTMLAMHU U ¢ KoddduuueHToM
nopucroctu B npeaenax 0,5...1,2. [Ing neckoB ¢ yrioBaThIMH 3€pHaAMH U
MbUIEBATBIX, XapaKTepU3YIOLIUXcs Oosiee BBICOKUM KOX(DHHUIMEHTOM IO-
PUCTOCTH, HCTIONIb3YeTCs BTOpast U3 GpyHKLHIA (6.2).

Tabauya 6.1.
KoHeTanThl AN NpeA10iKeHHBIX IMITUPHYECKHX 3aBHCHMOCTEH NP MAJIBLIX MOIY.JISX
nedopmaunn: Gy = A-F(e)(o’y)" (Kokusho, 1987)

Hcroununku A F(e) n I'pyur MeToa HenbITaHHA
IMecok «Ottawa» PesonancHoe
7000 |} (2,17- e)z/( 1+e) | 0,5 C KpyribIMH UCTILITAHNE
Hardin-Richart, 4yacTHLaMH KONOHH
1963 .
Yria03epHUCTBIR
3300 | (2,97—e)/(1+e) | 0,5 Apobrenslii To xe
KBapL
Shlbata-l)SoeIarno. 42000 | 0,67 el(1+e) 0.5 Tpu BHAa udcToro| YipTpa3sykopoi
Mecok 1975 necka HUMITYJIBC
Iwasaki et al 11 BuzoB 4HCTOrO Pesonancroe
” 9000 | (2,17~ e)z/( 1+e) | 0,38 A HUCTIBITAaHHE

1978 necka
KOJIOHH

Tpexocnoe
Kokusho, 1980 | 8400 (2,17—9)3/(1+e) 0,5 |Hecok «Toyoura» IUKIIKYECKOE
UCTIBITAHUE

Tpu BHAA YHCTOTO Pesonancioe
Yu-Richart, 1984] 7000 |(2,17-e)/(1+e)| 05 |'P n‘é o VCTIbITatME
KOJIOHH
Hardin-Black, 3300 | (2,97-¢)/(l+e) | 0,5 |Kaonuuur uT. 1. To xe
1968 )
4500 | (2,97-e)/(1+e) | 0,5 | Kaonuuwmr, =35 »
Marc“sl‘;';‘zwahls’ 450 | (44-ef1+e) | 0,5 | Beuronur, [,=60 »
I'nuna
Zen-Umehara, | 2000~ Y TTepemsTas rnyHa,
1978 4000 2,97-¢e)/(1+e) | 0,5 1,=0-50 »
['nmuHa HeHapy- TpexocHoe
Kokusho et al, 141 | (7,32—-e)/(1+e) | 0,6 |wennoi crpyxty-| nmKanueckoe
1982
pel, [,=40~85 HenbITaRHe

lTpumenanue. Bennuunsl Gyu o'g — B k[1a; /, — 44CN0 NNACTHUHOCTH,
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Puc. 6.3. Monynb casura npu aedopmaiLusx Majlod aMIUTHTYIb! TS HECBSA3HBIX
IPYHTOB KakK GYHKLMS KOIPPHLUHEHTA TOPHCTOCTH K 00KMMAIOLLETO HANPsHKEeHHUs
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Ha puc. 6.1 BuasHo, 4TO 3MNHpHUECKas 3aBUCUMOCTD, NIPEACTABIICHHAS
ypaBHeHHeM (6.3), 0OBIYHO H3MEHSETCS BMECTE C aMILIMTYAOH aedopma-
LMK CIBUTA. DTO H3MEHEHHE MOXKET OBITh BHIPAKEHO YEPE3 KOHCTAHTHI 4 U
1, KOTOpbIE YMEHBILAIOTCA 110 MEPE YBEJIUYEHUS aMIUINTYAbl Aedopmannu
cnpura, Benuwunna »n u3 puc. 6.1 HaHeceHa Ha puc. 6.2 B 3aBUCUMOCTH OT
ngedopManuii CABHra 1Mo JaHHLIM U3 Pa3HbIX UCTOYHUKOB. MOXKHO BHAETS,
YTO MoKa3aTeSb CTENEHH M BO3PAcTaeT MO MEpE YBETHYEHHS aMIUIUTYIbI
nedopmauuu casura. HHKHUA npenen w1, 1OCTUraeMbiii mpu OECKOHETHO
maJsioit nedopMaliuu, coBrnajaeT co 3HaueHueM 1/3, KoTopoe BBIBOAMTCS U3
KOHTaKTHOHM 3ajauu Teopud ynpyroctd [epuna (cm. Richart et al., 1970,
c. 145). BepxHiotw rpanuuy # = 1,0 npu 6onbinx gedopmanusx pazyMmHee
BCEro paccMaTpHUBaTh, HCIONL3YS XOPOLIO W3BECTHBIH KPUTEPHUH paspylue-
aus KynoHa, onpeaensioliiii yCnoBue NpoqHOCTH Ha CABHT, MPONOPLHUO-
HaJbHOW O0XHMMalolUleMy HanpskeHdto. I10CKONbKYy BEIMYMHA 1 3aBHCHT
ot jaedopmaunu casura, oObIYHO /IS ONpeleNieHUst MOIYJIA CIABUra NpH
Manoi amrnutyae nedpopmauun Gy U3 ypaBHeHus (6.3) NpHHUMAKOT aM-
nauTyay Aedopmaimu v, = 107, BenuuuHa 4 yaie BCEro 3aBHCHT OT Tpa-
HYJIOMETPHUYECKOro COCTaBa Iecka, MOITOMY Uil MPOEKTHPOBaHHS HE0O-
XO/IMMO TMPOBOJAMTb UCMBITAHUA 00pa3LOB KOHKPETHBIX MaTepuanoB. Dop-
MyJibl, npeaioxkenssle ['apamHom u Puuaprom (Hardin & Richart, 1963),
npeAcTaBieHsbl Ha puc. 6.3.

6.1.2. Modyaw cosuza céa3Hblx 2pYHMOE

Jns uccnenosanus BnusHus koddduumenta nopucrocti u 3pdexrus-
Horo oOxuMarowero Hanpshkenus [apaud u bask (Hardin & Black) npo-
BEJIM CEPHI0 BUOPALIMOHHBIX MCHBITAHMH HA KpydeHHe Ha oOpaslax nepe-
MATOH KAOJHMHHMTOBOM IIMHBI C YUCJIOM IIacTH4HOCTH I,= 21. OO6pasisl
HOPMaJIbHO YIJIOTHAJIM JI0 ONpee/ieHHOH BeJu4HHBI 3((HeKTHBHOIO 00-
*KHMAIOIETO HaNpsHKEHHS, a 3aTeM TPUBOJAMIH B COCTOSHHE PE30OHAHCA B
UCTIBITAHUAX Ha KpyuyeHHe ¢ BuOpanueit. OnpeeneHHbIH TakuM o0pa3oM
MOIyNb COBMra HaHOCHJIM Ha rpaQuk B 3aBUCUMOCTH OT Ko3dduuuenrta
nopucrocty (puc. 6.4) Ha stom rpaduke npeacrasneHsl JaHHBIE H U3 JIPY-
I'MX UCTOYHWKOB, 4 TAKXKE CILIOIIHbIC KPUBbIE, MOJyYeHHBIE HA OCHOBAHHMHU
IMITUPUYECKOH (HOPMYJIBI [UIS TECKOB € YIIIOBAaTHIMH 3epHAMHU.

W3 pucyHKa BHAHO, YTO IJs HOPMANBHO YIUIOTHEHHBIX [IMH MOJYIh
¢/iBura npu nedopmanugax Manod aMIIMTYABI IPH JTAHHOM 00KHMAaIOIeM
HanpsHKEHUY YMEHBIIACTCA C YBEIWYEHMEM KO3(@UIHEHTa MOPUCTOCTH.
OrMeTHM, 4TO XapakTepHbIE H3IMEHEHHS MOJYJISl CIBUTA B 3aBHCHMOCTH OT
ko3¢ dHLHeHTa TOPHCTOCTH U 3(PPEKTHUBHOTO OOKMMAIOLIETO HANIPSHKEHHUS
C OTIPEIENIEHHOH CTENEHbBI0 TOYHOCTH MOXHO NPEACTABHTE SMIHUPHUCCKOH
(popmynoii, npeanoxentoit Puuaprom (Richart et al., 1970) anst neckos ¢
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yIII0BaTHIMH 3€PHAMMU.

Kaonuaut n ronybas 60ocToHCKas rianWHa, o0pa3nsl KOTOPBIX HCIBI-
THIBAJIM TAKHUM K€ 00pazoM, UMEIOT HHU3KYIO [UIACTHYHOCTD M TAKHE Ke
HU3KHE 3HAYEHHS KOIPPUIIMEHTa NOPUCTOCTH, KaK MECKU C YIIOBATHIMU
3epHaMHU M nbuieBarbie. [103TOMY IPHMEHHMOCTb IMMUpUYECKUX (op-
MYJ, oa00HBIX (6.3), orpaHUUMBAETCS HU3KOMIACTHUHBIMH TJIMHAMH C
KO3 PUIMEHTOM TIOPUCTOCTH, MEHBIINM 1,5.

T T T T T T T T 1\[

4.0~ (o . JIncnepcHbld KaoauHu

m : KaoniHuT, NpuroToBneHHbIH
TI0J], BOAONIPOBOAHOIN BOJAOH

A ;. PIOKKYIHPOBAHHBIH COJBIO
KaoJIuHUT -1

v . QjloKKyMPOBAHHAs roydas
6OCTOHCKAS TIIMHA

¢ : lucnepcHast ronybas
GOCTOHCKAs rIMHA J

w
[=)
T

: —e)2
Go=3300 2387 (1
Ne klla €

HauansHslit Moayns casura (x 102, MIla), G,
S

by
[=)

05 07 0.9 141 1.3 1.5
Koadpduuuenr nopucroctu e

Puc. 6.4. Monynb caBUra CBA3HBIX TPYHTOB NpH AehopMaliMaX MaJIoOH aMIIHTY bl
KaK QyHKUHS K03 pUIHeHTa TOPUCTOCTH U 00XKUMAIOILETro HaIlPsDKEHN
(Hardin & Black, 1968)

Xamdppuec 1 Yonc (Humphies & Wahls, 1968) nposoaunn pezonanc-
Hble UCITBITaHHS KOJNOHH Ha 00pa3Lax nepeMaToil CUIbHO CkuMaeMoi OeH-
TOHMTOBOW TJIMHBI C YHUCJIOM IUIACTHYHOCTH 60. Pe3ynbTaThl UCHBITAHHH
3aMUChIBAIM B QOpME DMITMPHYECKOTO ypaBHEHHsA perpeccuut. Ecnm mpe-
HeOpedp WieHaMH C HE3HAYWTENLHBIM BJIUSHHEM, 3TO ypaBHEHHE MOXHO

3aluCaTh TakK:
Gy = 35000 — 13000e. (6.5)

B naHHOM ypaBHEHHMH BIMAHHE 00XKHUMAIOILETO HANpSHKEHHS SBHO Bbl-
paxaercs uepez k03hPHUMEHT NOPUCTOCTH, KOTOPBIi ABNAETCA OXHO3HAY-

6.1. MOOYJIU CABUTA 113

HOH (yHKUMEH O0KUMAIOLIET0 HANPSKEHHS NMPH HOPMAILHOM YILUIOTHE-
auu (puc. 6.5).
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Puc. 6.5. Moaynb cBHra cBA3HBIX IPYHTOB MPH JehOpMalMK MAIOH aMILTHTYIBI
kak QyHKkUHs KOIDPULIMEHTA MOPUCTOCTH U 0OKUMAIOLLIETO HANPSKEHUS

Mapkycon u Yosc (Marcuson & Wahls, 1972) npoBoxunu ceputo pe-
30HAHCHBIX UCIBITAHUH KOJIOHH Ha 00pa3uax Toi ke OEHTOHUTHOW TITHHEL
Pe3ynbTaThbl HCMIbITAHHIH MOTYT OBITh 3aMTMCAHBI CIEAYOLIHM 00pa3oM:

(4.4-e)’

G, =450 (0))%°. (6.6)

OTO OTHOUIEHHUE MpeAcTaBleHO B rpaduyeckoit Gopme Ha puc. 6.5, rae
BEJIMUMHBI OOXKMMalolero HampsxeHus o'y coctaBastor 0,1; 0,3 u
0,5 MIla. 3ametum, uyto npu obxumaronieM HanpspkeHud 0,1 MTla ypas-
nenne (6.5) maeT NpaKTHYECKH TaKyl JK€ BEJIHYUHY MOy CHBHMIA,
4TO U (6.6). Mojtynb caBUra HU3KOTUIACTUYHBIX TIHH Topa3no GoJIblle, YeM
BLICOKOTI/IACTHYHBIX.,

Xopowo HM3BECTHO, YTO HEIPEHHPOBAHHAS NPOYHOCTH HA CABHMI HOP-
MaJIbHO YIUIOTHEHHBIX TPYHTOB YBEJIHYHMBAETCH MPONOPLUHOHANIBLHO 00XKH-
MAlOLLEMY HANpPMKEHUIO NMPH yMEHBLIEHHH KO3((GHLMEHTa NOPUCTOCTH
BC/IEACTBHE KOHCoMMaauMH. Ecnu B pesysbrare pasrpysku o onpejeineH-



114 MOJIYJIN CABUT A TIPH IE@OPMALIHSIX MAJIOH AMILIUTY Jibl

HOTO O0XKHMAIOIIEr0 HAMPSIKEHHS TJIMHA CTAHOBUTCS MEPEYIJIOTHEHHOMH,
HEeJPEeHHPOBAaHHAs NMPOYHOCTH Ha CIOBMI NPH TOM Xe OOKMMalolleM Ha-
npsHkeHUn OyaeT Gouiblile, YeM Y HOPMAIBLHO YIJIOTHEHHOTro o6pa3zna. 3To
00BACHSETCS TIPEXK/IE BCErO TEM, UTO B COCTOSIHUH NEPEYIUIOTHEHUS KOdP-
(GULMEHT MOPUCTOCTH YMEHbBIIAETCH.

HHTEpecHO YCTAaHOBHUTD, CYILECTBYET JIM Takash TEHACHUUA UIS MOIYJIA
C/ABMIa IPU HCHBITAHUK TJIHH B YCJIOBHUAX IMHAMHUYECKOTO HArpPY)KEHUS.
Jlas npoBepkd nanHoro monoxeHus Xam¢puec v Yonc (Humphies &
Wabhls, 1968) npoBoauin UCCIEAOBAHUE HA CMICLUATIBLHO MOATNOTOBJIEHHBIX
06pa3uax KaoJIHHUTOBOW TJHHBI CO CpPEAHUM YMCIOM ILJJACTHYHOCTH
I,=35. CornacHo puc. 6.6, a, cHauana obpasel] U30TPONHO YIIOTHSIN OT
Toukn A 10 Toukn B, a 3aTem pasrpyxanu no touku C. Uepes Heckonbko
LUHKJIOB HArpYy>XK€HHs—Pa3srpyeHus K o0pasuy MIMHBI NMPHKIAAbIBANach
BUOpanus KpydeHus. Moaynb cOBUra ONpeleNsiv B PE30HAHCHBIX YCIIO-
BUAX (puc. 6.6, 6), nns MEepeyIUVIOTHEHHBIX TPYHTOB OH OKa3alics Ha
10...20% O6omplue, yeM AT HOPMAJIBHO YIUTOTHEHHBIX.
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AMIUTATY BT 751 BBICOKOIMTACTHYHBIX MTHH
(Humphies & Wahls, 1968)

nedopMalusx MaIOH aMITUTY b
(Humphies & Wahls, 1968)
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Takue ke HCIBITAaHHUA NPOBOAMIM Ha o0pasuax bonee cxxuMaeMoii 6eH-
TOHHTOBOH TNIMHBI C 60JBLIMM YuCIOM NacTHuHocTH (I, = 60). OnuH u3
pE3yNbTaTOB UCIBITAHUH NoOKa3aH Ha puc. 6.7. 3neck nMpociexuBaeTcs Ta
)K€ TEHAEHLHS, 4TO B CJIy4ae C KAaOJHHWTOM, NPHUYEM BEJIMYHHA MOZYJS
caBura OGEHTOHHMTA MEHBLIE, ITOCKOJIBKY OH 00JafaeT ropasmo OosbLIeiH
CKUMAEMOCTBI0, YeM Ka0NMHUT, OTMETUM TaK)Xe, UTO YBENHYEHHE MOZY s
caBdra c nosblileHHeM ko3dduumenrta nepeymioraenus OCR Gonee 3a-
METHO ISl CPEJHEIIACTUYHOrO KAOJMHUTA, YEM /ISl BHICOKOILIACTHYHOTO
6euronuTa. U3 aToro HabaoaeHus MOXHO 3aKJIIOYHTh, YTO, YEM OOJIBIIE
YUCJIO TUIACTUYHOCTH TJIMHBI, TEM BBILIE CTENEHb YIPOYHEHHUS BCIECICTBHE
[EepeyNIOTHEHHS.

Jpyroe noka3aTenbCcTBO AaHHOW rumoTesbl naercsa B padorax apnuna
u bika (Hardin & Black, 1968, 1969), npoBoauMBLIHX HCHBITAHUA HA 00-
pa3uax pas3auuHbIX IHH HEHAPYLIEHHOH CTPYKTYph! (Tabn. 6.2). I'auHb B
Tabnuile pacnoioKeHb! B MOPAAKE YMEHbIIEHUs YUCIa miacTuaaocTd. Ta-
KO€ PACMOJIOKEHHE COBMNAAAET C NOPAJKOM YMEHbLIEHHS BIa)KHOCTH, KO-
3¢duureHTa NOPUCTOCTH U AKTHBHOCTH IPYHTOB. 3HAUEHHS MPeCTaBIIeH-
HbIX BEJIMYWH CBWAETENLCTBYIOT O TOM, UTO IJIHHA MOXET MEPEXOAHTh U3
cocrossius CH B CL (mo Eannoit knaccudukanmontoit cucreme). Ha atux
o0pa3uax HeHapyleHHON CTPYKTYpbI MPOBOJNWIN MHOTOUMCICHHEIE PE30-
HaHCHBIE HCIBITAHUS KOJIOHH, B XOJ€ KOTOPbIX UX YNJIOTHSJIM IPH Pa3HBIX
BEJTMUHHAX 00KUMAIOLLETO 1aBICHHA.

Tabauya 6.2.

dusnueckue cBoicTBa rpyHTOB, UCHbITaHHbIX ['apaiHoM 1 biskom
(Hardin & Black, 1969)

OGo- Knaccu- | [Mpupoanas Mpuposnvii A
3Haue- Hassanue PHpol koapdunuent | LL | PI I, THB-
buKauus | BIAKHOCTD ’
HHA MIOPHCTOCTH HOCTb
A | [ommawsamea oy, 44 1,20 79 | 27 | 52 | 1.6
CaH-DpaHuncko
¢ ['nuna «Virginian CH 33 0,90 54 | 28 26 -
o | Dounawssamusa | ooy 52 1,42 49 | 25 | 24 | 111
Can-PpaHUucko
[lb1eBarasn riayHa
v W3 3a/1MBa 0-Ba CL 36 0,98 42 22 20 | 0,68
Popnoc
Mbesatslit cyr-
v JIMHOK U3 He- CL 19 0,59 29 15 14 | 0,79
00b1LO# peuKkH
KopuuHeBsIii
O CYTIHHOK CL 25 0,66 34 2 12 | 0,64
«Floyd»
] Wi u3 pyuss Lick MN 36 0,95 34 | 27 7 1081
o | punCan M I8 0,51 -] -] -
PAHLHCKO




116 MOJYJIY CABUTA [TPU IIECOPMALIMSAX MAJION AMIUTUTY b

Pe3ynbrarhel HCCIeNOBAHUHN MMOKA3aHH Ha pUC. 6.8, rae MOIYyJIb CABHTA,
JesenHbIi Ha (yHKIHI0 F(e), HaHECEH B 3aBUCUMOCTH OT 3G ¢EKTUBHOrO
00XHMAIOHIEr0 HANPKEHUs, TIPH KOTOPOM MPOBOIWIIM PE3OHAHCHBIC MC-
neITadus KonoHH. C y4eToM TTyOuHEBI 0TOOpa 00pa3loB MPHUPOAHYIO BEIH-
4YHHY O0>KMMAIOLIEro HampsbKeHwus cieayer cuutare pasHod 0,2 Mlla. Ilo-
9TOMY MOMYJIM C/IBUTA, NOITYyYEHHBIE MPY O0)KHMAIOILEM HANPAKCHAH MEHB-
we 0,2 MIla, coOTBETCTRYIOT mepeyIUIOTHEHHBIM oOpasuaM. Ha puc. 6.8
npejcTaBieHa B 00001IeHHOM BUJIE YaCTh PE3YNbTAaTOB HCCIENOBAaHU.

0603HaYeHHUA COOTBETCTRYIOT
yKa3aHHbIM B Tabu. 6.
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Puc. 6.8. BnusHHe NepeyIUIOTHEHHA HA MOAY/Ib CABHra npu AeopMalnu
MaJsoil aMITHTY bl JUIS [JIMH PasHOH MIacTHYHOCTH

Ha »ToM pucyHke GoJblIas 4acTh OMBITHBIX TOYEK HAXOIUTCH B 30HE,
OFpaHUYEHHOM ABYMs HAKIOHHBIMH TMHHAMH. OOpaTM BHUMAHHUE Ha pe-
3yJbTAThl UCIBITAHUI MEepeyINIOTHEHHBIX 00pa3ioB. OY4eBUIHO, YTO YyBe-
JIMYEHHE MOy CIBHMra, BHI3BAHHOE IMEpPEYIUIOTHEHHEM, Oonee 3aMETHO
UL BBICOKOIUIACTHYHBIX TJIMH, YeM U TPYHTOB ¢ HU3KHM YHCJIOM IlIa-
CTHUHOCTH. TakUM 06pa3oM, CyLIECTBYET TE€HICHLHUS K yBEIMYEHHIO MO-
AyJis CABMra IO Mepe BO3PACTAaHHs YHCIA IUIACTUYHOCTH MPH HEOOIbLIOM
obxuMaroleM HanpsbkeHuu (puc. 6.9). Vicxoas u3 aroro I'apaun u biok
(Hardin & Black, 1968) cdopMyaupoBaiu rumnore3y o BIHAHHH Ko3(du-
LMEHTA TMepeyIOTHeHUus chenyiomuMm obGpasom. [lycte Momyne casura
HOPMAJIbHO YIUIOTHEHHBIX TJIHH ONpPEleNseTcs NO SMIUPUYECKOMY YpaB-
Henmio (6.3). Toraa Momynb CABUra NepeyILIOTHEHHOH IMHHBL Gy MOKHO
BbIpa3UTh TaK:

Geo = Ao F(e)(0))™ 6.7)

)

rae A¢g, Mo — KOHCTAHThI.
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Korga Bennunna o6xkuMaroiero HanpsKeHHs ¢ o COBNAAaeT C BEJTH-
YMHOW JNaBJIeHHs MEPEYIIOTHEHHS G ,, MoAyiab casura G, pased Gy.
Torna

Ao =4- (G;)m_nﬂ =4- (G;))K",

1 (6.8)
]<‘y = 5 —ny.
[Toacrasiss 5T0 COOTHOIICHUE B ypaBHeHue (6.7), moayuum
G = AF(e)(OCR)* (67)"°, 69)

OCR=0',/0,.

Benuunna nokasarens creneHu n, noayuena apaunoMm u Bndkom
(Hardin & Black, 1968) B xoae wucnbiTauumii pasavueblX TimH. Ha
puc. 6.10 nokasaTtenp 1y HaHeceH Ha rpadMK B 3aBHCHMOCTH OT YHCIA
MIacTUYHOCTH. M3 pucyHKka BUAHO, uTO 1y yMeHbltaeTcs oT 0,5 1o 0 ¢
yBenndeHuem kodtpduunenta nepeymiorHedus muH. OpHako g
NPAKTHYECKUX LEeNell MOXHO MPEANONIOKHUTE, YTO MJIS TJAMH C YHCIOM
MIaCTHYHOCTH Gonbiie Mau MeHblie 40 nokasatens 7y IPUHUMAET 3Ha-
yennsa 0,5 n 0. C yyeToMm 3Toit annpoKcUMAIMK I BBICOKO- U HH3KO-
MIACTHYHBIX TJIMH OPUHUMAIOT COOTBETCTBEHHO BeIHYHHBL K, = 0 u K, =
|, Kak noka3aHo Ha puc. 6.10. [TosToMy Ans rIMH ¢ YMCIOM MIacTH4-
HOCTH MeHblle 40 >MnHMpHYyecKoe BhIpaxeHHe (6.3) MOXKHO npnMe-
HATH O€3 y4eTa nepeymloTHeHUs. HanpoTue, eciu 4mMcino miacTu4Ho-
CTH MepeynIOTHEHHON rnuubl 6onbite 40, To U3 ypaBHeHus (6.9) no-
1yyaeM HOBOE BBIpaXK€HHUeE:

G, = AF(e)(d),)". (6.10)

OT0 03HAYaET, YTO B JMHOO0H IMIUPUUECKOii GopMylie 118 BLICOKOILIA-
CTHYHBIX TIEPEYILUIOTHEHHBIX IMIMH BMECTO TEKYILIETO OOKHMMAIOLIETO Ha-
HPKCHUS CIEAYET UCNOAL30BATh JABIECHUE NEPEYIUIOTHEHMS, YTO [03BO-
JISET ONPEACIUTD BIUSHUE CKATHS HA MOAYNb C/IBHrA.
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Puc. 6.10. 3aBHCHMOCTB MEX/y BETHIHHOH K
1 urcnoM mnactuunoctd (Hardin & Black, 1969)

TakuM 06pa3oM, MOXKHO KOHCTaTHPOBaTh, YTO NPH MAaNoH aMILUIHTYHE
neopMailii Ha MOJIYJIb CIBHTa CBA3HBIX IPYHTOB BIUSAET YHC/IO MIACTHY-
HOCTH, €CJIH ’PYHT NEPEYILIOTHEH, OJJHAKO 3TO BJMSHHE HE PAaCIPOCTPaHs-
€TCs HA HOPMAJIHHO YIUIOTHEHHBIE IPYHTBI.

6.1.3. Onpedenenue mMoOys CO8U2a 2PABENUCMBIX ZDYHMOE HA 60CCMAHOE-
JIeHHbIX 0bpazyax

B nocnenuee Bpems B SINOHHM MPOBOIMITHCH MIMPOKOMACIITAOHbIE HC-
CIEIORAHUSA KPYTHO3EPHUCTHIX TPYHTOB C LICIBIO NPOSICHEHHUs cericMuye-
CKOM pabOThl HETIOBHANBHBIX OTJIOXKEHHH TUIOTHOrO NeCKa M IpaBHA.
BONBIIMHCTBO MCIBITAHWH BBINOJIHAIOCH B JIAOOPAaTOPHBIX YCJIOBHAX B
npubopax TPEXOCHOro CKaTHA. B mpuOOps! NOMEILANH LHIHHAPHIECKHE
obpasupl anametpamu 10 u 30 cm anmHoi 20 u 50 cM M noABeprany Mx
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BO3JICHCTBHIO IMKJIMYECKHX OCEBBIX HampsikeHui. Cyxue o6pasiusl ymioT-
=AM TpaMOOBKoit 10 5...10 cnoeB Ais NONy4eHHst HeOOXOAMMOM IUIOTHO-
CTH, a 3aTEM HACHIIIANH BOJOMH, 10 TOCTHXKEHUS BeNHUWHBI B > 95%. TIuk-
JMYECKYIO HArpy3Ky MPHKIaABIBAIH B HEAPEHHPOBAHHBIX YCIOBHAX. s
OUEHKH AedopManuil HCMOIb30BAM OECKOHTAKTHBIA TEH30JATYMK, HTO
TO3BOJIAIIO U3MEPATh OYEHB Mauible BeanauHbl nedopmatnu (no 107°). [To-
CKOJILKY ypoBeHb aedopMmalinii ObUI OYeHb HH3KHUM, AaBICHHE IOPOBOM
BOJAbl HE YBEJIMYHMBANOCH, U 00pa3libl HE HCHBITHIBAAM HEraTHBHOTO BO3-
JEHCTBHS OT BOABIUBAHUS MEMOpaHBI,

Pe3ynbTaThl HCOBITAHUH OOBIYHO BBIPAXKAIOT Yepe3 HAualbHBIA MOLY.Ib
CABUra, NENCHHBIH HA HEKOTOPYI0 QYHKLHMIO KO3(DQHUIHEHTa HOPHCTOCTH.
DTO OTHOLIEHHE HAHOCHTCA HA TpadHK B 3aBUCHMOCTH OT BEJIHYHHBI 3(-
pexTHBHOTO OOX)MMAarOLIEro HanpsbkeHus o'y, Ha rpaduxe, BeImonHeHHOM
Humno (Nishio et al., 1985), B xauectse paGouero napameTpa NpUHUMAET-
c4 aMIuIMTYyza oceBoil aedopManuu (puc. 6.11). Ing GeckoHEYHO Maoi
nedopmauuu 10~ moxys casura Go BBIP@KAETCsA CNIEAYIOUIMM 00pa3om:

2
G, = 9360(2’117—6)

(05)"*, (6.11)

rae G u o’ usmepsiotes B xlla.
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Pric. 6.11. 3aBucuMocTs MOAYNs caBUra npu aedopmarLmax
MaJIOH aMIUTHTY bl OT 3¢(hEeKTHBHOTO 06KHMAIOLLETO HATIPAKEHHS
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B T1abn. 6.3 npuBoasATCS aHAJOTMYHbIE SMIMPUUYECKUE OTHOLHEHHSA VISt
BOCCTAHOBJICHHBIX O0pa3lOB TpaBHs, IOJyYEHHBIE HECKOJBKHUMH Tpynrna-
MH HCcliefioBaTenel (31ech 4 — MHOXKHTEND, # — MOKa3aTeib CTereHn 3¢-
¢hexTBHOTO ObO)KUMaromero HanpsbkeHusn). Ha puc. 6.12 noka3ansl rpaHy-
JIOMETPHUYECKUE KPHBBIE IS UCIIBITYEMBIX MarepHanoB. [ pyHTEl B OCHOB-
HOM XOpOIIO NpocesHbl U coaepxar 30% rpaBus ¢ YacTULAMH JUAMETPOM
6onbie 2 MM. Ha puc. 6.13 npHUBOJSTCA KPUBBIE T'PaHYJIOMETPUYECKOIO
COCTaBa rpyHTOB, onucaHHbelx Tanakoit (Tanaka et al., 1987). AHanusupys
pe3yJbTaThl HCHbITaHHH (CM. Tabi. 6.3), MOXHO : KOHCTATHPOBATh, 4TO
cpeAHee 3HauyeHue noxazarens creneHu — (0,5, a BenHYKHHA KOHCTaHTHI A
MOXKeT BaphbUPOBAaTh B 3aBUCHMOCTH OT THUIA MaTepHana W ero rpaHysio-
MeTpHYeckoro coctasa. Ha puc. 6.14, rae npenctaBieHsl BETUUMHBI MORY-
ne# nepopmanuu HeOONBIION aMIUTUTY I, IPHUBEACHHbIE B Tab. 6.3, BUJI-
HO, YTO HaOIOAAIOTCS 3HAYMUTENbHBIE Pa3/IMuMsi B BEIHYHMHAX MOAYJA
casura Gy, ckopee BCEro, 3aBHcAlllie OT THIIa MaTepHaja W ero rpasyJo-
METPHUYECKOTO COCTABA.
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Tabauya 6.3.
KoHCTaHTBI B 3MIUPHYECKUX 3aBUCHMOCTAX
AJ18 HA4AJIbLHOTO MOAYJIS cABHUTa rpasus, G, = A-F(e)(c'y)"
Pazmep Metog
Herouiuki 4 fe) " Tpynt obpa3ua UCTILITAHHUS
Prange, (2,97 BaimaCT’ & 100 cm PesonancHoe
7230 0,38 Dsy=40 mm,
1981 (1+e) U=3.0 nnnna 60 cm UCNBITAHUE KOJOHH
Kokusho & (2,17—e)¥ u'[f6em” &30 cmM, TpexocHoe
- 13000 0,55 Dsy=30 mm,
Esashi, 1981 (1+e) U=10 AnuHa 60 cm HCMbITaHNE
Kpyrabiit
Kokusho & (2,17-e)Y rpasuii,
Esashi, 1081] 5400 | “haey | %001 pom10 wm, Tooxe Tooxe
U=20
2 [pasuii,
Tanaka et 3080 2.17-e)"/ 0,60 Dyi=10 i, 10 cm, <
al., 1987 (l+e) - anuna 20 cm
U=20
I'paBuii
Goto et al., 2,17-e)% ’ @ 30 cm,
— <<
1987 1200 (1+e) 0,85 Dso ;2 MM, JuinHa 60 cm
U~10
OOpa3upl HEHAPYHIEHHOH CTPYKTYPbI
L 5 I'pasni,
Nishio et al, 9360 (2,17-e)7/ 0,44 Dyy=10,7 w1, &30 cm, TpexocHoe
1985 (1+e) U=13.8 nnuHa 60 cm HCTIBITaHHE

Tpumeuanue. Bennuunsl Gou o'y — B Klla.
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Puc. 6.12. KpuBble rpaHyIOMETPHUECKOTO COCTaBa UCTIHITAHHBIX IPABETMCTHIX TPYHTOB
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Puc. 6.13. KpuBble rpaHy/IOMETPHYECKOIO COCTABA ECKOB
C pazIMiHBIM coaepkanueM rpasus (Tanaka et al., 1987)

Juis oueHkn BnuaHus rpaBus Tanaka (Tanaka et al., 1987) npoBoaun
TPH CEpUM MCTBITAHUI Ha oOpa3Lax TpyHTa ¢ coaepxanueM rpasus 0, 25 u
50% ot Macchl 00pasuoB. Ha puc. 6.13 noka3saHbl KpUBbIC TPaHyJIOMETPH-
YECKOTO COCTaBa 3THX MaTepuanoB. B mepBoii cepuu HCHBITAHHIH TPYHT
noMeLiaIn B KOHTeHHep rnybunoi 200 cM, maymuoi 200 cM 1 mwmpuHo#i
100 cm. ITocne npunoxenus npupoaHoro aaesaenus B 100 kIa ¢ moMomsio
ylJapoB IO IUTaMmIly, YCTAaHOBJIEHHOMY B KOHTelHepe, TeHepupoBaiach
CIBHIOBas BOJMHA. Mofyb cABUra ONPENENsIn [0 CKOPOCTH PacrpocTpa-
HEHUA BOJIHBI B KOHTelHepe. Ha puc. 6.15 nyHKTUPHBIMH JIMHUAMH [TOKa-
3aHbl BEJIMYMHBI MOAYJIEH CIBUIa, OJydYEHHbIE TAKMM 00pa3oM, B 3aBUCH-
MOCTH OT KO3 (PUILIMEHTa TOPHUCTOCTHU.

[T0CKONBKY UCTIBITAHHBIE MaTEpHalbl HMEIH Pa3auyHbIH AHANa3oH H3-
MeHEeHUH KO3((HLHEHTa MOPUCTOCTH, TPH KPUBBIE HAHECEHLI Ha JMa-
I'paMMy € pa3pbiBOM, 4 BMECTE OHU OTpaxaroT GoJbLIOH AWarna3’oH BE/H-
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4uH k03¢ dunuenTa nopuctocTH. UHTepecHo, 4To MOLYJb CIBATra YMEHb-
n1aeTcsd MPH YBENHYEHMH Kod((HLKEHTa NOPUCTOCTH B OoJiee IIHPOKOM
JManazoHe. JTO0 OTHOCHTCA M K CMELUAHHLIM [PYHTaM € Pa3iHYHBIM CO-
Jep>KaHUEM TPaBHA.

Bo Bropoit cepuu ucneitauuii (Tanaka et al., 1987) usmepsuiacy cko-
POCTHb PAacHpOCTPaHEHHs YIBTPA3BYKOBOH BOJIHBI Yepe3 LIIHHAPHYCCKUH
obpaszel], TOMEILEHHBIH B MPHOOP TpexocHoro cxkarus. IlonyuyeHHbI MO-
IyJb CABUTAa HaHECEH Ha puc. 6.15 B comocTaBieHUH C KOIPPHLHUEHTOM
nopuctocti. Ha rpaduke mpociexusaercst Ta )e TCHACHUUS K YMEHbIIe-
HHIO MOZYJISl CIBUIA IO Mepe yBenuueHus KoddduiuueHtTa nopHCTOCTH.
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Puc. 6.14. 3aBUCHMOCTH MOYJISl CABUTA OT KO3 (HHLIUEHTA NOPHCTOCTH
1pH JeGpopMaLHAX MaTOi aMIUTMTYABL AJis TPaBEIHCTBIX FPYHTOB

TpeTbs cepus npeactasnsina cobOH TPEXOCHbIE LUUKIHYECKUE HCIbI-
TAHHS YIJIOTHEHHOrO rpyHTa C coaepkaHueM rpasus 25 u 50%. Pe-
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3yJIbTAaThl UCNHBITAaHUH, IPEACTaBlieHHbie B (hOpME SMITMPHYECKHX YpaB-
Henu# (cM. taba. 6.3), mpuBeneHsl Ha puc. 6.15, rae Takke BUJIHA TEH-
JEHIUS K YMEHBILUEHHIO MOAYJIA CABUra MPH YBEIU4EeHHUH ko3 duien-
Ta nopuctoctd. [lonydenHsle pe3yasTatel (cM. puc. 6.15) cBuaeTensct- -
BYKOT O TOM, YTO 3HAYEHHA MOAYIEH CABHIA, ONPERENEHHBIE H3 TPEXOC-
HbIX LHKJIHYECKHX UCMBITAaHWH, MeHbIlle MOAyIEH, NOTYYeHHBIX TIO pe-
3yJAbTaTaM HU3MEPEHHH PacNpOCTPAHEHHs CABUTOBOH M YJIBTPa3BYKOBOM
BosiH. TouHas NMpUYHMHA TAKOrO PacXOXJEHHUS HeM3BecTHa. Bo3MoxkHO,
HEMJIOTHBI KOHTAKT MeXAYy 00pa3LioM U HArpy3O4YHBIM IITAMIIOM MO-
KET BbI3BATh OCEBOE MEPEMELLICHHE, NIPEBHILIAIOILEE TO, KOTOPOE MPOHC-
XOAMT B caMOM oDpa3sLie.

T T T T T T
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Puc. 6.15. 3aBucuMocTh MOIY NS cABUIa OT KO PHIMEHTA MOPUCTOCTH
npu aedopMailHiaX Maloit aMILIMTYAbl, MOMYyYEHHas ¢ MOMOLUBIO
Pa3IMYHBIX METOAOB, JUIS FPABENNUCTBIX FPYHTOB
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6.1.4. Mooyne coeuza epasenucmslx 2pyHmMos, onpedelenHsll Ha 0opazyax
HeHapyWeHHOU CIMpYKmypbl

B nocneanue ronst 6p1a IpoBeAeHa 3HAUUTENIbHAs paboTa Mo 0T6opy
BBICOKOKAUECTBEHHBIX 00pa3LOB HEHApPYLICHHOH CTPYKTYPb! M3 3alexen
rpaBusi, HaXOAAIMXCH HEDKE YPOBHS TPYHTOBBIX Bod. B SlmoHum 3TH Hc-
ClIe/IOBAaHHS MOTHBHPOBAIMCH HEOOXOAMMOCTBIO MJIAHUPOBAHUSA H IIPOEK-
TUPOBaHUS COOPYKEHHH aTOMHON DHEPreTUKH B YCIOBHUSAX CEHCMHYECKOH
Harpy3ku. Jlns obecriedeHusi BBICOKOTO YPOBHS HAJAEKHOCTH MIPH MPOEKTH-
POBaAHUM 3aKJAJBIBAETCS 3HAUUTENHHO OoJiee BBICOKOE YCKOPEHHE, YeM
06BIYHO, YTO MPUBOAUT K PACCMOTPEHHUIO 3HAYHUTENBHO OONBIINX BHELIHUX
Harpy3ok. [ToaToMy Bce variie BO3HMKaeT He00X0AUMOCTb onucanus pabo-
Tbl MOTHBIX MECKOB M MECKOB C COAEPKAHUEM TI'DaBUl, NOABEPKEHHbIX
HHTEHCHBHOMY BO3JEHCTBHIO AMHAMHYECKUX KACATENbHBIX HANPAKEHHUI.

C y4eToM HapylUEHHIA, BOSHUKAIOIIUX IpH 00bIYHOM 0TOOpe 00pa3LoB
BIABINBAEMOW TpyOOH, Ui MOTydeHHs oO0pa3loB I'paBHsi HEHapPyLIEHHOM
CTPYKTYpbl PUMEHSANN METO/Ibl 3aMOPaXXHBAHUA I'PYHTa. B oaHOM M3 me-
TomoB, ucnonszyeMbix Kokymo u Tanakoit (Kokusho & Tanaka, 1994),
IPYHT CHa4yajia pajualbHO 3aMOPAaXKHBAJIH LMPKYJILMEH KHAKOro a3ora
qepe3 CHCTEMY TPYOOK, YCTAaHOBJIEHHBIX B OypOBbIE CKBaXMHbI. 3aTEM KO-
JIOHHY T'PYHTa AHAMETPOM MPUMEPHO 2 M 3aMOPAKUBAJIH B C/I0€ I'PaBus, U3
KOTOpOTO Tpeanonaraiocs oroupatrs oOpasusl. [locie 3TOro npoBOAWIH
0oT60op 06pa3LOB ¢ HCIOIL30BAHUEM ITMIIMHAPHUUECKOIO IPYHTOHOCA, OCHA-
nienHoro pezuamu. OT60p 06pa3LOB OCYLIECTBIAICS BHU3 OT AHA Hpoly-
PEHHBIX CKBaXXHH B 30HY 3aMOPOKEHHOH KOJIOHHBI. JIIsl OXNaKACHUS KUA-
KOCTH B CKBR)XXHHE, @ TAK)KE€ CHW)KEHMs KOJHMYECTBA TeMnia, BeIpabaTbiBae-
MOro MpH pe3ke, B XOA€ KEPHUPOBAHMUSA HCIOJb30BAH XJIOPHI KalbUUS
6o ITUIIEHIIIMKOND. 1leHTpabHbIA HCccaeq0BaTEeNbCKHM WHCTUTYT SHep-
retnueckoil mpomsiiunenHocty fAnonun (CRIEPI) ucnone3osan 3Ty Tex-
HOJIOTUIO TPH TIPOBEACHUH KOMIUIEKCHBIX MCIBITAHMH Ha 4eThIpEX Mo-
AKX, CIOXKEHHBIX [IECKOM, IIEPEMEXKAIOLINMCS C TPABUEM.

Ha puc. 6.16 npuBoAUTCS MHXEHEPHO-I'€OJOTHUECKUH paspes MIoman-
ku T, Tje oOpa3iipl rPpaBusi HEHAPYLICHHON CTPYKTYpbl OTOMpPANH Ha Iily-
Oune 11...15 M u 16...19 M. ['paHynOMETpUYECKUH COCTAB 3TUX I'PYHTOB
ObuT mpakTUyeckn oauHakoB (puc. 6.17). OtoOpanHble 00pa3ipl HEHAapy-
HIEHHOM cTPYKTYphl uMenu auaMeTp 30 cm u uny 60 cm. Kosdduuuent
HOPUCTOCTH TpyHTa u3Mensuics B jauanazoHe 0,28...0,60 (puc. 6.18) u
HUMeJT TEHICHIHIO K YMEHBIIEHHIO 110 Mepe YBEUUECHUS COAEPIKAaHNUs rpa-
Bus. Ha puc. 6.19 nokazansl 3Ha4€HUS TI0JE€BOT0 K03 PHULMEHTA IIOPUCTO-
CTH 00pa3LioB HEHAPYIIEHHOH CTPYKTYpHI, 0TOOpaHHBIX Ha miowaake T, a
TAK)KE MAKCHMaJbHOTO M MHHHUMAIBHOTO KOX()(HLHEHTOB NOPUCTOCTH
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(emax ¥ €min). U3 pHCYHKa BUAHO, YTO OTHOCHTENBHAS IIOTHOCTD OOJIBLIMH-
cTBa 00pa3LoB H3MeHseTcs B quarnasone 60...90%.
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Puc. 6.16. MxeHepHO-reonoruyeckuit paspes rpaBenucTbix FPyHTOB
na mowaake 7 (Kokusho & Tanaka, 1994)
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Puc. 6.17. KpuBbie rpaHyIOMETPHUECKOTO COCTaBa 11l ABYX BMIOB
rpasenucToro rpyHTa Ha muiomanke 7 (Kokusho & Tanaka, 1994)
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Puc. 6.18. M3meHeHne ko3¢ QuipeHTa HOPUCTOCTH 00Pa3loB IPaBEIUCTOrO
IPyHTa HEHAPYILEHHON CTPYKTYPBI [0 AAHHBIM YEThIPEX IOLA/IOK
(Kokusho & Tanaka, 1994)
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Puc. 6.19. KoaddruneHT NopucToCTH rpaBeicThIX TPYHTOB
Ha nnowajke 7 (Kokusho & Tanaka, 1994)

Ha puc. 6.20 npeacraBneH monyinb capura Gy npu aedopmanusx
Majaoi aMnaWTYAbl 18 ABYX OTJIOXEHUH rpaBus Ha muowanke I (06o-
3HauYeHbl KPYXKKaMH), MOJYUEHHBbIH MO AAHHBIM TPEXOCHBIX IHUKIUYE-
CKHX WCIbITAaHWi (OH HAHECEH B COMOCTaBJIEHHH C norapudmom s3¢dek-
THBHBIX O0XHMAW0ILHX HanpskeHuH). Kaxaeiid oOpasel] MCHBITHIBAIH
OpH [OCREA0BATEIbHO YBEIWYHBAIOUIMXCA O0KUMAIOIUX HAOPSIKCHHU-
sx. Ecnu npeanonoxurts, 4to B o0wiell ¢opMme 3aBUCHMOCTbH MOIYJIS
caBura oT 3¢¢GEKTHBHBIX OOXHMMAIOMMX HAOPSKEHUH ONMUChIBaETCA
ypaBHeHueM (6.3), TO MOXKHO HAHTH BeIMUMHY MOKa3aTejs A, ONpeje-
JUB HAKJIOH NPSAMbIX JUHUU HA puc. 6.20. Jlna rpyHTOoB Ha miowaake T
nokasarteiab # = 0,84 n 0,93.

Ha puc. 6.20 Taxxe mpHBOAATCS MOAYJIW CABHUra npu AedopManusax
MaJIOH aMIUINTYbl 006pa3iloB rPaBeIuCTOro rpyHTa HEHAPYIIEHHOH CTPYK-
TypBI, OTOOPaHHbBIX Ha APYrHX mioliaakax. Y3 pucyHka BHIHO, YTO BEJIH-
4yuHA MoKasarens x# coctasisaeT 0,56 u 0,93, B cpennem — 0,75, 4To 3HAUM-
TEJIbHO OOJIbIlIe COOTBETCTBYIOIUMX BEIHYMH I BOCCTAHOBJIEHHBIX OG-
pasioB rpasus (cM. puc. 6.11). Cpeauss Benuuuna »n = 0,87, xapaktepu-
3ytolas rpyHTHl Ha nnowaake 7 (cM. puc. 6.20), cyuiecTBeHHO Oounbliie
cpeannx Beanuud n = 0,72 u 0,70 ansa necka ¢ rpaBueM, ob6pa3ibl KOTOPbIX
oTOHpany Ha nmnowankax KJ u 4.

Jns uccnenoBanus BIHAHHA KO3(PUUMEHTA NMOPHCTOCTH pacCcMaTpH-
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BaJIM PE3yJIbTATHl MCTIBITAHUM C MSTH TUIOWIA/OK, MPOBOAMMBIX HPH OOKH-
MAIOIIEM HANPSDKEHHH, COOTBETCTBYIONUIEM MOJEBbIM ycnoBusaM. Ha
puc. 6.21 IPUBOAUTCS 3aBUCHMOCTh HAYATLHOTO MOAY.IA cBura Go OT KO-
s uIMenTa TOPHCTOCTH. 3HAUYUTENBHBIA Pa3dpoc AaHHBIX (no cpaBHe-
HUIO C Pe3y/IbTATAMH HCIIBITAHUH BOCCTaHOBJIEHHBIX 00pa3LoB) OTPaXaeT
MOTEHUHATbHYI HM3MEHYMBOCTb CBOHCTB OTJIOKEHHH HEHApyLICHHOH
CTPYKTYpBI B TI0/eBBIX YCI0BUAX. OJIHAKO TEHICHLMS YMEHBLIECHUS MOAY-
A CHBUra NpH YBEJIMYCHHH KO3(PULMEHTA MOPUCTOCTH NPOCIEKUBACTCS
JUISl BCEX TPYHTOB HA OJIHOM W TOH XK€ IIOAKe.

Ha mromanke A IpoBOAWIM HE TOJIBKO 0T60p 00pasioB HeHapyLIeH-
HOW CTPYKTYpPSH! METOZIOM 3aMOP&XHMBAaHHUs IPYHTa, HO U NPHUMEHAIN Tpa-
JHMLHOHHYK TEXHONOTHIO BABIMBAHUs TPyHTOHOCA. TpexocHbIe unxnme:
CKMe UCTIBITAHKSA TaKKe MPOBOAWIN Ha o0pa3suax yCJ0BHO-HEHAPYIICHHOU
CTPYKTYpBI, OTOOpaHHBIX TPyGUaThiM rpyHTOHOCOM. M3 pesynbraToB sThx
ucnbsTanui (MOKa3aHbl Ha puc. 6.2]1 yepHBIMH POMOMKamMH) BHAHO, YTO
MOJLyJIb CABHMTa IpH AeGOpMaLHAX MaJIOH aMILTATY/BI 06pa3LoB, 0TOOpaH-
HBIX TPYHTOHOCOM, B LI€JIOM MEHbLIe I0Ty4EHHOTO NPU HCIIBITAHHH 06pas-
1IOB HEHApYILEHHOH CTPYKTYPhl C MCMOJB30BAHHEM TEXHOJOTHH 3amopa-

KHMBaHUs TPYHTA.
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Puc. 6.20. 3aBHCHMOCTb HAYAJIBHOTO MOJIYJisi CIBHTa OT O0KHUMAIOLIHX
HanpseHuii 1717 06pa3LIOB NECKa ¢ rpaBUEM HEHapYILEHHOH CTPYKTYpbI
(Kokusho & Tanaka, 1994)
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Puc. 6.21. 3aBucuMOCTb MOAYIb CABHra OT k03 dHUMEHTA IOPUCTOCTH IS 06-
PasuoB Necka ¢ rpaBUeM HeHapyleHHOH cTpykTyphl (Kokusho & Tanaka, 1994)

6.2. 3aBUCHMOCTE MOYJIsi CABHTA OT BpeMeHH Npu aedopManusax
MAJI0H aMANUTYABI

I'apmun u Briok (Hardin & Black, 1968), a takxke Xamduec n Youc
(Humphies & Wahls, 1968) BbissicHHM, 4TO MOAY/b CABUTa ipH AeopMa-
IHAX MaJIOH aMIUIMTYABl [/ NEPEMATEIX TIIMH IOCNE 3aBEPINEHHs Mep-
BUYHOM KOHCOJM/IALKK YBETMYHBACTCS BO BPEMEHH NPH AEHCTBHMH TOCTO-
SIHHOTO 00XHMAIOLIEr0 HaNpsXeHHs. DTO sBJIeHHe ObUIO U3yueHO B Jabo-
PaTOPHBIX YCIIOBUAX Ha CNELHMAIbHO MOATOTOBIEHHBIX 00pa3lax IMHBI C
HCMOJB30BaHHEM NPUOOpA [l PE3OHAHCHOTO HCHbITaHus KonoHH (Afifi &
Woods, 1971, Marcusin & Wahls, 1972, Afifi & Richart, 1973).

Ha puc. 6.22 npuseaeH THNMYHBIA MPUMep U3MEHEHHS! MOKYJISA CIBH-
ra KaOJMHUTOBOH TJIMHBI BO BPEMEHH IPM HOCTOAHHOM O0GXKHMaIoLIEM
HanpsbkeHun (Anderson & Stokoe, 1977). V3 pucyHka BHAHO, YTO MO-
AYIb COBHUIA 3HAYUTEIBHO YBEJIMYMBACTCS B IIPOLECCE NEPBHYHON KOH-
CONMAALIMH, a TIOC/IEe €€ 3aBEPIICHHs CKOPOCTb BO3PACTaHHs MOAYJIS CTa-
HOBUTCSl HE3HAYMTENLHOH. YBEIMUEHHE MOAYJIS BCIEACTBHE KOHCOJINAa-
UMM MOXHO OOBACHUTH COOTBETCTBYIOIMM YMEHBIIEHHEM KO3PDHUNEH-
Ta MOPHUCTOCTH, OJHAKO MPOJOIKHTENBHOE YBEJIHYEHNE MOAYNS CIABHra
MpH MOCTOAHHOM OGXHMAIOLIEM HaNMPAXEHAH NO OKOHYAHWH NEPBHYHON
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KOHCOJMJALMKM MOXKET PacCMaTPUBATBCA TOJBKO KakK pPe3yJbTaT YIpouHe-
HUS CBA3EH MEXAy 4YacTHUaMd BO BpeMeHH. Ilpu 10aroBpeMEHHBIX HC-
MBITAHUAX MOJYJIb CABHIa NpH AedopMalusax Majioi ammuutyisl Go yBe-
JAUYMBAETCS MPAKTHYECKH JiMHEHHO Jorapudmy Bpemenu. [lis onucaHus
storo >¢dekra Adudu n Puuapt (Afifi & Richart, 1973) npennoxunnn
UCNOJE30BaTh K03)GuumenT I :

1, :——AG—O, (6.12)
lg(z, /)

rA€ ¢ U 1, — MPOU3BOJILHO BEIOPaHHBIE TOYKH BO BPEMEHHU MOC/E 3aBeplile-
HMS NEePBHYHOM KoHconupaunH; AGy — yBEJIMUEHHE MOy CABHIa B fie-
PO BpEMEHH ¢—1;.

Cornacho puc 6.22, I; paBed AG, B OTHOM JIOTApHYMHYECKOM LIMKIIE
BpeMeHH. [l yCTpaHeHHs BO3MOXHOTO BIIMSIHHSL BHAA FPYHTa M OOKH-
matoniero Hanpsxenns Adudu n Puuapt (Afifi & Richart, 1973) npeano-
’KUJTH UCNIOJIE30BaTh HOPMAJTH30BAHHBIH KOOQOHLHMEHT N(:

Ny=— A% (6.13)
G0 127, /1)

rae Giooo — MOLYJIb CABHTa, H3MepeHHBIH yepe3 1000 MuH nociie npuioxe-
HUS TIOCTOSHHOTO OOMMAIOIIEr0 HAMPSHKEHHS MOCIe MEPBUYHON KOHCO-
UL,

Takum 06paszoM, KOIPPHUUUECHT Ng XapaKTEPH3YET MPOLEHTHOE YBEIH-
yeHHe MOAYJS CABUTA B TEUEHHE OJHOr0 JOrapupMHUYECKOro UMKIA Bpe-
Menu. Js ynoOcTBa BEIMUCIEHHH, eciiM paccMaTpuBaTh AGy Kak yBennye-
HHE MOy B TedeHue aoboro 10-kpaTHOro nepHoaa Bpemeny (&/f = 10),
BhIpaxkeHHMe (6.13) MOXKHO nepenucarh CleayomuM oopasom:

N, = AG, (6.14)

Gl 000

IlepBOHAYAILHO BIHSHHE BPEMEHH HCCIENOBAIM C MCIONB30BaHHEM
HCKYCCTBEHHBIX 00pa3siloB CBS3HBIX I'PYHTOB, HO MO3%e ObLIO BBISBICHO,
4yto TakoM xe 3(ekr HabGmronaercs Ui 00pasloB CBA3HBIX U CHIMYIHX
rpyHTOB HeHapyleHHOH cTpyKTyphl (Stokoe & Richart, 1973; Trudeau et
al., 1974).

TIpoaHanu3upoBaB pe3yJbTaThl J1abOPATOPHBIX MCTILITaHMH, AQudu H
Puuapt (Afifi & Richart, 1973) ob6napyxuiy, 4to Ng yMeHbLIaeTCs € yBe-
nuueHneM pasmepa uacTHn rpyHra. U3 oGobuatowmero rpaduka (puc. 6.23)
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BHIHO, YTO BPEMEHHOH dPPEKT CTAHOBUTCA HE3HAYHTEIBLHBIM JIJIS IeCHa-
HBIX IPYHTOB CO CPEIHUM AHAMETPOM YacTHil Oonbine Dsy = 0,05 mm. [lu-
POKMH MaNa3’oH BapHalMu N AN MENKO3EPHUCTBIX TPYHTOB MOMCHO 06b-
SICHUTh TEM, UTO 3TH U3MCHEHU NPOMCXOAAT B 3aBHCUMOCTH OT XapakTepa
CBSA3HBIX IPYHTOB, BBIP2XKAEMOT0 YHCJIOM NIACTHYHOCTH ..

Ha puc. 6.24 npuoaurcs o6o6uieHne UMEIOIUXCS Pe3yIbTaTOB HC-
nbiTanyit (Kokusho, 1987), sBennunna N; HaHeceHa B COMOCTABICHUU C
[,. U3 prcyHKa BHIHO, YTO YBEIHYEHHE MOYJIS BO BPEMEHH CTaHOBHTCS
Oonee BHIPAKEHHBIM MPU YBEIHYEHUM ILTACTHYHOCTH IPyHTOB. OTMe-
THM, YTO AJsi 00pa3lLoB HEHAPYIIEHHOH CTPYKTYPBI YBEIHYEHHE MOLYIA
casura Ng NpOMCXOAMT MPUMEPHO TaK Xe, Kak U B 00pasuax nepeMsroit
rnuHbl. [103TOMY MOXHO NMPEANONOKHUTH, YTO YACTh BENUUMHEI MOIYJIS
C/BHTa, yBENWYMBIIErOCsS BO BPEMEHH, HE ONpPENENieTcs B 1TaGOpaTopHu
W3-3a HapyUIEHHH CTPYKTYpbl IPYHTa B X0a€ 0TOOpA M NMOArOTOBKU 00-
pa3uos. JlonycTiM, YTO KECTKOCTL IPYHTOB B MONEBBIX YCAOBHAX CKJIa-
AbIBAETCS M3 JABYX YacTEeH, OJ1HA M3 KOTOPBIX OOYCIOBIE€HA MEPBUUHON
KOHCOJIMAALMeH, BTOpas — AOJIrOCPOHHbIM BIUSIHHEM BpemeHH. Cornac-
HO M3JIOXKEHHON TMIOTE3€, €CNIM MPOYHOCTh Kak 3(Q(EeKT BpeMEeHHOro
BO3AEHCTBHA yTPAYUBACTCS H3-3a HAPYIIEHHA CTPYKTYPHI IIpH OTGOpe
006pa3suoB, TO 4acTh KECTKOCTH, BbI3BAHHOW MEPBHYHON KOHCOIIHIALH-
i, COXpaHseTCs, NOCKONbKY B npolecce 0T6opa o6pa3ios Ko3PdHIH-
€HT MOPUCTOCTH HE UBMEHSETCH.,

T i T I T 1

AGo IG
T —— N =
log(ta/t1) , = G

Gy

-y G1ooo

MaJI0H aMIUIATY bl

t=1000 t1 t2

| MHH !

Moxynb caBura npu nedpopmanusx

IlepBuunas . Jonrocpounoe
KOHCOIMIALIMS I BIIUSHAE BPEMEHH 1 |
. . . 4 A
1 10" 102 103 104 10°
HpopomkuTensHocTh 06xkaTHs o6pasua (Bpems)

Puc. 6.22. Bnusnue BpemeHn BO3AEHCTBHS Ha MOAYJIb CABHIa
npu aepopmaunsx manoi amnantyast (Anderson & Stokoe, 1977)
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(Kokusho, 1987)
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C yderoM mpuBeaeHHOU runore3sl AHgepcoH U Ctokoe (Anderson &
Stokoe, 1977) BeINOJHUAM aHAIU3 BIUSAHHUA BPEMEHH IPH OLEHKE MOIYNA
Gor B TIONIEBBIX YCIOBHAX HCXOAS M3 PE3y/ILTATOB JIaDOPAaTOPHBIX MCIbITa-
Hui 00pa3noB rpyHTa HEHapYIIEHHOH cTpyKTyphl. CHadana Ha OCHOBAHHH
1abopaTOPHBIX HCIBITAHUN WIH 3MIMPUYECKHX OTHOIICHHN ONpenensin
Moayab caBura mpu aedopmauusx Mmanoi ammiauryasl G, nocne 3aBep-
IIEHUA MEPBUYHON KOHCONMHMAALMU., Moaysib cABUTra A MOJEBLIX YCIIOBHUH
BBIYHCIISAETCSA TaK:

Gop =Gy, + N,F,, (6.15)

rae F, — koo uuneHT, oTpaxaromuii BO3pacT MIO0IAIKH.

OueHb TPYIHO YETKO ONpPENENNTb BEIUYUHY F4, TAK KaK B OCHOBHOM
OHA 3aBUCHT OT BPEMEHHM, IPOLLEALIErO NOCHE OKOHYAHUA IEPBUUHON KOH-
CONMIALMH A0 HACTOALIEr0 MOMEHTa, OAHAKO Ui MHGOPMAIMH MOXHO
HCTI0/1b30BaTh JaHHbIE, MPUBEIECHHBIE HA pUC. 6.24.

6.3. Moaynin caBura npu aedopmaiuax Majioif aMILIATYabI
10 AAHHBIM M0JIeBbIX HCIBITAHHI

HOCJ'ICILHI/IC AOCTHIXKCHHA B PA3BUTUH ITOJIEBBIX, 4 TAKKC na60paTopme
METOAHUK UCNbITAHUSA BBICOKOKAYCCTBCHHBIX 06pa3u03 I'PYHTA HEHapyUuICH-
HOM CTPYKTYPbI NO3BOJAKOT MNMOJIYYaTh Gonee HAICKHBIC PE3yabTaThl OJIA
aHaJln3a U MPOCKTHPOBAHUS coopyxceHm‘/'I C y4Y€TOM MOBCIEHHS T'PYHTOB
IpH 3CMIICTPIACCHUAX. PaCCMOTpPIM MOAYJ/IH COBHIa I'PYHTOB B IMOJICBBIX

YCJIOBHAX HUCXOASM U3 NMPHUHLMIIOB, PACCMOTPEHHBIX B MPEABIAYIUNX pasac-
Jax.

6.3.1. Hauanvnvie moOynu cosuza, onpedenentvie ¢ NOMOULbIO 3aNUCY
CKOpOCMU 8 NONEBbIX YCI0BUAX

Hoxota (Yokota et al., 1981) cpaBHMI BeTMUMHBI MOTYJIeH CABHIa, TIO-
JyYEHHBIX B XOJ€ MOJEBBIX U Ta00paTOPHBIX UCIBITAHUI IS TPYHTOB all-
JIOBUAIBHOTO H JETIOBUAJIBHOTO NPOUCXOXKICHHUA. B MONEBBIX YCIOBHAX
MOZIYJIH CIABMIa OIIPENENsIH C IOMOLIBIO NPSIMOro ceficMU4eCKOro Kapo-
TaXxa, a B ja0OpaTopuy — HAa OCHOBaHWM PE30HAHCHOTO HCHBITAHHS KO-
JIOHH — 00pa3LIoB I'PyHTa HEHAPYIIEHHOH CTPYKTYpPHl, OTOOPaHHBIX M3 TOM
xe ckBakuHbl. Ha puc. 6.25 npuseneno cpaBHenune moayneit casura (Gor
¥ Gp;) TIMHACTBIX M NIECUYAHBIX IPYHTOB aJUIIOBHANBHOTO MPOMCXOXKAEHHUS,
ONpeJeNeHHbIX COOTBETCTBEHHO B Mpoliecce J1abopaTOpHBIX M MOJIEBbIX
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UCTIBITaHUH. [[nd OToXKeHHH CpaBHUTENBHO MO3AHEr0 nepuoia (M, cieno-
BaTEJIbHO, C MaJBIM MOAYJIEM CIBUTa) Pe3yJbTaThl, NMOJYyYECHHbIE B X0[€
NONEBbIX U NA0OPATOPHBIX UCIILITAHMHA, IPUMEPHO OUMHAKOBHL. [TogoGHOe
CpaBHEHHWE N TJAMH M TeCKOB JAETIOBHAIBHOTO MPOMCXOXKIEHUS
(puc. 6.26) mokazano, YTO MOJAYJH CABHIa, NOJyYEHHbIE B pe3yJbTaTe Jia-
00paTOPHBIX HUCIBITAHUM, MEHBIIE MOAYJIEH, H3MEPEHHBIX METOJIOM celic-
MHUYECKOTo Kapotaxa. /st oTnosxxeHuid 1enoBUanbHOT0 HPOMCXOXKAEHHS C
MoynisasMu capura 6ombire 50 Mlla takue sBneHus!, Kak LIEMEHTALUs UM
CTapeHHe, BelyT K YBEIHUEHHIO XECTKOCTH TpyHTOB. OKa3bIBAETCs, YTO
YacTh KECTKOCTH, 00ycrnoBieHHas >((PeKTOM YNPOUYHEHHS, YTPauuBaeTCs
W3-3a HAPYIIEHUS CTPYKTYPHI IPU OTOOPE, TPAHCIIOPTHUPOBKE U MOJATOTOBKE
00pa3ioB B 1ab60paTOpHH.
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Puc. 6.25. CpaBHeHue BeNU4YMH MOJyJNEH CABHra, MOJYYEHHEBIX
MO JaHHBIM MOJIEBBIX M 1aOOPAaTOPHBIX UCIIBITAHHA
(Yokota et al., 1985): a — nns annoBHaNbHBIX [VIMH
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Puc. 6.25. CpaBHEHHE BeJIMYHH MOJYJIEi CABHra, MOMYYeHHBIX
1O AaHHBIM MOJEBbIX U TAOOPAaTOPHBIX HCTILITAHHH
(Yokota et al., 1985): 6 — 119 a/lIOBHANILHBIX [TECKOB

B pa3a. 6.1.4 onuchiBanuCh KOMIUIEKCHBIE J1a00pATOPHBIE MCITBITAHHS
00pa3uoB necka ¢ rpaBUEM HEHapyIISHHOH cTpykTypsl. Ha Toit xe mio-
IIAJKE NPOBOIMIIH NONEBBIE UCHIBITAHUS 110 U3MEPEHHIO CKOPOCTH CABHIO-
BOHM BOJIHBI C UCIIOJb30BAHHEM METOA celicMHYecKkoro kaporaxa. Kokyino
v Tanaka (Kokusho & Tanaka, 1994) cpaBHHBaM MOIy/b COBHIa, MOIY-
YECHHBIH B PE3YJIbTaTe U3MEPEHHS CKOPOCTH CABUTOBOW BOJHEI, C MOAYyJIEM
caBHra mpu jaedopMauuax HeOONbIIOH aMIUTHTY/Ibl, M3MEPEHHBIM B XOJE
HCTIBITAHUS HA LIMKIMYECKYIO HArpy3Ky oOpa3loB HEHapyLICHHOH CTpyK-
Typs! (puc. 6.27). Ha nnomaake 7' CKOPOCTh U3MEPSIIN C HEGOMIBIIMM La-
I'OM 110 IJlyOMHE CKBaXXHMHBI C MOMOIIBIO MOABECHOTO 30HAA. [Tosry4eHHbIE
pe3yJbTaThl CPAaBHUBAIIM C 1a0OPaTOPHBIMHM BETHYHMHAMH MOIYJIsi 00pa3LoB
HEHApYUICHHON CTPYKTYPbI, OTOOPaHHBIX ¢ COOTBETCTBYIOILHUX [IyOHH.
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Puc. 6.26. CpaBHeHUEe BETHYUH MOAYJICH CABUra, MOJYUYEHHbBIX
0 JaHHBIM MOJIeBbIX U NabopatopHbix ucnbitanuii (Yokota et al., 1985)

Ha npyrux njomankax HCIBITaHHs OPOBOAMIM C ropasio GombuinM
IIArOM U3MEPEHUH Mo ri1yOHHE CKBaXHHBI, TIO3TOMY OJHO 3HaYCHUE MOJY-
711 MO JAHHBIM MOJIEBBIX M3MEPEHNH CPaBHUBAIM C HECKOJbKMMHU MOIYJIs-
MH 00pa3iiOB HEeHAPYLUIEHHOH CTPYKTYPBI, OTOOPaHHBIX Ha COOTBETCTBYIO-
wel ryorHe. BenuauHbl MOy CABMIa, MOJy4YeHHbIE B PE3yJIbTaTe MOo-
JIEBBIX U3MepeHHi, ObuTH mpuMepHO Ha 50% OGouibille ONpeeneHHbIX B JIa-
6OpaToOpUK ¢ MOMOLIBIO TPEXOCHBIX IMKIMYECKUX MCMBITAHWH 0Opa3LoB
HEHAPYUIEHHOH CTPYKTYPHI (CM. puc. 6.27). DTa TEH/ICHLUS COOTBETCTBYET
pesysbTatam, HabIogaeMbeIM Ha puC. 6.26, 6, rae NpuBOAUTCS aHATIOTHYHOE
CPaBHEHHE IS [IE/IIOBHAIBHBIX ITECKOB CPEIHEN U BHICOKOH MPOYHOCTH.

Takum 00pa3oM, MOXKHO CHEJIaTh BBIBOJ, YTO Ui MECKa WIM rpaBus,
OTOOpAaHHBIX M3 ACMIOBHATIBHOTO MK 00Jiee paHHETO OTJIONKEHUS, MOIYJIb
cABHMra npy AedopMauMax Majioil aMILIMTY[bl, ONPENEICHHbIH B abopa-
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TOPHBIX HCIBITAHUSX BBICOKOKAYECTBEHHBIX O00pa3loB HEHAPYHIEHHOW
CTPYKTYyphl, OyaeT npumepHo Ha 50% MeHbILe, YeM U3MEpEeHHBIN MPH HC-
TIBITAHWN HETPOHYTHIX TPYHTOB B IOJIEBbIX YCIOBHSIX.
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Puc. 6.27. CpaBHenue BeTMUMH MOLyJIel cBKra, NOMYYEHHBIX N0 PE3YILTATAM
nonesbix W JabopatopHbix ncnbitanuii (Kokusho &Tanaka, 1994)

3HAaYMUTENLHOE PAacX0XKAECHHE MOIyNEeH CIBHMIa, MOJYyYCHHBIX MO pe-
3yJbTaTaM MONEBbIX W JaOOPAaTOPHBIX HCIMBITAHUH, OOBICHAETCS pasiiny-
HOM KECTKOCTHIO rpyHTa. Scyna u SAmaryuu (Yasuda & Yamaguchi, 1985)
COTMOCTABUJIM MHOTOYMCIICHHbIE PE3YJbTaThl HCOBITAHUH W MOCTPOHIH
rpaduKH, rie OTHOLUEHHUS MEXIY MOIYISIMH C/BHUIa W3 IOJIEBBIX H 1a00-
PaTOPHbLIX WCHBITAHHHA HAHECEHb! B COMOCTABJIEHUM C MOJYJIEM CIBUIA,
OMpPEJENEHHBIM NPH U3MEPEHUM CKOPOCTH PacNpOCTPaHEHHs BOIH B MOJIE.
Ha puc. 6.28 nokazan oAMH U3 TakuxX rpaMKoOB, Ha KOTOPOM OTPaXKEHBI
onyOIMKOBaHHEIE JAHHBIE 11O CBA3HBIM rpyHTaM (He u3 Snouun). CTpenku
Ha PHUCYHKE yKa3blBalOT Ha NOINpaBKH B JaOOpaTOPHBIX JaHHBIX Ha BO3-
MOXHOE YBEJIMYEHHE MOMYJIs CIBHMIa BO BpeMeHH 3a 20 JeT moclie 3aBep-
WEHUS IEPBUYHON KOHCOJIM/IALHH.

Ecnu He yuuThiBaTh BIUSAHHE BPEMEHH, TO MOXXHO FOBOPHTh O TEH-
JCHLUU K YMEHBUICHHIO MOJAYJS CABHMra, OINpPEINEeNeHHOro B JiaGoparto-
pHH, 1O MEpe YBEIHYEHHS KECTKOCTH I'PYHTa, YTO COOTBETCTBYET KOH-
lleNUH1H, MPUBEACHHON B pa3l. 6.2. U3 puc. 6.28 cneayer, uTo maHHasn
TCHACHUMA CYILECTBYET Aa)<e NMpH nomnpaske Ha (akTop BpemeHnu. Ha
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pHuc. 6.29 nNpUBOAATCA AAHHBIE IO SMOHCKHUM IECKaM, TaKkXe COOpaHHbIE
Scynoii n SImaryuu (Yasuda & Yamaguchi, 1985). Bonbmas yacts 3THX
JIAHHBIX [OJNy4YeHa B XOAe HUCHBITaHu# 00pa3noB, 0TOOpaHHBIX BAABIH-
Ba€MbIM TPYHTOHOCOM, YTO MpEANoJaraeT HEKOTOpPOE HapylleHue
CTPYKTYpPHI TpyHTa. JlaHHBIE MO0 CPABHHUTEIBHO MOJOIBIM OTIOKEHHUSIM
(aNTIOBHANTBHBIM TPYHTAM M MCKYCCTBEHHBIM HACHIMAM) 0603HAYAOTCS
He3aKpalleHHBIMH KPYXKaMH, JaHHBIE 1O OTHOCHTEIBHO CTapbiM (Ie-
JIIOBHAJIBHBIM) OTIIOXKEHUSAM — YEPHBIMH KpPYyXKamu. Pe3ynbTaTsl UCTbI-
tauuii (cM. puc. 6.29) cBuaeTeNbCTBYIOT 00 0OwmIEH TEHIEHIHH K
YMEHBIICHHIO MOJYJIS CABHTA, ONPEJEIEHHOTO B JIabopaToOpHH, MO Mepe
YBEJIMYEHHUS KECTKOCTH IECKA.

O0benuHUB npeabiAynMe 1 HoBbIe naHHble, Kokymo (Kokusho, 1987)
MOCTPOUJI CPETHHE KPUBBIE, a TAKXKE KPHUBEIE, OINPEeNAIOLINE BEPXHIOW H
HIWKHIOW rpaHuLb! (puc. 6.30). 13 o6o0menHoro rpaduka MOXHO 3aKio-
YUTh, YTO MOJYJIb C/IBUTa, ONPEEICHHBIH HA OCHOBAHUHM W3MEPEHHUS CKO-
poctH, u3Mensercs B npeaenax 30...50 MIla (150...160 m/c), a Monyns
cABHTa MpH aedopMalrax Mayloi aMIUTUTY/Ibl, IOTYYEHHbIH B J1aboparop-
HBIX MCMBITAHUAX, MOXET OBITh OJIM3KUM K MOJIYJIIO TPYHTA B MOJIEBBIX YC-
nosusix. Ecny Moaynb caBura, onpeieseHHbIH B X0le 1abopaTOpHbIX HC-
mieITaHui, okaseiBaerca Oosbiue 30...50 MIla, no-BuIMMOMy, €ro HyXHO
OMPENEIIATE C TIOMOILBIO MMOJIEBBIX H3MEPEHHH.
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Puc. 6.28. CpaBHeHHE MOy IEH CIBHMTa, TONYUEHHBIX 110 PE3yJIbTaTaM
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T I : 3aMOpaXHBAaHHE B TOIEBBIX YCIIOBUSX

: O1Gop 06pa3ios TPyOUATHIM MPYHTOHOCOM
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CyuiecTByeT HECKOJBKO NPHYHH ONMHCAHHOIO OTKAOHEHMA. OqHOH M3
CaMbIX BEPOSITHBIX CPEJIM HUX SBIAETCA HAPYUIEHUE CTPYKTYpbl 00pa3LoB
npu ux oTOOpe M YOAroTOBKE. B 00miem, pbixible 00pasibl CTAaHOBSATCH
Golee IIOTHBIMU U XapaKTepU3YIOTCs OOMblIeH KECTKOCTBIO, 8 KECTKHE —
Pa3yIIOTHSIOTCS U MX JKECTKOCTh YMeHbluaeTcs. Ha puc. 6.31 cxemaruuno
nokasas >¢G¢eKT HapyuleHHs CTPYKTYpbl oOpasuo. Uem Gonplie 3TO Ha-
pylieHue, TeM Golblie pa3HUi@ B COOTHOIIEHUH Monynel caBura Go/Gor
B QMana3oHe GONBIIOH MK MaJIOH KECTKOCTH, YTO OTPAXKAET MNOTEHLHAIb-
HOE YBEIMYCHHE WK YMEHbLIEHHE 00bEMa TPYHTa BCIEACTBHE JMJIATaH-
CHH.

Ha npaktuke NpHMEHSIOT HECKOJILKO BHUOB CJOXKHBIX T'DYHTOHOCOB,
MO3BOMSIOIIUX OTOMpaTh 00pa3libl HEHAPYLICHHON CTPYKTYPbl U3 IJIMHH-
CTBIX ¥ TMECYaHBIX OTAOKEHHH. OIHAKO IOCTATOYHO CIOMKHO MOJyYHTh
AIcNILHBIH 00pa3el] HeHApYUICHHON CTPYKTYpPbI J1I000r0 IPyHTa U UCCIIE-
JI0BaTh €ro B J1a0OpaTopuH B YCJIOBHAX, aOCOIFOTHO MACHTHYHBIX MNOJiE-
BBIM. Takum 06pa3zoM, MOKHO CYMTATh, UTO HWKHSAA IPaHHYHAs KpUBas Ha
puc. 6.31 oTpaxkaer UCMONB30BAHUE MEPEJOBBIX TEXHOJOTHH npu oTbope
06pa3LoB ¢ MUHUMAIBLHBIM HAPYLUEHUEM UX CTPYKTYpHI.

H MOIyJ1b CIBUTa U3 NIOJEBLIX MUCIBITAHHH

OGpas3iibl €O 3HAUYUTETLHBIMU HAPY WIEHHAMH CTPYKTY bl

O6pasiipl ¢ HEOONBHIMH HAPYLICHHUSIMU CTPYKTYPhbl

1.0 ¢

O6pasiibl HeHapYLIECHHOM
CTPYKTYpBI

HauansHbr

HavayibHBIH Moy 1b CABHTA U3 1a00PaTOPHBIX HCTTBITAHHI

0 >

HauanbHelii MOLYITb CABUTA M3 N0OJEBBIX UcnbiTanuil Gor, MIla

Puc. 6.31. Biusiiue creneHy HAPYLWEHHs CTPYKTYPBI 00pa3iia Ha COOTHOLICHHE
MOJYJIeH CABHMTA, MOMYyUYSHHBIX U3 NIOJIEBBIX U JJAOOPATOPHEIX HCOBITAHUM
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6.4. Boiunciaenue MOAYyJil CABUIa Mo 1noJeBbiM HCIILITAHUAM Ha
30HIAHPOBAHHE

Jns onpenenenust MogyiIs cABUra npu Aedopmarysx Maaod aMIUIdTy-
Ibl B TOJIEBBIX YCJIOBHAX MHOTHE HCCICIOBATENM MPEIUIarald WCIONB30-
BaTb 3aBHCHUMOCTH MEKIY CKOPOCTBIO PaclipOCTPaHEHMS! CIBUIOBOH BOJ-
HbI, U3MEPEHHOM B MOJIEBBIX YCIOBHUAX, U YUCIIOM yaapoB N pu cTaHAapT-
HOM 3oHaupoBaHuu (SPT). Ogna u3 Takux 3aBUCHMOCTEH, MONy4YCHHAA
Viman u Mommumypoii (Imai & Yoshimura, 1972), nokasana Ha puc. 6.32,
rlle BUJHO, YTO CKOPOCTh PaclpoCTPaHEHHs CABUIOBOH BOJHBI YBEJIWYUBA-
eTCs C BO3pacTaHMeM BesllMuuHbI N 11 SPT.

Kax 6yaner nokazano B pa3n. 12.1.1, B Slnonun BenvumnHa N Ha TPaKTH-
K€ HCOBITaHUIt B CpelHEM NPHMepHO B 1,2 pa3a MeHblne, yem Ny B CILIA.
IMostoMy Ha puc. 6.32 Ha abcuucce o0ozHadeHo N = 0,833 Ngo. [TomoGHoe
06001IeHre NaHHbIX MPOBOAUIIOCH MHOTHMH MccllenoBarensMu. Pesynbra-~
Thl UX pa0OT NpUBeAeHH Ha puc. 6.33, rae Moaynb caBura GGy, BIUMCIIEH-
HbIH 110 BEJIMYMHE CKOPOCTH CABUTOBOM BOJIHBI, COMOCTABJIEH C BENUYUHON
N nns SPT. YpasHeHue npsaMoi, Noka3aHHOM Ha JorapudMUYECKOH HIKalle
(cM. pHc. 6.33), MOXKHO TIPEICTABUThL (POPMYIIOL

G, =aN". (6.16)

BenuuuHel a u b, onpenencHuble AN KaXI0H mpsaMoit (cMm. puc. 6.33),
NpUBOAATCA B Tabn. 6.4. MOXHO 3aMeTWTh, YTO IOKa3aTeNb CTEIEHH b
npuHumaet 3Hauenue ot 0,6 no 0,8, a BenuunHa ko3 duumeHTa a Koned-
nercs B npeaenax 1,0...1,6 xIla.

Tabauya 6.4
BeauunHbl @ U b B ypaBHeHUH Gy = a

Benunuuna a, klla Besnnunna b Hcerounnku
1,0 0,78 Imai & Yoshimura, 1970
1,22 0,62 Ohba & Toriumi, 1970
1,39 0,72 Ohta et al., 1972
1,20 0,80 Ohsaki & Iwasaki, 1973
1,58 0,67 Hara et al., 1974

3aBHCHMOCTSH (6.16) MOXHO MCIIONB30BATh I HPUOIUIUTEILHOTO Bbl-
YMCIIEHHs MOy caBura Gy npu gedopMaLusX Manoid aMILTHTYIbl HCXO-
As n3 konmdectsa yaapoB N B ucnuitanuax SPT. Bonee noapoOuas uH-
¢opmaLIHs OTHOCHTEIBHO JAHHOH KOPPENALMH NMPUBOAUTCS B paboTax Cu-
xopsl (Sykora 1987 a, b).
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CKOpOCTh CIBUTOBO#H BOJIHEI V, M/C
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Puc. 6.32. 3aBUCHMOCTb MEX/y CKOPOCTBIO CIIBHIOBOM BOJIHbI
u Besimuuuoil N B SPT (Imai & Yoshimura, 1972)
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Puc. 6.33. DMnupHueckas 3aBHCHMOCTb MEXYy MOAYJIEM CIBHIa
u BeTMunHoii N B uenbiranuax SPT (Ohsaki & Iwasaki, 1973)

6.5. KOOOOULUUEHT [TYACCOHA BOOOHACBIIUEHHBIX TPYHTOB 143

6.5. Koagpduunent Ilyaccona BoOgOHACHILIEHHbIX TPYHTOB

B nuueitnoii Teopun ynpyrocru ko3dduunent Ilyaccona v peipakaer-
csl yepe3 Moayyu casura Go 1 o6beMHol nedopmannu K:

y=1. 3K-26G, (6.17)
2 3K +G,

[Tpeanonaraercs, 4To, €CJIM YCIOBUS IPEHUPOBAHHS HE BIHMSIOT HA MO-
JyJib CABMIA, TO MOAYJIb 00bEMHOH nedopMaLiy 3aBUCUT OT TOTO, B KAKHX
YCIAOBHAX (IPEHUPOBAHHBIX WM HEIPEHHPOBAHHBIX) NMPOUCXOIUT Aedop-
Mauus rpyHta. [1ycTs K BOJZOHACHILIEHHOMY 3JIEMEHTY TPYHTa B HEAPEHH-
POBAHHBIX YCJIOBHAX NMPUKJIAIbIBAETCA CHUMAIOLIEEe HalpsKeHHE ©. OTO

HaMpsXCHHUE ACJIUTCA HA ABC YAaCTH: KOMIIOHEHT ¢ MEPEAACTCsd Ha TBEPAbIC

ANEMEHTBI 'PYHTA, a KOMIIOHEHT u NEpEaaeTcs Ha MOpoBYKo Boxy. Creno-
BaTeJIbHO,

c=0+u. (6.18)

CHauana npeamnosiok1M, YTO CKEJIET IPyHTa U MOpoBas KUAKOCTH Jie-
(hOPMHPYIOTCA HE3aBHCHMO, HE B3aUMOJIEHCTBYS Mexay coboil. Ecnu o6b-
€M TBEpAbIX YaCTHL FpyHTa V CokMMaeTcs noj Bo3aeicTeueM 3¢ hekTHBHO-
ro HanpsiXeHus G A0 BEIUYHHBI Vj, TO TMOIYHYUM CIEAYIOLIYH 3aBHCH-
MOCTb:

(6.19)

riae C, — CKUMAEMOCTh CKEJIETa MPYHTA.

O6beM Boabl, coaeprkallieiics B mopax rpyHTa, IpeICTaBuM Kak nV, raue
n — nopuctocTb. Eciii nopoBas Boja Mo AeHCTBHEM MOPOBOTO AABNEHHS U
CXKMMAaETCs Ha BeM4YuHy AV, TO

AVW:Cl-u
nV

(6.20)

B

rae C;— c:KMMaeMOCTb CaMO# BOJIBL

Teneps BBOAMM [PEHUPOBAaHHEIE YCJIOBUS Uepe3 COOTHOILEHUE BEJH-
uuH AV, u AV,. Eciu AV, > AV,, Boga MOXeT nocTynarb B MOpbl, €CIH
AV, < AV,, Boma OyzeTr orxumarbes U3 nop. OTMeTuM, 4yTo B 06enX cH-
TyalusaX MOJIPa3yMeBalOTCs APEHUPOBaHHbIe yciiosus. CnelosatelibHO, B
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HEAPCHUPOBAHHBIX YCIIOBUAX

AV, =AV,. (6.21)

DTO PACCMATPUBAETCS KAK YCIIOBHE COBMECTUMOCTH, HEOOXOAMMOE 115t
BOZHUKHOBEHUS B3aHMOACHCTBHS MEXIY JBYMs He3aBHCUMO aedopmu-
PYIOLINMKCSA CPEAAMH — TBEP/IbIM TPYHTOM U TIOPOBOH HKHUAKOCTBIO.

Moncrasnss (6.19) n (6.20) B BeIpaxxeHHe A1 HEAPEHUPOBAHHBIX YC-
noBuit (6.21) v ucnons3ys (6.18), nonryunm

AV, __nC, (6.22)
—h=——t--c.
4 1+

Cb

Eciu TBepaas CTpyKTypa IpyHTa paccMaTpuUBaeTCs Kak ynpyronedop-
MHpyeMas Cpena, TO MOy/b 00beMHOH aedopmauuu onpenenseTcs U3

ypasHenus (6.22):

Ko S (6.23)

X0po110 U3BECTHO, YTO KO3 GHLMEHT NopoBoro nasieHds CkemnToHa
(Skempton, 1954) seumcnsercs no popmyiie

1

B_

1+ nC,
Cb

[Moacrasnss 310 Beipaxkenue B (6.23) u (6.17), nony4um dopmy.ty s
ko3 puunenta [lyaccona BOJOHACLILICHHBIX TPYHTOB!

y= 1372GnC,B (6.24)
" 23+GpnC,B

HW3BECTHO, UTO CKUMAEMOCTh TBEPAO# (a3bl cabbix rpyHToOB C) OYeHb
BEJIMKA 110 CPABHEHHIO CO CKMMAEMOCThIO Bozibl C, moatoMy B = 1,0. Jna
TaKkuX rpyHTOB Benuuuna GonC; Take Mana. BBo/is 3TH annpoKCHMalHy B
(6.24), nonyuum npocTyro dopmyiy A onpeaenenus koddpduuuenra Iy-
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accoHa i cnadeIx BOIOHACBIIIEHHBIX I'PYHTOB:

v= %(1 -nG,G,). (6.25)

Orta annpoKcHMupoBaHHas (opMyna 6bUIa HE3aBHCHMO MoJlyyeHa
Hunixapoit (Ishihara 1970, 1971) na ocsoBanun nuneittoit Teopun nopuc-
TO# ynpyroii cpeawl. Ecnn npennonoxurs, uto C; = 4,8 x 107° MIla, a
n=0,4...0,6, MOXHO YHCIEHHO NPEICTAaBUTH ypaBHEeHHE (6.25), KaK noka-
3aHO Ha puUc. 6.34,

Koadduunent IyaccoHa cooTHOCHTCS €O CKOPOCTAMH CABHIOBOI V, 1
NPOIONBHBIX V), BOJIH COrNacHo Gpopmyiam

1, /vy -2
Ver————,

2,1V, -1 (6.26)
G, =pV.

Ha puc. 6.34 nokasanbl Bennuusbl kosdduumenra Ilyaccona, HoJy-
YEHHDBIE U3 NaHHBIX MO V, v V,, H3MEPEHHBIX B IOJIEBBIX YCIOBHAX, C HC-
MOJiIb30BaHUEM ypaBHeHus (6.26). Koagduuuent IMyaccona cnabeix Bogo-
HaCBIINECHHBIX IPYHTOB NPUMEPHO paBer 0,5 U yMEHBIIAETCH ¢ yBeIHYEHH-
€M XECTKOCTH FPYyHTa.

i R I I | i 1
0.50
0491 -
0481 V=-%—(1-nG°G,) -

047 Silt n=0.5~0.65
Mecok  N=0.45~0.60

046 Ipasuii. N =0.45 |

Koapduuuent [Tyaccona v

045 1 l 1 1 ] 1 ]
01 02 0406 1.0 20 40

Monynb casura Gy, MIa

Puc. 6.34. Kospduuuent IMyaccoxa kax dyHkumus Moays casura
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3ABUCUMOCTBb MOAYJISI CABUTA U KOO®PULHUEHTA
JAEMII®UPOBAHUSA OT JE®OPMALIMU

7.1. Moayas nedopmannu H kodppuuueHT femnpuposanus,
onpene/ieHHbIE U3 JAG0PaTOPHLIX HCHIbITAHMI

XOpoIo U3BECTHO, UTO AehOpMALMOHHBIE XapAKTEPHCTUKH IPYHTA He-
JIMHEHHBL. DTO CBOHCTBO HEIMHEHHOCTY BBIPAXKAETCs Yepe3 MOAyY/b CABHIa
u ko2 umesT neMndupoBaHus, BETUUYUHB KOTOPHIX 3HAYUTENLHO HIME-
HAIOTCA B 3aBUCHMOCTH OT aMIUTMTYBl AeopMalyy CABHra MpH LUKIUYe-
CKOM Harpy>KE€HHH.

7.1.1. ITecxu

Hsacaku (Iwasaki et al., 1978) u Kokyuio (Kokusho, 1980) nposoaniu
JeTaIbHbIE HCCIIEMOBAHNA THHAMHYIECKUX CBOMCTB IPYHTOB, 3aBHUCALLMX OT
nedopMalud, Ha CTaHZAPTHOM smoHckoM mecke «Toyouray (Dsy =
=0,19 MM, U, = 1,3). B ucneitanusx Kokywo (Kokusho, 1980) o6pa3usi
NOArOTaBIHBAJIKCEH CICAYIOMIMM 00pa3oM: BOAOHACHIILICHHBIN MECOK 3aIH-
Ba1u B (GOpPMY, a 3aTeM YIUIOTHSUIM C ITOMOINBI0 py4yHOro BuGparopa a0
NOJIyYEeHHs JKelaeMoil IUIOTHOCTH. B HcnbTanusix npuMeHAaan npubop
TPEXOCHOTO CKaThs ¢ JaT4YMKOM Aedopmaluii GeckorTakTHOro tuna. He-
MbITAHUS TPOBOAWIH NpU oOxumaronieM HanpsxeHuu 100 kI1a.

Ha puc. 7.1 moka3aHbl pe3yJIbTaTh UCTILITAHHH Ha oOpa3uax pa3nHuHOR
nioTHocTd. Ha 3TOM puCyHKEe MOAYNb CABHIa, HOPMaJH30BaHHBIA MO OT-
HOLIEHHIO K HAYaNbHOMY MOXY.IIO mpH Aedopmaumu 10, cooTHocHTCR ¢
ammMTynoi aedopmanuu vy, BenuuuHa y, BBIYHMCIEHA NO YpaBHEHHIO
(6.2). Moayne ciBura, ONpeeTeHHBIA H3 TPEXOCHBIX LMKINYECKUX HCIble
TaHHWii, HECKOJILKO H3MEHSETCS IO MEepE YBENMYEHHS KOIMYECTBA LIKKIOB
Harpy)>XeHusi, TOCKOJIBbKY B WCIBITAHMH HCHONB3YyeTCd OTHOCHTENbHO
6onbwas aedopmarus. ITocae 10 DUKIOB Harpy3kH IO Mepe yBETHUEHHA
aedopMaiK MOAYJB CIBUTAa YMEHBIIAETCS U JocTUraer npuMepHo 1/10 or
HAYaJIbHOTO 3HAaYeHHs, KOTZa YpOBeHb neopmauuu Bospacraer 10 0,5%
(puc. 7.1). U3 pucyHka BHOHO, YTO YMEHBLIICHHE MOAYJS CABHra nog
BAHAHUEM AedopMalMi NPaKTHYECKH HE 3aBHCHT OT KO3(QUUHEHTAa no-
puctoctd. Benuuunsl koadpuumuenra nemnduposanus (puc. 7.2), nomy-
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YEHHbIE MO pe3y/IbTaTaM TeX € MCMNbITaHWH, COOTHOCATCA Ha rpaduke ¢
nedopmanmeit casura. U3 puc. 7.2 BUaHO, 4To k03ddULHMEHT AeMndupo-
BaHUs Dy yBeNUYHUBAETCS MPH HApacTaHuK AedhopManuii CIBHra U JOCTHra-
et ~0,25 npu nedopmauuu casura 0,5%. OTHOWEHHE MeXay KO3DdULHU-
€HTOM JeMnQupoBaHus U aedopMarmeii CIBUra He 3aBUCHT OT MJIOTHOCTH
obpazua (cM. puc. 7.2).
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Ammutyna nehopMmannu casura vy, %

Puc. 7.1. 3aBHCHMMOCTh HOPMaNH30BAHHOTO MOAYJIA CIBHIA
oT medopmannu capura s necka «Toyoura» (Kokusho, 1980)
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Puc. 7.2. 3aBucumocts koaddunnenTa gemMndpuposaHms
oT fedopmaruu capura s necka «Toyoura» (Kokusho, 1980)

ITo onmcaHHOM cXeMe MCCIEA0BAIOCh W BIMSAHHE KOJIMYECTBA LIUKJIOB
Harpy>eHus Ha JUHaMHYECKylo paboTy mecka «Toyoura». CormacHo pe-
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JyNILTATAM UCTILITAHWH, BEIMUMHBL MOJY/INA CUBHTE, TI0JIYHEHHbIE B X0/NE 2-
10 1 10-ro uuki0B HarpyxeHuii, paziuuatorcs He Gonee ueM Ha 10% npu
jqedopmauuu casura Goasiie 10 °. [TpuMepHO Takoe e pazinuue xapax-
TepHO M A koadduumeHra nemnpupoBaHus. MOXHO TaKkke OTMETHTh,
YTO MPH KOJIMYECTBE LIMKIIOB HAarpyxeHus >10 nX BIMAHHE HECYILECTBEHHO,
(CnenoBaTeNibHO, MPAKTHYECKH BO BCEX CIydasX MOXHO NpeHebpeub HIMe-
HEHUAMH MOAYJs cABura U koddduuueHta nemMndpupoBaHHs BC/EACTBUE
YBEJMYEHHA KOJMYECTBAa LMKIOB HArpyXeHHs. MCKIOUEeHHEe COCTaBnfeT
C/ly4aii HeJPEHUPOBAHHOTO CABMIa NpH AedopMauny OonbLIOH aMIIHTYAbI,
1€ IIPOUCXOJUT 3HAYUTENBHOE HApaCTaHUE JABJICHUs MIOPOBOH BObI.

T T 1
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AmmunTyza 1eopManiy CABUra Y, %
Puc. 7.3. Bausanue o0KUMAarOIUMX HAOps)KEHUH Ha MOAYJIb CABHra,
sasucsiyi ot aedopmanmu (Kokusho, 1980)
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Puc. 7.4. Biussue 00)KHMaIOIUX HanpshkeHMH Ha KO3QOHUMEHT
nemnduposanus, 3apucawnit or nedopmaunn (Kokusho, 1980)
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SInoHckue uecaeaoBaTeNn Wiyyann BinsHue oOXUMalOWUX Hanpsxe-
HMI Ha AMHaMH4yeckue cBoHcTBa necka «Toyoura» B 3aBUCMMOCTH OT fe-
dopmaunu (Iwasaki et al.,, 1978, Tatsuoka & Iwasaki, 1978, Kokusho,
1980). Kokymo (Kokusho, 1980) oGoOuiun pe3ynbTaThl UCHBITAaHHI Ha
TPEXOCHOE LIMKINYecKoe cxaThe (puc. 7.3). B aTux ncnsltanusax oOpasubl
Obln yrutoTHeHsl nof pasnendem 20...300 klla M 3aTeM noaBepxkeHbI
IHKIHUECKOMY OCCBOMY HATPYKEHHIO B HEJPEHHPOBaHHEIX YCloBUsAX. Ha
rpaduke BUAHO, YTO CKOPOCTh YMCHBIICHHS MOAYNS CABUIa YBEIHUYABAET-
cs BMecTe ¢ Aedopmaruer NpH CHHXEHHH O0XHUMAIOMMX HAIPSKEHHH.
DTO MOXHO OOBSACHUTH, PACCMOTPEB 3aBHCHMOCTh OOXHMAIOLIMX Hanps-
XKEHUH OT NPOYHOCTH Ty U HadalbHOro Moayns casura Gy. Ilycts mpou-
HOCTb NIECKA BBIPAXKAETCs1 Uepe3 KpuTepHii pazpyienns Kynona-Mopa:

T,=0,18¢, (1.1)

TAe ¢ — YroJ BHYTPEHHETO TPEHMSI.

[ToacraBnss 3TOT KpUTEPHA, a TaKOKe GOPMYITY At MOAYIS CABUTA TIPH
nedopMali Manoi aMIUTHTY bl [T YHCTBIX MecKoB (6.1) B BRIpaXEHHE
JUTd olpeneNeHns dTalloHHOH aedopmauud (3.43), NodyduM OTHOLICHHE
3TaIOHHOHU AedopMaINK K 00KHMAIOIIEMY HATIPSHKEHHIO:

Y, = (0p)". (7.2)

CornacHo onpeaeneHUsM, MOKa3aHHBIM Ha pHUC. 7.5, MOKHO HHTEpIIpe-
THPOBaTh STAJIOHHYIO JiepopMalnio Kak aedopMaliio, BO3HUKAIOLIYIO Ha
TIepeceueHry ABYX OCHOBHBIX MUHUM (T = Gpy U T = T/), KOTOpBIE paccMat-
PHBAIOTCA KaK KpaliHHE acHMITTOThI, orudaromue (GakTHYecKUe KpHUBbHIE
«HanpsxeHue—nedopmaius»y. [lpu Oonbliell BeTHYHHE 3TATOHHOH Ie-
topmalmy y, KpuBas «HanpspkeHne—/1eGopManns» OTKIOHSETCS BIIPABO.

BosBpamascs k (7.2), MOXKXHO ONpPEAETUTD, YTO ITAIIOHHAS JedopManys
BO3pACTaeT BMecTe ¢ 00XHMalouuM HanpspkeHneM. CreoBarenbHo, yBe-
IHYEHHE OOKUMAIOUIMX HANPSHKCHHH MPHUBOAUT K YBEJIWYCHHIO MOJYJIA
CIBUTa MpU JaHHOM ypoBHe nedopmauud (cM. puc. 7.5), 4ro roaTBep-
XKIA10T pe3yabTaThl MCMBITAHUH (CM. puc. 7.3).

AHaNu3upysl XapakTEPUCTHKU NeMIUpOBaHUs Ui riecka «Toyouray,
NoJTyueHHbIE B XOJ€ TeX XK€ UCTIbITaHu# (puc. 7.4), MBI YBHIUM, YTO KO3(-
dbunmeHT nemMndUpoBaHHs BO3PACTAET NMPH YMEHBIICHUH OOKHMAIOINX
HanpspKeHni. JT0T PakT MOXKET pacCMATpUBATHLCA KaK JIOTHUECKOE Ciel-
CTBHE, €CU TMPETONONKUTE, 9TO KO3QPUIIHEHT AeMiupoBatns CBA3aH C
oTHOLIeHHeM Moaynel G/ Gy 3aBUCHMOCTBIO (3.58).

7.1, MOJLYJIb JUOPMATIMK H KO YOOUTMEHT JIEMITOUPOBAHKA 1)
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Masioe Bonbumoe
06KUMAOULIME HANPAKCHHUS

—

Puc. 7.5. Bausaune 06XUMAIOIIHX HAMPHKEHHA HA STATIOHHYIO nehopMBLHIO

Pe3ynbTaThl MCIBITaHUA (CM. PHC. 7.1, 7.2) cBUAETENLCTBYIOT O HAIH-
YHH 3aBHCHMOCTH MEKIy OTHOIUCHIEM MOJyJeH CIBHTa G/Gy, koabdrusn-
eHToM nemiidupoBanus D U BENUIMHOH nedopMalyy casura, NpHHHMAS-
Mol B kauecTBe pabouero mapamerpa. Hcnone3yd nonquHHue XapaKTe-
PUCTUKU 14 KaxKAol BEJIMYHHBI amnnmygbl caBurosoit aehopMalKK,
Tarcyoka u HBacaku (Tatsuoka & Iwasaki, 1978) MOCTPOHNH lelK
(puic. 7.6), rae ko3(puUMeHT neMnbUpoBaHUs HAHECEH B 3aBHCHMOCTH OT
COOTHOLICHHS MoOnyJei nedopMalvy, KOTOpOe HaaNNChIBACTCA Hal Kaw-
JO0M TOYKOW JAHHBIX Kak pabounii mapamerp. Takue xe \l"”pad)HKH CTPON-
JMCH TIO Pe3y/IbTaTaM UCTILITAHMHA JPYTHX WCCIIC/I0BATENCH (puc. 7.7). Hes
CMOTpS Ha HEKOTOPbIH pa3bpoc 3HaueHH#, B OCHOBHOM K0P OHULUKEHT
aeMnbupoBaHus 006paTHO MPOTIOPLIHOHATICH omgmeﬂmo moAayAhel caBura.

Pe3ynbTaThi PUBEAEHHBIX BBILLE HCMIBITAHUH onuceiBaloT paboTy nec-
Ka nojJ BO3AEHCTBMEM LMKIHYECKOro HarpyxeHus B HeJpeHUPOBAHHBIX



154 3ABUCAMOCTD MOJYIIS CUBATI'A U KODOOULIMEHTA JIEMIIOUPOBALIUS

ycnosusx. Kokywo (Kokusho, 1980) nposoana Takxke cepun TpexocHbIx
IMKNHYECKHX UCTIBITAHHA B JPEHHPOBAHHBIX YCJIOBHAX. Pe3ynbTaTsl 3THX
MCIIBITAHHMH TIOKA3aIIM, YTO IPH BEAHYHHAX Aedopmanuii ot 107° 1o 5%107
ApPEHHUPOBAaHUE NMPAKTHYECKH HE BIMAET HA HAa MOAYJb, HH Ha XapaKTepH-
CTUKH nemnduposanus necka Toyoura. DTo BNONHE JOTMYHO, €CIH
BCHOMHHTB, YTO 3Q(EKT IMIATAHCHH HAYMHAET NPOSBIATHCH, KOTAA Je-
dopmanms npessimaer 5x107 (cM. puc. 3.1).
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Puc. 7.6. 3asucumocts ko3ddunmenta gemnduposanms
OT OTHOWICHUS MoayneH casura (Tatsuoka & Iwasaki, 1978)
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Puc. 7.7. 3aBucuMocTs ko3P duLreHTa 1eMIPUPOBAHHA
OT OTHOIIeHHs Moaynel casura (Tatsuoka & Iwasaki, 1978)
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7.1.2. Cestanete cpynmal

C camoro Hayaja MCCNEJOBaHHA MO BbIABICHHUIO 3aBHCUMOCTH Jic~
(hOpMALIMOHHBIX XaPAKTEPUCTHUK CBA3HLIX FPYHTOB OT Aedopmaliuu npo-
BOAWIM Ha oOpa3iax HeHapylleHHOHW CTpykTyphl. LLinpokomacuiTabubie
nabopaTopHsie UCHBITAHUSA, BBIMOJHEHHbIE B pPa3Hbix cTpaHax (Seed &
[driss, 1970, Kovacs et al. 1971, Hardin & Drnevich, 1972, a,b, Taylor
& Parton, 1973), noka3anu, 4T0 MOAYJIb MNIMH 3HAYHTENILHO YMEHBILACT~
CA TIPH YBEJIMYECHHH aMIUTUTYIbl AeopMaluy Nocje NMpeoAoeHHs 1o-
pora nedopManuH.

Angepcon u Pudapt (Anderson & Richart, 1976) takxe npoBoAHIH
KOMILJIEKCHbIC HCIIBITAHHS Ha o0pa3lax HATH BUAOB IUVIMH HEHapylleHHON
cTpykTypbl, oroOpanHbix B CIIIA. T'yiMHBI OTJIIMYAJIHCL MAJbiM YHCIOM
ninactuaHocTd (0T 20 1o 45), Beqn4MHA HEAPEHHPOBAHHOM MPOYHOCTH HA
CIBHT W3MeH:ach B Auana3oHne 70...85 klla u Tonbko y OJHOH rNUHBI CO-
craBnsna 15 kITa. Ha puc. 7.8 00001ieHb! pe3ynbTaThl HCObITAHKA C HC-
noib30BaHHEM Npubopa A pe30HAHCHOTO HCIIBITAHHUA KOJNOHH. ViHTepec-
HO, UTO MOJYJbL CIBWIa HAYMHAET YMEHBIIATHCS TOJIBKO MOC]E TOro, Kak
aMIIMTya nepopMaluK caBHra KocTHrHeT 5x107°, DTo He COOTRETCTBYET
[0BE/ICHAIO HECBA3HBIX IPYHTOB, T1€ MOIYJIb HAUHHAET YMEHBILATHCA NPH
nedopmanmn npumepHo 107 (em. puc. 7.1 u 7.3).

Anppeaccon (Andreasson 1979, 1981) Takke uccnenosan 3aBHCHMOCTh
MOZyJisl cBUra OT AeopMalHy Ha oOpa3liax MIACTUYHBIX [JIMH, 0ToOpaH-
HBIX Ha Tpex miom@aakax B paiione [otenOypra (IlIsenus). Uucno nna-
CTHYHOCTH TiMH M3MeH:mock oT 20 go 60. OOpasusl HeHapyuleHHOH
CTPYKTYpBl HCIBITHIBATIM B NabopaTopuyl ¢ HCNONB30BaHWEM mpubopa ans
PE30HAHCHOTO HMCHBITaHHA KOJIOHH. IIpOBOJMINCE TAaK)Ke IOJNEBhIE UCIbi=
TaHHA C WCIOJB30BAHHEM BHHTOBOIO INTaMna Ui ONpeJEiCHUs BEJIMYHH
Moy npu Gompuiux ypoBHAX Aepopmanun. Ha puc. 7.8 BuIHO, 4TO KpH-
Bas yMEHBILIEHNS MOayNs roreHOyprckod rmussl o ¢opme nogobHa rpa-
¢uxy, moctpoenHomy Anpepconom u Puuaprom (Anderson & Richart,
1976) Anst aMepUKaHCKUX TJIHH.
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Puc. 7.8. KpuBble yMEHBILEHUS MOAYJIS CABHIA U1 INTHH

Kokymo (Kokusho et al., 1982) npoBen cepuio TpeXOCHBIX HUKIHYE-
CKHUX MCTBITaHMH Ha ofOpa3nax MATKOH IVIMHBI HEHapYINEHHOH CTPYKTYPHI
13 aJUTIOBHANBHOTO OTiIOkKeHHsl B Teranyma (SIMOHUS) ¢ HCNONB30BaHHUEM
BBICOKOUYBCTBUTENBHOTO AATYHKA NepeMelleHHid. YHCIo MiaacTHYHOCTH
rJIMH H3MeHsnock B npegenax 40...100, a naxuocts — 100...170%. Ha-
YanbHbIE MOAYNH CABHIA NPU OUEHb MAJBIX YPOBHAX Ae(popMalHu cocTa-
Bunn 2500...7500 xITa. Ha puc. 7.9, a, Benu4uHb MOAYJIS CABUIa, TOJY-
YeHHBIE B Pe3YJIbTaTe HCIBITAHUM, MoKazaHbl Kak QyHxuus xedopManiun
capura. Ha puc. 7.9, 6 0000wWwa0TCcs BeTHYUHBI AEMIQUPOBAHUS, U3Me-
peHHble B Xone ucnbiTanni. Koabouument nemnduposanuns npu nedop-
Malli¥ pa3pylieHns COCTaBuI NpuMepHo 16%, 9T0 HAMHOTO MEHbIIE, 1EM
JUIsl IECYaHBIX TPYHTOB.

Kum u Horax (Kim & Novak, 1981) u Kokymo (Kokusho et al., 1982)
UCCTIEIOBANIY BIMAHUE 00KUMAIOIIHX HAaNpsHKeHUH TPH KOHCONHIaldN Ha
MOIyJb CIBUTIa, 3aBUCSINUI OT AedopMmauui. Pe3ynbTaThl HUKIMYECKHX
ucnbitanuii Kokxymo (Kokusho et al., 1982) npencrasaens: va puc. 7.10, a.
OTtHoureHUe MOyJIel CABUTA AJI% YETHIPEX Pa3IHYHBIX FPYHTOB C ITPUMeEp-
HO OJMHAKOBBIM YMCIIOM TUIACTHYHOCTH [OKa3aHo Ha rpaduke B 3aBHCH-
MOCTH OT aMIUIMTYJbl CABMroBoi nedopmanuu. M3 pucyHKa BUIHO, 4TO
o0xuMatoIKe HarpspKeHUs (OHH H3MEHSINCH oT 45 1o 500 klla) mpakTds
YECKH HE BIUSIOT HA 1€(POPMHPYEMOCTD CBSI3HBIX TPYHTOB HEHapYILICHHOR
CTPYKTYPBI C YHCIOM TuiactudHocTH 35...55. CornacHo puc. 7.10, 6, rae
nokazaH Ko3(Q¢pUIUeHT AeMn(pUpOBaHUs, NOTYyYECHHBIA B X0O4€ TEX )K€ HC-
NBITAHUH, BIMSHME 00XKHMAaIOLUIMX HANPSDKEHUH Ha JeMndupoBaHUeE, 3aBU~
calee 0T Aedopmalmuy, npeHedpeRUuMo Mao.
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Puc. 7.9. 3aBMCHMOCTb MOIYJIs CIBUIA OT nepopmaru cnabblx rIHH
u3 Teranyma (Kokusho et al., 1982)

Kum u Hosak (Kim & Novak, 1981) TaKKe U3ydanu BAUAHHC 00%H-
matoumx Hanpsxennii (puc. 7.11). Koadduipent uenfnttmposaﬂun J.'Ul:
ceMu OOpa3iioB €CTECTBEHHOro rpyHTa HEeHapyIIeHHOH c*rpymypusnp-
majioit aedopMariin 2%10~° Harocnm Ha rpadyK B COOTHOIIEHHH C O )xu"
MAIOLIMMU HanpshKeHusAMH. 13 puc. 7.11 BUAHO, 4TO AeMIIPHPOBAHHE nape-
pebopMali Maoi aMILTUTYAbl MOCTENCHHO yMEHBILIAETCs N0 MEpe Yy
NTHueHHA 00KMMAIOIIMX HANpAKeHHH.
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Puc. 7.10. Biusanue 06KMMAIOIUX HANPSHKEHHI HA MOIYJTb C/IBUTA,

3aBHCALLME OT Aegopmauuy, As cBs3HbIX rpyntos (Kokusho et al., 1982)
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Puc. 7.11. 3aBucumocTsb eMiiHpoBaHHUs TIIHH IPH MaibiX AedopMaLUaX
oT 3(beKTHBHEIX oOxkuMaromyx Hanpskenn# (Kim & Novak, 1981)

Kokymwo (Kokusho et al., 1982) uccnenoran Taxxke BIHIHHUE HCTOPHU
KOHCONTHAAIMM (HOPMAaIbHOE YIUTOTHEHUE, NMEPEYIIOTHEHHE WK AOJrO-
BPEMeHHOE TPHIIOKEHHE YTUIOTHSIONIEro JaBleHHs) Ha ofpa3uax ecrecT-
BEHHbIX [IMH HEHAPYIIEHHOH CTPYKTYphl C YHCIOM MJIACTHYHOCTH [, =
=40...60. O6061eHHbIE AaHHBIE UCTIHITAHUI (pUc. 7.12) MOKa3kIBAKOT, YTO
HCTOpHS KOHCONMIALMK TPYHTA HE OKa3blBACT 3aMETHOIO BIHSHHA HA H3-
MEHEHHE MOMyJsA caBura v aemndupoanus (OyAp TO HOPMaJbHO YIJIOT-
HEHHBIE, MepeyTUIOTHEHHbBIE WIIH TPYHTBI, IOJBEPraBUIHECS AOJIOBpEMEH=
HOMY BO3ZEHCTBHIO O0KMMAIOIIETO AABJICHUS IIOCNIE OKOHYAHUA MEPBUY-
Holl koHconupauuH). [ToaToMy MOxysb cOBUra H K0d(phHUHEHT AeMNH=
POBaHHUS TaKHUX I'PYHTOB OyIyT YMEHBIIATHCS HIIM YBEIHIUBATLCA B TOR Xe
1IPONIOPLINY B IIHPOKOM AHana3oHe AehopMaluii caBUra.

Mcxoas U3 3T0r0 MOXHO HPE/UIOXHUTH TPOCTON METO/ OLEHKH 3aBUCH=
MOCTH MOZyJIs C/IBHTA ITIHHBI OT AehopMalliy B MOJEBLIX YCIoBHAX. Ecu
B MOJIe MOJYJIb CIBUIa ONPENeseH MO CKOPOCTH CIBHIOBOW BOJIHBI, & KPH=
Ban YMEHBIIEHUs MONYJs NMOCTpOeHa 1o pe3ysibTaTam JIabopaTOpPHBIX HC-
NblTaHUi 00pa3suoB HEHAPYIIEHHOM CTPYKTYpPBl, TO 3Ta KPHUBas MOXET
6bIT KCMOJIB30BAaHA KaK 3aBUCHMOCTH MOJIEBOTO MOAYJIA CIOBHra OT Je-
tdopmauuu. OTMETHM, YTO TIOIYUHTH KPUBBIE 3aBUCUMOCTH MOAYJIA OT Ae-
(opMalMH HEMOCPEICTBEHHO MO JAaHHBIM MOJNEBBIX HCNBITAHHA O4YeHb
TPYAHO.



160 SABHCUMOCTE MOJIYJISLCIIBHIA U KODOOUIHEHTA JIEMITOHPOBATN S
a4 1.0 pzm

T T T
= TN <
O 0.8 \:} .Hopmanbho ynnornen- |
V) HBIE [VIHHbI
< ‘% Tlepeynnothennsie
E - riuEel - OCR=5-15 7
=4 .HopmanbHo ynnotuen-
,; 0.6 % "HBIE [JIMHBL IOCTIE JOT-
o TOBPEMEHHON KOHCOJIN-
> - mauau (10* Mun) B
é{
2 0.4} .
= Inunbt venapymennoii
=] B CTPYKTYpEI N
S
& (40<1p <60)
§ o2l e -
0 ! L I il !
10°8 107 1073 102 107 1.0
6 [ T T T T T ]
B I'nunb Henapyurennoi CTPYKTYPHI S
015k (40 <1p <60) A
Q ! 4
=
§ i . Hopmansno ynnornen- T
3 i HBIE INIHHbI 1
2 - : llepeynnorHennsie
= 0.10k rmaael - OCR=5-15 __
o Ve -
= . Hopmanbho ynotnen
5 [ " HEIC [IMHBE MOCHE 4071 1
=4 - TOBPEMEHHOH KOHCOIH- b
£ L nauun (10* mu) 4
o) | 4
g 0.05F -
= [ 4
k=)
g | .
< - p
I ] I j ]
1078 107 1074 1073 102 107
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Puc. 7.12. Bnusinue ucropun KOHCOJIMAALMH Ha MOJYJIb, 3aBUCAIIHI
oT fieopmanyy, 1 ko3 puuHenT Aemngpuporanus (Kokusho et al., 1982)

7.1.3. Bocemanosnennvie obpasyer pasenucmoix epynmos

Hnst oleHkH neopMarinii neckos ¢ CONCPXAHUEM IDABHA HCIIO/b3Y~

HOTCSL T€ ke MPHOOPbI U METOAMKH NPOBENEHHS HCHEBITAaHWHA, YTO W AR
THCTBIX MECKOB, HO CO 3HAYHTENILHO GOJBIIMMU pasMepaMu o6pasua. Onxa

U3 HEPBEIX MONBITOK NPOBEEHHS MOAOGHBIX HCCIENOBaHMIT GbiLia npeas

7.0 MOAY I JIOOPMALIHA Y KO DOOUUWLEINTT JIEMITOUPOBANNS 1o}

upunsita Cryaepom (Studer et al., 1980) npu wsyqen’rm mlomau?m noj
CIPOUTENLCTBO KaMHEHAOPOCHOH NNOTHHBI M aTOMHOH 'meKTpocwm‘mu.
tla puc. 6.12 nokasaHbl KpHBbIE FPaHyJOMETPUYECKOro cocTasa ApobiieHo-
I'0 W3BECTHSAKA U aJIIOBHANILHOTO IpaBus, Ha 00pasLax KOTOPLIX NPOBOMLH-
JIMCh TPEXOCHBIE LIUKIMYECKHE UCbITaHuA. OOpasibl YIIOTHAIM B hopMe
JwmameTpoM 15 cm u BeicoToit 30 cM. IlonyyenHsle B Xo4€ UCNbITaHUH Be-
JIMYKHBI OTHOILCHHS Moayied casura W kodddunueHta gemMnduposatna
HaHeceHsl Ha TpaduK B 3aBHCUMOCTH OT aMIUIMTyAbl  aedopmauuni
(puc. 7.13). Kax BuaHO U3 pUCYHKa, yMEHBILIEHHE MOﬂyJ'lﬂ—l:leﬁﬂﬂ H OKpyr-
JOro rpaBUs BO3HHMKaeT NpH ypoBHe aedopmauun 5x107, uTo MeHbLue,
qeM A1 9dHCThIX neckoB. Koad¢ummenT aemMnupoBaHus HAYMHAET yBO-
JIMUMBATHCS TIPUMEPHO TPH TOM XKe ypOBHe AedOpMaLMH.
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Puc. 7.13. Moaynb caura, 3aBucsiumii ot qedhopmayu,
U1 KPYNHO3ePHUCTRIX rpyHTOB (Kokusho, 1980)



162 JABUCHMOCTL MOJIYIIS CIIBUEA H KODDOUIMENTA JIEMHOUPOBANUS

Koxkywo (Kokusho, 1980) nposoaun nono6ublie CEPUM UCTBLITAHUI Ha
obpasuax APOGAEHBIX CKalbHBIX MOPOA, KPUBbIE rPaHyJIOMETPHYECKOTO
COCTaBa KOTOPRIX NPUBEACHBI Ha pHUC. 6.12. PesynsTarel 3TMX HCTBITAHMH
(cM. puc. 7.13) oTpaskaroT TEHICHIHUIO K CHHKEHHIO MOJ1yJIsl CABHTA U BO3-
pacTaHuo ko3 duunenTa NeMnbpupoBaHHUs MPH YBETHYEHUH nepopmauuu
CABUra, YTO MOATBEPXACHO HccnenoBanuamu Crynepa (Studer et al.,
1980). Tanaka (Tanaka et al., 1987) m3yuan BausHuE 0GKUMAIONMX Ha-
TMPSDKEHHMH HA MOZY/b M Ha JeMNHpoBaHHE Ha 06pasIaX K3 MaTepuala ¢
25- n 50%-nbIM conepxanueM rpasus. Kpusas TPaHyJIOMETPHYECKOTO €O~
CTaBa JIaHHOrO Marepralia npuBeleHa Ha puc. 6.13. Pe3ynapTarsl HcmbITa-
HUM (puC. 7.14) yKa3pIBalOT Ha BBICOKYIO CTEIEHb HEJMHEHHOCTH oBee-
HHS MAaTEPHANOB C GOJIee HU3KUM 00XKaTHEM. DTO TIOATBEPKIACTCS SBHBIM
YMCHBIUICHHEM MOJYJIS M BO3pacTaHueM Koddduuuenta neMndupoBaHHs
NPpH YMEHBINEHNH 00KUMAIOIINX HATIPSKEHHIA.
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Puc. 7.14. Bnusnue oGXuMaonmx HanpspkeHHH Ha MO).'%J‘IL CABHUTa

4 K03(QhHIHeHT 1eMII)HPOBAHHUS B 3aBHCHMOCTH OT 1€ opMalui
BOCCT2HOBJICHHBIX 00pa3LioB rpasenuctoro rpynta (Tanaka et al., 1987)
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7.1.4. O6pasysl epaseaucmolx cpynmos HEHapyueniou cmpykmypt

B pa3a. 6.3 uU3n0kKeHb! pe3y/bTaThl UIMPOKOMACIUTaGHOIO HCCIICAOBA-
HIWs, BKIIOYABLIEro oT6Op 0Bpa3lOB Mecka ¢ rpaBUeM HeHapyuleHHOH
CIPYKTYpBl METOOM 3aMOPaXHBAaHHS W MX 51a00paTOpHbIC HCIBITAHHA,
()CHOBHOE TOCTH)KEHHE 3TOr0 HCCJIEIOBaHUA — MOJYYEHHE JAHHbIX 10 He«
JIMHEHHBIM  1e(OPMAIMOHHBIM XapaKTEPMCTHKAM MaTepHanoB HeHapy-
HICHHOHN CTPYKTYpbl, OTOOPAaHHBIX M3 IPAaBENMCTBIX FPYHTOB. B 3TOM %6
pasjiesie OITMCAHEI TUIOMAAKH Ul 0T6Opa 06pa3loB ¥ METOAMKH WX s1abo-
patopHoro ucnbeTanus. Ha puc. 7.15 mokaszaHbl pe3yJbTaTbl MCTILITAHUH
06pasLioB HEHApYHWIEHHOH CTPYKTYpbl. Momyne caBura U Ko3(pQGUUMEHT
JleMn(pUpOBaHNs rPyHTa ¢ MUIomanku K HaneceHsl Ha rpaduK B 3aBHCHMO-
CTH OT aMILIUTY 6l AedopMmanuu casura. OnuH U3 06pasuoB ¢ HayalbHbIM
moxysieM caeura G, = 458 MIla nokasaH JUis IEMOHCTPaLHH HENMHEHHOro
1IOBEIEHMs HAYMHASA C OYEHb MAJOH BENTMYMHBI aMIUTMTY.bl AeHOpMaunn
capura (5x107%) u zakanumBas cexymum Moxylem G, COCTaBAAIOWMM
auib 20% OT BEIMUYMHBLI HAYaJIbHOTO MOJYJIS IIPH YBEJIHYEHUH aMIUIHTY=-
sbl g0 107, 3HauuTensHOE YMEHBIICHHE BEIMYMHBI MOy Habmonaercs
[IPM HCTBITAHAN Jpyroro o0pasua, ¢ Ha4albHBIM MojyJeM casura Gy =
= 288 MITa. Kospduiment nemndupoBaHus TeX e 00pa3lLoB rpaBus He-
HAapyLIEHHOH CTPYKTYpHl (cM. pHcC. 7.15,6) Takke pe3KO BO3pacTaeT NpH
yBeJIMYCHHH aMIUIUTY (bl AeOpMalliy C/IBUTA.

3aTeM W3 3TUX ABYX 00pa3loB C yXe HapylIEHHOH CTPYKTypoit BOCCTa-
HABJIMBATHCH HOBbIE 00Pasibl rPaBHs ¢ MPEXHUM KOIPDHLHUEHTOM NOPHC=
toctu. Ha prc. 7.15 mokasaHs! MOAyNb c/BHra U Ko3(hGHUUHEHT aeMnH-
pOBaHHUs, TIOTYIEHHBIE B XOAE€ TPEXOCHBIX UMKITHIECKHX HCTIBITAHHHA noq-
CTaHOBJICHHEIX 00pasioB. [Ipexie BCEro OTMETHM, YTO CaM Haqmsm
MOZy/lb 3HAYMTENBHO YMEHbIIaeTcsa — Ao 1/3...1/2 ot BenuYMH, NOMy4ON=
HBIX TpPM MCIBHITAaHAH 0Gpa3sLOB HEHapyWeHHOH CTpykTypsl. IIpH 3TOM
yMeHbIIIeHHe MOTynst Gonee 3aMeTHO Ha o6pa3iiax HeHapyLIeHHOA CTPYR-
Typbl, Y4€M Ha BOCCTAHOBJIECHHBIX, B OCOOEHHOCTH B CPEAHEM IHAMA3OHe
aedopmanmu — oxosio 107 (cm. puc. 7.15). Pasnuune Mexay o6pasuaMu
HEHApYIICHHOM ¥ BOCCTAHOBICHHOH CTPYKTYphl G0Jiee 4eTKO NPOSB/IACTCR
B XxapakTepuctukax nemuduposanus (cM. puc. 7.15,6). Koadduuuent
AeMTQHUPOBaHUs MAaTEPHATIOB HEHAPYIICHHOH CTPYKTYphl Gonee ueM B 1B&
pasa Bhille, YeM y BOCCTAHOBJIEHHBIX 00pasioB, B 0COGEHHOCTH APKO 3TO
BLIPaXKEHO B AMarna3oHe MAILIX Aedopmanuii casura.
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Pyc. 7.15. CpaBHenue monyneit ciBHra B 3aBHCHMOCTH OT aedopMariun
AV IPABEMCTBIX IPYHTOB HEHAPYILEHHOH CTPYKTYPBI M BOCCTAHOBIEHHBIX obpasuos

7.2. OuenKa CBOIHCTB rPyHTa B NOJI€BLIX OT/I0KCHHAX

7.2.1. 3asucumocms Modyas cdsuza u Ko3@puyuenma demnpuposarus
om degopmayuu y 06pasyos c HEHAPYUERHOT CIpYKmypoii

OGBIYHO 0YEHB CIOXHO IPOBOIHMTH HONEBEIE HCIBITAHUSA, B KOTOPBIX K
MacCHBy IPYHTa NPUKIAALIBAIOTCA PAaBHOMEpHEIE Goblime AedopMaLmy.
B monoGHEIX ciyyasx MOXHO HMCIIOZB30BaTh MITAMIOBHIE I NpeccHo-

7.2, OLEHKA CBORCTB TRYHTA B8 HOJEBBIX OTAOKEHHUAX L)

MCTPHUYCCKME WCHBITAHKS, OAHAKO OnpejienieHue BeqHuuHbl aedopmannh
C/IBMIA 3aTPY/HEHO M3-3a MX HEOAHOPOAHOCTH B HemocpeacTBeHHON 6iiu-
0CTH OT HCTOYHHKA Harpy3ok. MccnenoBanusg no onpeneneHyio 3aBUCH-
MOCTY MOIyNs caABHMra M KoddduuueHta nemndupoBatus ot aehopMaunu
JUIS FPYHTOB B MOJEBBIX YCIOBHUAX MOKA3alld, YTO MPEANOUYTHTE/NLHO MpPo-
BeleHHe NabopaTOPHBIX UCMBITAHMH BHICOKOKAYECTBEHHBIX 00pa3uos He-
HApYIIEHHON CTPYKTYpPBhl, KOTOPBIE PACLIEHUBAIOTCH KaK COOTBETCTBYIOLLIUE
COCTOSIHHIO MPYHTA HEHAPYIIEHHOH CTPYKTYPH! B MOJIEBLIX YCIOBUAX,

OaHaKo SKOHOMHYHBIX METOLOB OTOOpa BHICOKOKAYEeCTBEHHLIX 06pa3«
110B HEHAPYLIEHHOH CTPYKTYphI He cyuiecTByeT. IloaToMy ualle Bcero Ha
OCHOBAHWM Pa3UYHbIX BHIOB J1a00paTOPHBIX UCTIBITAHMH 00pa3lion nepe-
MATOH U BOCCTAHOBIEHHON CTPYKTYpPHl CTPOST KPHUBEIE YMEHBLIUEHHR MO-
JIyNis B 3aBHCHMOCTH OT dedopMmanyu. BosHHKaeT BOMPOC, OTPaXaeT NH
1I0CTPOCHHAs TAKMM 00pa3oM KpuBas JSHCTBUTENBHOE [TOBEACHHE MPYHTA B
110JIEBLIX YCJIOBHSIX.

YTtoObl OTBETUTH HA 3TOT BOMPOC, YUCHBIE NPOBOAUIN CEPUH LUUKITHYE=
CKMX MCTBITaHUM Ha o0pasuax OJHOrO W TOTO JK€ IPYHTa OXMHaKOBOM
IJTOTHOCTH, WMEIOIIMX HApYIISHHYI0 W HEHapyLIeHHYK CTpykTypy. Ha
puc. 7.16 roka3aH OfUH U3 pe3ysbTaToB NoRoOHbIX HcnbiTaHuH (Katayama
ct al., 1986). B nanHoM ciiygae o6pa3usl HEHAPYLIEHHOM CTPYKTYphl OTOH-
panu METOAOM 3aMOPaXKMBaHHS W3 IUIOTHOTO CJIOA NECKa, 3aJ1eralollero Ha
rny6bune 5...9 M u umeroero N=50 mns SPT-ucnsiTaHuit # CKOPOCTH Pac-
npocTpaHeHus: caBUrosoit BonHel — 260 M/c. CpenHuit THaMeTp HacTHL
necka coctasian Dsy = 0,43, a koadduuuent ogaopoanoctn U, = 1,9, Us
3aMOpOXEHHBIX MOHOJIUTOB BBIpE3ad 00pasisl B (popMe MoibiX UKAKKIAs
poB BbicoTo# 10 ¢M, BHYTPEeHHHM H BHeIIHUM AuamerpoM 10 u 6 cM coor=
seTcTBeHHO. [Tocae oTTauBaHus oOpa3ubl MOABEPranad BO3AeHCTBHIO HK=
JMYECKHX KacaTeJIbHBIX HAaNpsH)KEHWH KpydeHHs. B KauecTBe albTePHATHD-
HOro BapuaHTa 00pa3lpl HapyLIEHHOH CTPYKTYpHl BOCCTaHABAUBAJIM AO
NepBOHAYATEHOrO Ko3(pHLIHEHTa NOPUCTOCTH, 4 3aTEM NOABEPragd BO3=
JEHCTBHIO IUKIMYECKUX KacaTEJIbHBIX HAIPHKCHUN KPyUeHUS B HOAPOHU=
POBAHHBIX YCIOBHAX.

CornacHo moitydeHHbIM pe3ynbTaraM (cM. puc. 7.16), Moayab CABUIA
06pa3loB HEHAPYUICHHOH CTPYKTYPHI MPU MATBIX AedopMaUHaX MpPpakTH=
YeCcKH B ABa pas3a GoJblle, 4eM BOCCTAHOBJIEHHBIX 00pa3uoB. OZHAKO 3T0
pasnuuHe yMEHbIIAETCS ¢ YBeTHYEeHHEM aMILIUTYabl HUKIH4eckolt aedop-
MalMHi capura. BenuduHbl MOAyns caBUra oOpasuoB IUVIOTHOTO MECKA Has
pYLIEHHOH U HEeHapyLIEHHON CTPYKTYphI MpH 110607 aedhopMaLuu, HOPMas
JIM30BaHHOrO MO OTHOLICHHIO K BEJHUKHE MoAyns npu Maitof gedhopMa-
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LMH, NokasaHbl Ha pUC. 7.17. U3 pucyHka BUAHO, 4TO yMeHbLIEHHE MOAY.IS
00pa3llOB HEHAPYIIEHHOH CTPYKTYpbI (110 CPaBHEHHIO ¢ obpasuamu Boc-
CTaHOBJEHHOH CTPYKTYpPhI) Gosiee YETKO NposBiISETCA npH CpeaHux ne-
tbopmarmsx.
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Puc. 7.16. CparHenue moayneii ciBira B 3aBUCUMOCTH
OT nedopMaltiy [ 06pasLoB MIOTHOTO MecKa
HapyLICHHOH M HEHAPYIIEHHON CTPYKTYpPhI
(Katayama et al., 1986)
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Puc. 7.17. Bausnve HapyIeHHs CTPYKTYpsl 00pa3ia Ha MOayJb
c/ABHra B 3aBucumMoctH ot aedopmaruu (Katayama et al., 1986)

Uro kacaetcs kK03(hGUIMEHTOB AeMIIQHPOBAHHS, MOTYYEHHBIX MO AaH-
HbIM TEX JK€ MCIIBITAaHMH (CM. puc. 7.16, 6), TO 31eCh CYLUIECTBEHHOIO pa3-
Juuns i oOpa3loB Necka HApYIIEHHOH W HEHApYLIEHHOH CTPYKTYpPh! He
Habmoaaercs.

Ha puc. 7.18 npuBoauTcs Apyroii npuMep UCHbITAaHUA 00pa3LoB NMECKa
¢ rpaBueM. XataHaka (Hatanaka et al., 1988) ucnions3oBan o6pa3ibl FpyHTa
JuameTpoM 30 cM, OTOOpaHHBIE METOAOM 3aMOpPAXKMBAHHUA U3 CJIOA MJIOT=
HOro Mecka ¢ rpaBUeM, 3aleraroiero Ha raoyoéude 20 M Ha nioLanKke, pacs
NONOKEHHOH HeNaleKko OT XKene3HoAopoxHoH ctaHuuu Tokuo. O6pasubl
BOCCTAHOBJICHHOHM M HEHapYIIEHHOH CTPYKTYpHl, HMetomue auamerp 30 cM
M OIMHAKOBYIO ILTOTHOCTb, HCCIIEIOBAIIH C IOMOIBIO TPEXOCHOro mpubopa
UMKIHYECKOTO CXKaTHA. Pe3ynbTaThl WCHBITAHUS HOKa3ald, YTO MPH HAe-
dopmaumsax, npepsimnaomux 10, BenMUMHB MOmyns casura oGpasiioB
HapyUIeHHON ¥ HEHAapyLICHHOM CTPYKTYphl ITPAKTHUYECKH COBIAJAIT
(cM. puc. 7.18,a). Koapdunmedt nemMndupoBaHus NMPaKTUYECKH HE 38BH=
CMT HH OT OOXHMAIOmMMX HANpsHKeHWH, HU OT CTPYKTypnl oOpasua
(cm. puc. 7.18,6).
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Puc. 7.18. Biusnue HapyLIEHUS cT

PYKTYpBI 06pa3sua us3 necka ¢ rpaBHeM

H
4 MOIyJIb CABHIA B 3aBHCHMOCTH OT Aepopmannn (Hatanaka et al, 1988)

7.2.2. Memoo onpedenenus de
6 NONEBbIX YCN08UsIX

B npensirymux pasnenax
TIpu Mano gedopmaunu Gy,

HO oTiIM4aercs ot BECIIMYHHBI GOL:

dopmayuonnix Xapaxmepucmuk 2pynma

O0TMEYaoch, 4ro BEJIMYHHA MOAYJISl COBME k
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TARKAX  BOCCTAHORJICHHBIX 00pa3os 1 juke obpasnos nesapyineHnoh
crpykTyphl. TO ke camoe MOXKHO CKa3zaTh U 0 3ABUCUMOCTH MOJLYJIf C/BUIA
o1 edopmaiinu B Auanaszone cpeaHux v 6onbiunx aedopmatini. C yuerom
WHIOKEHHOTO chOPMYNIHpYeM NPOLENypY BbIYMCICHUS Mojyiel c/ipura B
110JIEBBIX YCA0BUAX B 60onbluIOM AMana3one nedopmaunii casura:

|. MMepBblii war — U3MEpeHHE CKOPOCTH PACIPOCTPAHEHUA C/ABUIOROH
BOJIHBL B TONEBLIX YCJIOBUSAX C MOMOLLBIO CEACMHYECKOrO KapoTaxa WM
MCXKCKBOKHHHOIO MPOCBeYMBaHUA. MicXoas U3 ckopocTH pacnpocTpaHeHua
C/IBUTOBOMH BOJIHBI MOXHO MOJIYYHTh BEJIMUMHY MOAYNA CABUIa rpU Maloft
amnantyae aedopmailie B NoneBbIX yernoBuax Gop.

2. XKenarenbHo Taxke MPOBECTH CEPUIO Na0OpaTOPHBIX WCNbITAHHUHA,
BKJTIOYAIONIMX TPEXOCHBIC LIMKIMUYECKUE UCTIBITAHNS U LUK/INYECKHE KCMbl=
TAHUA HA KPYYEHHUE, a TAKKE PE30HAHCHBIC HCNBITAHUA KONOHH Ha obpas-
11aX HEHAPYIIEHHOM CTPYKTYpHI, OTOOPaHHBLIX HAa MUCCIEAYEMOH naoLaxe,
B pesynbrare mogyurM 3aBUCHMOCTh OTHOIUECHUs Monyneit casura Gi/Go,
ot aedopmaimu capura. Eciu HEBO3MOXKHO COXpaHHTb oOpasel, HeHapy-
INEHHOH CTPYKTYPHI, TO B HCHBITAHHAX N0 OLEHKE 3aBUCHMOCTH OTHOLIC-
s Momyieit oT nAedopMani MOXHO HCIIOJIB30BaTb BOCCTAHOB/ICHHLI®
00pasusl TOH ke IIOTHOCTH. [IpH OTCYTCTBMM BO3MOXKHOCTH MPOBEACHHA
1abopaTOPHBIX HCMBITAHUH MOXKHO HCITONb30BaTh COOTHOLIEHHS, NPHBE-
JICHHBIE B JINTEpATypeE.

3. Kak ye ToBOpPWJIOCH, TOYHOCTBb, C KOTOPOHl JaHHOE COOTHOLUCHHE
OTpaXkaeT peabHOE COCTOSHUE TPYHTOB HEHAPYILEHHOH CTPYKTYph! B MO-
JIEBbIX YCIIOBHAX, B OONBIION MEpE ONpeNenseTCsl CTENEHbIO HapyLICHUR
CTPYKTYPBI UCHBITYeMbIX 00pa3uoB. B o0mux ueprax OUEHHUTH BIHAHKE
HapYWIEHUS CTPYKTYpsl 00pasia MOXHO, CDABHHB KPHBbi€ YMEHbUIGHHR
MOy BOCCTAHOBJICHHBIX ¥ BBICOKOKAYECTBEHHBIX 00pa3LOB HEHAPYLLeH.
HO# CTPYKTYDBE, OTOOPaHHBIX C MCIOAb30BAHHEM METOAA 3aMOpaXHBaHUA
rpydTta. Ha puc. 7.17 u 7.18 npencraBneHs! AaHHBIE 10JJ0GHOTO CPABHEHHA
JU1 neckoB W rpasusi. Ha OCHOBaHHY 3TUX U APYTHX NAHHBIX BbIYUC/ISETCH
38BUCHMMOCTDb MEXIY OTHOUIEHHEM MOAyJiel casura B nojeBblx (G7/Gor) H
naboparopubix (G /Ggr) ycnosusax. Jra 3aBUCHMOCTL HAHOCHTCA Ha T'pa-

¢uk (puc. 7.19) B cooTHOweHNHU ¢ Aedopmanmeit caBura (34€Ch XKe MoKa-
3AaHbI AMATIA30H BapUaIK U CPeIHsA KpuBasi). CpenHsas KpUBas COOTBETCT«
syer nuHun D Ha puc. 7.20. [laHHOE OTHOILICHUE MOXKHO Ha3BaTb Monpa-
80unbiM K03 puyuenmom C,, KOTOPHII ONpeNenseTcs kKaK

| _ G /Gy (13)
i g GL /GOL

CreneHb HapylweHHs CTPYKTYpPb! BOCCTaHOBJEHHBIX 0Gpa3lioB O4YeHb
. spicoka, Cuuraetca, 4ro npH or6ope o6pa3lioB C MOMOILBIO 'PYHTOHOCA!
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OHa MeHbLue. [ToyToMy Hexons H3 Meroga MHTEPAOJIAUMK MOXHO NpeaIo-
KnTb KpHBYI0 C (cM. puc. 7.20), OTpaxarollyto 3aBUCHMOCTb MEXY CO-
CTOSHMEM IPyHTA B MONIEBLIX YCNOBUAX H 06pasLaM, OTOGPaHHbIMY rpyH-
TOHOCOM. ITockonBKy CTpYKTYpa rpyHTa ropasno MeHbiie HapyiuaeTcs npu
0T60pe MOHONHTOB IPyHTa, KpHBasi B Ha puc. 7.20 npeacraBnsier coGoi
Hauboiiee ONH3KYIO KOPpEILHio MEXy TOJICBBIMH H 1a60paTOpHBIMU
UCTIBITAHUAMH.
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OTHOUIEHME MO Nt CBHIA T8 BOCCTAHOBIEHHOTO obpasua Gi/Go,

Puc. 7.19. Binsinue Hapymenus CTPYKTYphI 06pa3ia Ha MOLyNb C/IBUTA
B 3aBHCHUMOCTH OT eopmanuu
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Puc. 7.20. Crenens napymenns CTPYKTYpBI 00pasia
TIpH MCTIONB30BAHMH Pa3HBIX METOOB 0TGOpA IPyHTa,
BIMAIOLINX Ha MOAYIIb CABHIa, 3aBHCALIMIA OT AedopMaiuu

7.3 QAKTOPRHI, IMIUAIONIHL HA YMEHBINEHAL MOJIYIIN - I77I

4, llocjeHUH mar  HocTpOCHHUE KPHBOU JUBUCHMOCTH MOLYJIN OT Jig-
(popMatun B 110JEBLIX YCH0BHAX. s 7TOro HCOGXOANMO ONPEACNTh OT-
noteHue G/Gop K Y, Ha OCHOBE AaHHbIX M3 JINTEPATYPHBIX UCTOUMHHKOB
WM N0 pe3yibTaTaM JabopaToOpHbIX UCTIbITAHUA. B 3aBUCMMOCTH OT Kaue-
CBA JaHHBIX, KOTOPOE MOXHO OMpPEAeNUTb UCX0IA M3 metoaa orfopa
I'PYHTa, 1]l KOPPEKTHPOBKH MOXHO MPHHATH OAHY W3 UYETHIPEX KPHBbLIX
(cM. puc. 7.20). dns yuera HapyLIEHHs CTPYKTYpbl 00pa3ua MOXHO YMHO-
wntb G1/Gor, npu 1060I fedopMauy Ha nonpaBoyHblit koddduuuent C,,
COOTBETCTBYIOLIMEI 3TOMY YpoBHIO Aedopmauun. Takum obGpasoMm ofnpeae-
JINCTCS OTHOILIEHHE MOJYJIsl CIIBUTA B MOJEBbIX yCI0BUAX G/ Gy 3HaR yKe
12 nepBoM mare BenuuHHY Gor, MOYKHO OLEHHTH MOJYJb CABMra B NOJje-
BLIX YCIOBHAX Kak YHKUHIO NedopMaLivy cABHra.

OTMeTHM, YTO HapyUIEHHe CTPYKTYpbl 00pa3LioB He OKa3blBAET 3HAYM-
TCJILHOTO BJIHSHHA Ha XapaKTEPHCTMKH AeMI(pUPOBAaHHA, NMOITOMY ANA
QHanM3a MOTYT HCIOJIB30BATHCS BEIUUMHEI, ONPEAETICHHBIE B XOA€ HCIbl-

TaHW TOOBIX 00pa3LoB.

7.3. @akropsl, BIUKIONINE HA YMEeHbIICHAE MOIY S
H XapaKTepUCTHKHU AeMIIPpHPOBaAHNS

W3BecTHO, 4TO aMILTHTY/A HHMKINYeckor nedopManuu casura, npyu Ko-
T0pOi HAYMHAETCS 3aMETHOE YMEHBIICHHE JKECTKOCTH, 3aBUCHUT OT dddex-
TUBHBIX O0XHMMAIOIIMX HAaNpPSXKEHUH W KOJIMYECTBA LMKIOB HarpymeHus,
Kak BunHo Ha puc. 7.3 u 7.4, oTHomeHue MoaysieH caura G/Gy u koadh-
(uuueHt nemndupoBaHus D HAUMHAIOT U3MCHATLCA NpH 6onree HUIKOM
ypOBHE COBHIOBOH Nedopmainuu, ecinu 3¢dexTuBHOE 00XHUMaIOLEe Ha-
npsxkenne mMano. O6BIYHO yMEHBbILEHHE MOXY/s HauuHaercs npH Gonee
HHU3KOM YPOBHE CIIBUTOBO# AehOpMalvH, KOTZa YBEIHYHUBAETCA KONHYECT=
BO UMKJIOB HarpyxeHus. OQHako 5TH GaKTOphbl He SABJIAKOTCH MOCTOAHHBIM
CBOICTBOM TPYHTA, @ XapaKTEpPH3YIOT €r0 COCTOSTHHE.

C nmpyroii CTOpPOHBI, U3 CpaBHEHMS KPHMBOH YMEHBIUEHHS XECTKOCTH
(cM. puc. 7.1) ¢ kpuBbIMH Ha puc. 7.2 unu 7.10 BUAHO, YTO Y NMECKOB MO«
Ay/lb HAYMHAET YMEHBIIATHCS NPH MEHbLIEM YPOBHE nedopManiny cABHra,
vem y rivH. KpoMe TOro, H3BECTHO, 4TO A2XE€ Yy CBA3HBIX FPyHTOB AHUANA-
“30H AedopMarmii CIBHra, IPH KOTOPHIX MPOUCXOAUT YMEHbILEHHE MOAYIIN,
AOCTAaTOMHO IUMPOK. DTy mnpobnemy wuccnenosamn Bywernk u lo6pu
(Vucetic & Dobry, 1991; Vucetic, 1992), koTopble OTMETHIIH BaXHOCTh
YMCNa NJACTHYHOCTH IpyHTa /,. B pe3ynbrare KcCleloBaHHS W aHaIH3a
MHOTOYMCJIEHHBIX JaHHEIX ABTOPEl I[IPEVIOKHIH CEMEHCTBO KPHUBLIX
(puc. 7.21), KoTOpOE MpEACTABIAET CPEAHHE 3aBHCHMOCTH, OTPaXaIOLIKHe
BAKAHHE YMCMA [UIACTHYHOCTH HA MOAYJb H XapaKTEpHCTHKH AeMNUpPO-
panus cBasHbix rpyHtos (Vucetic & Dobry, 1991). I'paduku Ha puc. 7.21
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NOKa3bIBalOT, KakK Mo Mepe pocra 4Yucia 1J1acTHYHOCTH KPHBbLIC YMCHLIC-

HUA MOAyJst MOAHUMAIOTCA BBEPX, a KpHBbLIE JleMﬂ(bl/lpOBaHHﬂ onyckarTcs
BHH3.
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Puc. 7.21. Tloporoseie BenMunHbI JedpopManu s TIHH ¢ pasHBIMA YHCIAMH
TUIACTHYHOCTH 110 OTHOIIEHMIO K HENUHEHHOCTH W YMEHBILEHHUIO KECTKOCTH
(Vucetic & Dobry, 1991) X

Yncy0 mracraanocTa fp
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OtMerum, uTo HTH 1padMKy TakkKe oTpaxaloT pabory BOJAOHACHILICH-
IILIX HECBSA3HBIX HEMIACTHUHBIX MPYHTOB (Necka M rpaBua), JUIS KOTOPbIX
1I0CTPOEHA COOTBETCTBYIOWAs KpuBas ¢ /, = 0. HecBs3Hble rpyHTbI HA4H-
NaIOT paboTaTrh HENHHEHHO NPU CaMOM HHM3KOM YPOBHE AeopMauHu M
MOKCHUManbHOH BenuuuHe koddduuuenra aemndupoBaHus. Ha apyrom
H0J110CE HAXOAATCA BLICOKOIIACTHYHBIE TPyHTHL. OHM BeayT cebs auHelHo
o Benuuuusl gedopmaunu 107, T. €. npu HaumeHbieM KOIDPULHMEHTE
JemngupoBanns. CornacHo puc. 7.21, cywecrByeT 0onblIoi JMANA30H
110POrOBBIX BETUUKH AehOpMaliy, IPU KOTOPLIX MOAYJb CABHra HAUMHAET
yMeHbIIaThCs. BennmunHa aedopmaluy cIBUra, XapakTepusylollas Takoe
COCTOSIHME, MOXET CTaTh paboyMM MapaMeTpoM Ajis pasrpaHHueHua of-
JlacTel MMHEHHOTO W HENMHEHHOTO MOBEEHHS Pa3IMYHbIX IpyHTOB. Byue-
Tk (Vucetic, 1994, a) npennokun Has3biBaTh JedopMaLiio, nipy KoTopo#
G/Gy = 0,99, nopocosoii eenuuunoii degpopmayuu cosuza. IIpoananniupo-
BAaB MHOTOYMCJIEHHBIE JlaHHbIe ucnbiTanuit (Georgiannou et al., 1991, Kim
& Novak, 1981, u np.), Bydernk (Vucetic, 1994, b) npennoxun cpeaHion
KpuBYIO (pUC. 7.22), CBA3BIBAIOLLYIO MIOPOroBYI0 AedopMaLivio cABHra Y H
YMCJIO TJIACTUYHOCTH CBS3HBIX TPYHTOB. [IpM 3TOM cienyeT 0)KHAaThb, HTO
korpPuIMeHT AeMndUPOBaHUS HaYyHET yBEIHMYHBATHCH, KOTAa BEJIMYHUHA
AehopManiK caBura BRIAIET 3a NMpelesibl YPOBHS MOPOroBoit aedopMauuu
capura (cM. puc. 7.22).
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BJUAHHUE CKOPOCTHU HATPYXKEHHA
HA YMEHBIIEHUE XKXECTKOCTH
CBS3HBIX TPYHTOB

CriocoOGHOCTL TPYHTOB K Pa3phIXJIEHHIO MIIM YTUIOTHEHHIO B XOAE Ape-
HHPOBAHHOTO C/BUra, a TAKKE W3MEHEHHE [IaBJIEHMs MOPOBOH BOJbl MpH
HE/IPEHUPOBAHHOM CIIBHIe HE MPOSBIAIOTCA B AMana3oHe OECKOHEYHO Ma-
AbIX ¥ Manbix aedopmaunii. dddexr ;mnaTchnu BO3HHMKAET, KOTa BEJH-
guHa fedopManyy C/IBUTa MpeBLIIIAaeT 107, 0 uem rosopusiock B pasa. 1.3.
HaroMHHUM, 9TO OCHOBHbIE M3MEHEHHs CBOWCTB IpyHTa BC/IEACTBHME LIMK-
JMYECKOTO HarpyXeHus: (YMEHbIIEHHE JKECTKOCTH BOJOHACBILICHHBIX
IPYHTOB M yIIPOYHEHHE CYXMX MJM YaCTHYHO BOJOHACHILEHHbIX TPYHTOB) ‘
MPOUCXOJAT MOA BIHAHUEM AuartaHcuu. [1o3Tomy BausHue >(¢pekra mo-
BTOPEHUs HArpy3KH, ONHCAHHOLO B 1.2.2, HauMHaeT CKa3bIBAThCA MPH Ie-
(opMarH B rpyHTE BBIIIE 107, D1or >PdeKT TakKe HA3bIBAETCS LUMKIH-
YEeCKUM YMEHBUICHHEM XKECTKOCTH.

Hpyro# BaXXHON 0COOEHHOCTBIO AUHAMHYECKOTr0 HArpyKEHUs ABJAETCA
BIAMSHUE CKOPOCTH NPHIIOKEHHs HAarpy3Ku Ha ne(opMalHOHHbIE XapakKTe-
PUCTHKH TPyHTa. BBLIO YCTaHOBIEHO, YTO COMPOTHBJICHHE TPYHTOB 1€-
opMaluM pu MOHOTOHHOM HArPY)XEHHH BO3pAacTaeT Mo MEpe YBEJH4e-
HHsl CKOPOCTH Harpy»KeHHs, a [OpOrosas BeJIU4YMHA JeHOPMALNU CIBHIA,
paszenstonias o6acTH, rae Bnnmme CKOPOCTH CYILECTBEHHO U HECYILECT-
BEHHO, COcTaBisieT mpuMepHo 107, CKOpPOCTb Harpy)KeHHs TakKe MOMKET -
CYIIECTBEHHO BJIMATH HA MEXAHH3M JAe(OpPMalMK rpyHTa B YCIOBUSX IHK-
JMYECKOr0 Harpy)keHus. B 3TOM ciyuae MOXHO CYHTaTb, YTO TEPHOX,
TOYHEE, YETBEPTH NEPHOA TIOBTOPEHHS HArPY3KH COOTBETCTBYET BPEMEHH
MOHOTOHHOIO Harpy)eHus. CieaoBaTenbHo, s UMKTHECKOTO Harpyxe-
HHS TPU aMILMTYAE Ae(OpMAalMK CIBHIa, PEBbILAIOEH 10, conporus- -
JNeHHe TPYHTOB JeopMMUpoBanuio GyaeT GOMbIle NPH HArpyXeHHH ¢ 60-
Jiee BBICOKOH 4acTOTOM.

TakuM oOpa3zoMm, ueq)opmaumHHme XApPAKTEPHCTHKH CBS3HBIX TPYHTOB, -
T10/IBEPraloIMXCs IMKIMYECKOMY HArpyKEHHIO NpH AeGopMalnax CIABUra
>107, JOMKHBI pacCMATPUBATLCS B KOHTEKCTE LHKIHYECKOTO M3MEHEHNA |
’KECTKOCTH FPYHTa U CKOPOCTH HarpyxeHHus. i
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8.1. Knacendpukauus cxeM Harpy»<enus

OO6BIYHO BBIAENAIOT TPH THIA METONOB MPHUJIOXEHHS HArPY3KH: Me[-
JIEHHOE CTaTHUHECKOE, KPATKOBPEMEHHOE M IIOBTODSIOLIEECS HArpy>KeHHe
(puc. 8.1). B HCnbITaHHMK HA CTATMYECKOE HATPYXKEHHE HArpy3Ky HPHKIIa-
ABIBAIOT MOHOTOHHO 10 pa3pylueHus oOpasiia, 4TO MOKET 3aHMMATh OT
HECKOJIbKHX CEKYH] N0 HECKOJNbKHMX MHHYT M Gonsule. Harpyxenue, npu
KOTOPOM pa3spylIeHHe NPOUCXOAMT ObICTpee, Ha3bIBACTCS KPaTKOBPEMEH-
HBIM, WK ObICTpbIM. HauMeHblee Bpems HarpykeHHs B J1aGOpaTOPHBIX
yCJIOBUAX cocTaBisieT nopsaka 0,001 ¢,

CyLiecTBY 0T TakKe J1Ba BH/Ia MIOBTOPAIOLIETOCS HAIPYKEHHS: MEIECH-
HOE M ObICTPOE NOBTOPEHHE HArpy3ku. WICIBITAHUs C MeJIEHHBIM TIPHIIO-
KCHHEM MOBTOPAIOLIECHCA HAIPY3KH NPOBOIAT IJI MCCIIE0BAHUS BIMSHHS
LMK/IMYECKOH Harpy3kH Ha XapakTEpPHCTHKH KOHCONMIALMHA MM TION3yYe-
CTH MUK (JaHHBIH aCMEKT BBIXOAUT 3a MPEENTbl PACCMATPHBAEMON TeMa-
TUKM U He Oyner 3aTparuBatbca). McnbiTaHus ¢ GbICTPBIM NPHIIOKEHHEM
MOBTOPAIOLIEACS HArpy3KH MPOBOAAT [ MCCeIOBaHMA aedopMaiuu
C/BHra CBSI3HBIX TPYHTOB B IHANa3oHe CPeJHMX M OOJbLIMX BETUYHH.
BosbUIMHCTBO MCMBITAHUH, MEPHOA KOTOPBIX COCTaBNsieT 1...5 ¢, MOXKHO
paccMaTpuBaTh Kak ObICTpOE MOBTOpAOLLEECS Harpyxenue. ClienoBaTen-
HO, TEPMHH «HCMNbITAHHE HA MOBTOPAIOLIEECS (MM LMKINYECKOE) Harpy-
KCHUE» MONKHO HCMO/IL30BATh MPUMEHUTEIBHO K MCIBITAHUAM, B KOTOPHIX
MOC/Ie10BaTE/IbHO NOBTOPSAIOTCA ObICTPbIE HATPY3KH.

—
>

Brictpoe unu xparko-
BPEMEHHOE HArpyXeHHe

Mennennoe cratuye-
CKOE Harpy>XeHde

KacarensHoe HanpsKCHHE

o
T
y

B o
Bpewmst
Llnkanueckoe
MK NOBTO-
paoueecs
Harpyxxexue

Puc. 8.1. Buapr Harpyxenus
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Ipu BO3AEHCTBUM HA FPYHT LHKIHYECKOH CABUIOBOH AedopmMaiiuu c
AMILTATYIO# Y, YMEHBUIEHHE ECTKOCTH IPYHTA OTPAa3UTCA B U3MEHEHHUAX
Ha KpUBOi «HanpshkeHue—1ehopManusm» 10 Mepe YBEIHYEHNS KOTHYECTBa
NUKJIOB HarpyxeHus (puc. 8.2, a). Ecnu amnnuryna nedopmaumu yBenu-
YUBAETCS JIO Yp, MPOU3OHAYT aHANOTHYHBIE U3MEHEHHS 3aBHCUMOCTH «Ha-
npsokeHHe—ae(opMaius» C YBEITUYEHHEM KOIMUYECTBa LMKJIOB Harpyxe-
Hus (puc. 8.2, 6). IloaroMy, COBMECTUB KpMBBIE TUCTEPH3UCA i ONpene-
JICHHOTO KOJIMYECTBa NIOBTOPEHUI U HaHecd MX Ha OAHY AuWarpammy, noimy-
YMM IpYIITy KpUBBIX (puc. 8.3), re Kaxkaas KpUBas rucTepyu3nca pacriona-
raeTcs BHOJbL «CKENETHOH», WU CEPEIUHHON KPHBOH, TakKe 3aBUCALICH
OT 4HCJa noBTopeHuii. CreaoBaresbHO, YMEHBILIEHHE JKECTKOCTH TPYHTa
OTpa)kaeTcsl Ha CKENIETHOH KPHBOW, KOTOpas MeHseT GopMy 1o mepe yBe-
JTHYEHNs] KOMUYECTBA LIMKJIOB HarpyXeHus. [IoCTpouB cKkeneTHy KPUBYIO
JUIS ONPEAENIEHHOr0 KOJIMYECTBA IMKJIOB, MONYYHM KPHBYI «Hampsxe-
Hue—nedopmanusy (puc. 8.4), 10 KOTOPOH MOMNHO BLIUHUCIHTH CEKYLUHE
MOZYTH JUIS TAHHOH aMIUTUTYABl LHKIMYECKOro HarpyxeHus. Takum o6-
pa3oM, CEKYLIMH MONyNb — (YHKLMS KOJHYECTBA LIMKIOB HArpyXeHus, a
TaKXKe aMIUINTYAbl AeOpMaLliH CABHIa.

.

Puc. 8.2. Kpussie «uanpsnxeHne—nedopmarsn
TIPH TUKJIMYECKOM HAarpyXeHHH

8.1. KTACCHUOHUKAINA CXEM HATPYXXEHUA
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CkeneTHas kpusas

KacarensHoe HanpspKCHUE

Hedopmanus casura

Puc. 8.4. YMeHbLIEHHE KECTKOCTH NPH YBeJIN4eHUH aedopmaninii



180 BJIMSIHUE CKOPOCTH HATPYXXEHUA HA YMEHBIIEHUE XECTKOCTH

8.2. ledpopManHoHHbIe XAPAKTEPHCTHKH TPYHTOB
NpPH KPATKOBPEMEHHOM HATPYKCHHH

Eme B cepenune 1940-x rr. B ['apBapackoM yHHBEPCHUTETE NPOBOIUIH
HCCITeIOBaHUs pabOThl TPYHTOB B YCIIOBHAX KPaTKOBPEMEHHOTO Harpyxe-
uus. Lleapro HccneoBaHWil ObUla OLEHKAa YCTOHYMBOCTH €CTECTBEHHBIX
CKIOHOB B0JIb [TaHaMckoro kaHana. B pe3ynbrare KOMIUIEKCHBIX Mabopa-
TopHbeIX HcnbiTannit Kaszarpange u 1lloHnon (Casagrande & Shannon,
1948), a Taxxke Kasarpannge u Yunbcon (Casagrande &Wilson, 1951) on-
PeNeIN, YTO MOAYJIb ¥ IPOYHOCTD [JIMH B YCIOBUAX IHHAMHYECKOrO Ha-
rpyxeHusi Ooublie, YeM NMPU MEIJICHHOM CTaTUYECKOM HarpyxeHuu. Ha
puc. 8.5 IpHBOAKTCSA OMH M3 Pe3yIbTaTOB JaHHOTO Hccnegoanus. K o6-
pa3suam mepeMsTol KaOIHHUTOBOH IJIMHBI IPUKIAABIBAIM OOHOOCHBIE Ha-
IPY3KH C Pa3IHYHBIME CKOPOCTAMH. BETHUMHBI MOZY/Is CABHra M TPO4HO-
CTH FPYHTa IIPH HCOLITAaHWH Ha OBICTPOE HArpy>X€HHE NPH BPEMEHH 10
paspymenus 0,02 ¢ okazaIuch ropaszno O0JbLIE, YEM MPH UCTILITAHHMSAX HA
CTaTHYECKOE HArpyXeHWe, IJie BpeMs N0 pa3pyLIeHHs COCTaBUIO 4 MMH.
MHorue HCCAe0BaTeH, MPOBOAMBILNE aHAJOIMYHBIE MCIBITAHUA 110
OLIEHKE BJIMSHHS CKOPOCTH HarpyXeHHs, MPUILIN K TAKOMY XK€ 3aKjroue-
uuto (Witman, 1957, Ellis & Hartman, 1976, Ohsaki et al., 1957, 1964,
Richardson & Witman, 1963, Shimming et al., 1966).
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Puc. 8.5. CpaBHEHHE KPHUBBIX «HaNpsHKeHHE—/1eGopManns» A1 UCTIBITaHHA
Ha ME/ITIEHHOE CTaTHYECKOE H OBICTPOE HAarpyXKeHHe
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Kak crenyer u3 puc. 8.3, BenMduHa MOAy s B OONBLIOH CTETIEHH 3aBH-
CHT OT ypOBHA AeopMalMy CABHIa Kak IpH ObICTPOM, TaK U IIPH MEIJIEH-
HOM HarpyxeHHH. [IocMOTpUM, €CThb JH pa3sHMLIA MEXTY 3aBHCHMOCTBIO
Moy OT Aedopmaiuu B YCIOBUAX OBICTPOrO M MEIJICHHOTO Harpyke-
HHs. [l 3TOro 1o KpHBOH «HaNpsKeHue—neGopMalus» onpese/eHbl Be-
JUYUHBL CeKyumx Monyned mpu nedopmanuu 0,2% (cMm. puc. 8.5), koro-
pble HaHeCceHbl Ha rpaduk (puc 8.6, @) B COOTHOIUEHHH CO BPEMEHEM Ha-
IPYKEHHUS N0 pa3pyweHns. BeIACHUIIOCH, YTO NPH HU3KOM YpOBHE aethop-
Mauui (0,2%) CKOpOCTh Harpy:KeHMs NPaKTHYECKU HE BIMAET HA MOMIYJIb.
AHanoryuHble rpaQMKy CTPOUIHUCH IO JAHHBIM TOTO K€ MCIIBITAHUSA TPH
Gonbwoit aedopmauun — 2% (puc. 8.6, 6). B 3TOM cityyae 3ameTHA TEH-
JEHIUA K YMEHBLICHHI0O MOAYJISA TI0 MEPE YBEJIMUYEHHS BPEMeHH Harpyxe-
nuda. Orcroaa ciaesyer, YTo pasjinide B MOLYJIAX MpU OBICTPOM M MeIeH-
HOM Harpy>X€HWH 3aBHCUT OT BEJIMUUHBI JeOpMALIUH CIBHUIA: IPH YBEIU-
YEHHH NOCNEAHEN pasHHUA MexAy OBICTPBIM M MENJICHHBIM MOIYJISAMH
BO3pacTaeT.

Jnis KOMMYECTBEHHON OUEHKM 3TOH TEHAEHIMM MOAYib E, mosjydeH-
Hblil IpH HarpyXeHuH B TeueHHe 1 MuH, ObLT BLIOPAH B KaYeCTBE BEIHYK-
Hbl, NPEACTABJIAIOILEA MOAYJIb NIPH MEATIEHHOM HarpyxeHu, a E,, moiy-
YeHHBI Npu BpeMeHH Harpyskenus 0,1...0,25 ¢, npuHAT 32 Moayns mpu
ObICTPOM HarpyeHuM. BeiOpaHHble Takum 0Gpa3oMm [Ba BpeMEHH Harpy-
KEHHs 110Ka3aHbl CTpenKamMH Ha puc. 8.6. UToOb OLleHUTH BIHSHHE BpEMe-
HH Harpy>xeHHs Ha 3aBUCUMOCTb MOJYJIS OT Ae(OpMAlLUH, CPAaBHUM BEIH-
uuHel £ M E,, BBIYMCICHHBIE MPU PA3IHYHBIX YPOBHAX IedopMainu, Kak
NoKa3aHo Ha puc. 8.4.

[To maHHeIM GONBIIMHCTBA JA6OPATOPHBIX HCHBITAHHUI OBLTH MOCTpPOE-
Hbl TpadukH (pHc. 8.7), Ha KOTOPHIX OTHOWIEHHE MEXIY TUHAMHYECKUM U
craTH4eckuM Moaynamu E,/E, cootHeceHo ¢ medopmaimeit casura. Ha
puc. 8.7 TOYKHM M3 OAHOTO MCTOYHHMKA NAHHBIX 0003HAYEHBI OJMHAKOBHIMU
CHMBOJAaMH. BOJBIIMHCTBO MCCIEIYEMBIX MaTEepHAIOB — [VIMHBI MM CYF-
JIHHKK C YMCJIOM IIaCTUYHOCTH [, = 15...50. BiaxkHOCTh M3MeHsIACh OT
20 no 50%. Bonbluas 4acTh JaHHBIX MONYYEHA W3 MCIBITAHUN HA OJXHOOC-
HOE C)KaTHE, MEHbIIAs — U3 TPEXOCHBIX UCIILITAHUH.

Kak BuaHO u3 puc. 8.7, HECMOTps Ha pa3OpPOC AAaHHBIX, OTHOLIEHHE
EJE, ysenuuuBaercs ¢ poctoM aedopmauuu casura. Ilpu cpemmeii ae-
dopmauuu 1% yBeauyeHHe AMHAMHYECKOrO MOXY/S 10 CPAaBHEHHIO CO
CTaTH4ECKUM B cpefHeM cocTaBuiao 50%. B obnactu Maneix nedopmanmii
(mopsiaxa 107%) pasnuune Mexay MOIYIsAMH ncuesaeT. [id kaxaod rpyn-
OBl OIBITHBIX JAHHBIX BETHYUHA AedopManii £ ObLIa HOPMANM30BaHA I10
OTHOILIEHHIO K Ae(OpMalH MIPH Pa3pyLICHHHU € U IOTYYCHHBIE 3HAYCHHS
HaHOCHJTHCh Ha OCh abcuuccrl (puc. 8.8) s oueHkH BiausHUS aedopma-
LIMH HAa OTHOIUEHHE AMHAMHYECKOTO MOLYJIS K CTaTHueckomy E /Ey,. OTMme-
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TUM, 4TO Ha pHc. 8.8 BuaHO ysennuenue E /E, npu pocre aedopmauuu.
3aMeTHM, YTO JHMHAMHYECKHHA MOZIYJb CBA3HBIX FPYHTOB HAYMHACT IPEBBI-
IaTh CTATHYECKHWl NPU BO3pacTaHHH Ae(POPMALMU JIO YPOBHS, NPUMEPHO
passoro 1/100 nepopManuu paspyeHus.
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Puc. 8.6. Binsune BpeMEHU Harpy>XeHHs Ha MOAYJIb CIBUTa
A1l TIHH nipH ypoBHsx aedopmanni 0,2% (a) v 2% (6)
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Puc. 8.7. Bausuue Beau4nHbI 0ceBoii AeopManiiy Ha OTHOLIEHHE MOLYJIsl
NpU KPaTKOBPEMEHHOM HarpyXXeHHH K CTATHYECKOMY
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Puc. 8.8. 3aBUcnMOCTb MOy /€l KPaTKOBPEMEHHOIO HAIPYKEHHA U CTATHYECKOTO
OT 0CeBOit AedopMaliii, HOPMAJT30BaHHOH K 1e(OPMALIHK paspyLIeHHUs]

Belie BnusHHE CKOPOCTH HArpyKeHHs OLICHUBAIOCH IyTEM COIOCTABIIE-
HHs moayled npu anautensHoM (1 MuH) U kparkoBpemennom (0,1...0,25 ¢)
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HarpyxeHuH. [TocMOTpHM, Kak W3MEHSETCS MOXyJb CO BPEMEHEM Harpy-
XEHHA 10 pazpyineHus, Ha puc. 8.9 nmpuBeneHsl pe3yabTaThl CEPHH HCHbI-
TaHWH Ha 00pa3iax yIioTHeHHo# riuHbl 13 0. ['y3 (Olson & Parola, 1967).
Ha rpaduke nokazaHa 3aBUCUMOCTb HOPMaJIM30BAHHOTO MOAYJISA CABUTra OT
BpEMEHU HArpyXKeHUs 10 paspylieHus. Hopmanusauus npou3BOAMTCH Je-
JieHHeM MOAyns capura G, B3ATOro B j1000H MOMEHT BPEMEHH Harpyxe-
HUs, Ha MOIyJb Ggp, IONYUCHHBIH BO BpeMs Harpyxenus 3a 1 muH. Bce
3TH MOZAYJIM onpeaensu npu aedopmanun casura 1%. I'nuny u3 o. I'ys ¢
YHUCIIOM TUIACTHYHOCTH 14 YIUTOTHSUIM MIPU TPEX Pa3/IMUHBIX BEIMYHHAX
BJIaXKHOCTH (cM. puc. 8.9) noa nasnenueM 670 klla. Kak BuaHO u3 pucyH-
Ka, MOJyJib cBura npu Goabiuoi aedopmaunu (1%) 3HAUUTENLHO yBENU-
YHMBAETCS C POCTOM CKOPOCTH HArpyKeHus 1o paspymieHus. Moaynb 3a
Kpardaiiimii mpoMexxyTok BpemenH Harpyxenus (0,006 c) npumepHo Ha
70% Gomnpliie MOTYYEHHOFO NPH CTATUYECKOM HarpyK€HHH — 1 MHH.
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Puc. 8.9. Biusinye BpeMeHH Harpy>xeHHs Ha MOAYJb CABHIA CBA3HbIX TPYHTOB
npu aedopmaunu 1% (Olson & Parola, 1967)

VBeuueHde Mozyiasi o0yCIOBIEHO BS3KOW MPHPOJOH CBA3ZHBIX I'PYyH-
TOB. BiMsHWE BA3KOCTH MOXXHO KaYECTBEHHO OOBSCHHTBH C OMOLIBIO MO-
nenu KennBuna, npefcrasnenHoi ypasuenueM (3.18). IlpeacraBum MoHO-
TOHHYIO HarpysKky Kak T = T,f, rae T, — CKOPOCTh HarpyxeHus. Harpysky
HAYMHAIOT MPUKJIaALIBATh [pH £ = 0 ¢ T = 0. IIpu Taxux HavanbHEIX yCIO-
Busix uHTerpupoBanue (3.18) maer crexylomyro 3aBHCUMOCTb MEXAY Ha-
NPSOKEHUAMH, 1eHOPMALIUSIMH U BpEMEHEM:
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T 1.1 s
Y=5" (’; (-, (8.1)

rae t = G7G — Bpems penakcauu, a G'— KOHCTaHTa AeMN(pupoBanus (cMm.
puc. 3.4, a).

3aBucumoctb (8.1) cxemaTudecku uzobpaxena Ha puc. 8.10, uz Korto-
poro BHIHO, YTO OPAMHATA IEPECEUEHU ACHMITOT C OCEHIO T YBENHYHBAET-
Csl TIpM BO3pPacTaHUM CKOPOCTH [IPHUIOKEHHS HArPY3KH, CIEHOBATENILHO, C
yBEJIHYEHHEM CKOPOCTH HAarpyKEHHs KpHBasl «HaNpshpkeHHe — Jedopma-
uua» craHoBurcs Gonee KpyToil. Xors Mozaens KenbBHHaA HE MeanbHO
MOAXOAMT K JAHHOMY CIYyYard, OHA MOXKET HCHOJb30BaThes I (hH3UYe-
CKOro OOBSICHEHUs BIMSHHUA CKOPOCTH Harpy)XeHus Ha JeopManiOHHEIE
XapaKTEPUCTHKH CBA3ZHBIX MPYHTOB.
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Puc. 8.10. OueHka BAUSHUA CKOPOCTH HAIPYKESHHUS
Ha MOJlyJIb HA OCHOBE BA3KOYNPYTrod MOJeH
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8.3. lepopmMannonHble XapaKTePHCTHKH I'PYHTOB N0 BO3AeHCTBHEM
HUKJIHMYECKOr0 HArPYKeHUs

BBUIy CHMMETPHUYHOH MPHUPOIABl Harpy>KE€HHS DIEMEHTOB TIpYHTa C
POBHOM MOBEPXHOCTBIO BO BPEMSsI 3€MJIETPACEHUH U1 H3yUYEHHS YMEHBIIE-
HUSL KECTKOCTH CBS3HBIX IPYHTOB MOJ BO3JACHCTBHEM UMKIMYECKOH Ha-
IPy3KH MPOBOJMIM JabopaTopHble UCIbITaHUs. st MOJETIUPOBaHUS ONHU-
CAHHBIX TIOJIEBBIX YCIOBUH BHIOMPAIH TaKyl0 CXEMY HArpy»KeHHs, MpH KO-
TOpOH TIpH M0OO0M HCHBITAHHU C HCIIOIL30BAHUEM NPHOOPOB TPEXOCHOI'O
CKaTHs WIM TIPOCTOTO CABMra MPOUCXOJHIO U3MEHEHNE 3HAKA NPHI0KEH-
HBIX KacaTellbHBIX HampsikeHus (peBepc HarpyskH). [lpu mpoBeaennu uc-
MBITAHHH Ha LMKINYECKOE HATrpPYKEHHE 4YacToTa NMPHIIAraeMoil Harpys3ku
koneGanack B nuanasore 0,5...5 'y, HO OONBIIMHCTBO UCHBITAHUH NPOXO-
nuio npu yacrore npuMepHo 1 I'u. C ydeTom 4eTBepTH nepuola BpeMs
HarpyKeHus B 3THX HCHbITaHUAX cocTaBaseT 0,25 c.

8.3.1. Ceasnvie zpyrnmoi

Ha puc. 8.11 0000meHb! pe3yasTaThl HECKOJIBKUX CEPHil TPEXOCHBIX HC-
MBITAHUH HA CABUI 00pa3LOB CBA3HBIX 'PYHTOB NEPEMSIITONH U HEHAPYLUEHHO
CTPYKTYpBl. MCrbITaHNs TPOBOAMIM C MPUIOKEHUEM aeGopMaLink ¢ U3Me-
HSIeMOIt aMIUMTYIOH. BONBUIMHCTBO HMCCEAYEMBIX IPYHTOB — CYIJIMHKH C
uucaoM mactiyHoctH 1, = 14...45. Kokymio (Kokusho et al., 1971) ncnone-
30B&J1 B CBOMX MCHBITAHMSIX KAOJHMHMT, CMELIAHHBIH C MOHTMOPHJUIOHUTOBOM
rJMHOK ¢ npenesioM Texydectd 140% u uucnom mmactuuHocTd 118, Baaxk-
HOCTb BBICOKOILIACTHYHOM TiHbI coctaBnsna 30...80%. Ammnutyna nedop-
MalMy B MCTIBITaHMAX Konebanack B LIMpokoM auanaszode — ot 0,1 xo 15%.
Cekyire Moxynu FOura E,, onpesesieHHbIe B IEPBOM LMKJIE NIPU Pa3IHYHbIX
ypoBHAX TeopMALMK MO METOAMKE, MMOKa3aHHOW Ha puc. 8.4, HCMOMB3OBAIH
JUTS HOPMAaJIM3aLMH CEKYILHMX MORyJeH Ey a1 N-ro nuka.

Bennuuna momyns Eyg anst 10-ro npkna, HOpMaJW30BaHHOTIO MO OTHO-
meHuto ¥k F), HaHeceHa Ha puc. 8.11, a B 3aBUCUMOCTH OT aMIUIUTYAbI Ae-
(opmanuyu cnBura, HOpMaJIH30BaHHOHN N0 OTHOILEHHIO K Ae(OopMaLuH NPH
Pa3spyLIEeHHH €5, MOTYYEHHOH M3 JPYroro HCHBITAHUS HA MOHOTOHHOE CTa-
THYecKoe Harpyxenue. Ha puc. 8.11, a BugHO, 4T0 Monyab £y 3HaUUTEND-
HO YMEHBLIAETCS NPH YBEIMUEHHH aMILUTyAbl nedopmauuu. Bonee 3a-
METHO MaJIeHHe MOJYNA COTOTO LKKJa HarpyxeHus E\o OpH YBEIHYEHUH
ammuMTyAbpl aedopMarmu Ha dtoMm uukae (puc. 8.11, 6). Hecmotps Ha
001b1110# pa3bpoc AaHHBIX, 00YCHOBICHHBIM pa3IUYHBIMHA THIIAMH IPYHTOB
W METOJUKAMH TMPOBEICHUS UCIBITAHUHN, MOYKHO HAYEPTUTh CPEIHUE KpH-
BbIe (CIUIOLIHBIC JIMHMH) Yepe3 ONBITHbIE TOYKH Ha puc. 8.11, a u 6. Ilomy-
YeHHbIE TakuM O00pa3oM CpeJHHWE KPHUBBIE HAHECEHBl Ha Trpaduk
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(puc. 8.11, ), OTKya BHIHO, YTO BETHYHHA MOAYJS CABHTa YMEHLILIACTCS
NpH yBENUYCHHH aMIUIUTYABl nehOPMALHH U KOJHYECTBA LUKIIOB HArpy-
xenus. Ha rpadumke moxasansl TaHHBIE MO aMIUIMTYyAe AedopMaliyu, mpe-
BBIIIAIOIIEH €€ BENHYHHY NPH Pa3pyIIECHUH, TIOCKOJBKY MPH HUCTILITAHHUAX
Ha OBICTPYIO HOBTOPAIOILYIOCS HArpy3Ky IpYHTBI MOIYT MPOTHBOCTOSTH
AedopMauyaM, NpeBHIIAWNM AedopMaluy, BO3HHKAIOLIME NP pa3py-
IIEHHWH B HCIIBITAHUAX Ha MEJICHHOE MOHOTOHHOE HATpYXCHHE,
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Puc. 8.11 (oxonyanue). 3aBUCUMOCTb MOAYJIs C/IBUTa OT aMILIHTY /bl
Aedopmaimii: 6 — MOLyb Ha N-M LHK/I€/MOAYb HA 1-M UKKIe

Kak yxe yKasblBaJIOCh, MEPHOJ, LMKIHYECKON HArpy3ky B OMHCAHHBIX
MCOBITAaHUAX B CPEIHEM COCTABHI NpuMepHO 1,0 ¢, 4TO COOTBETCTBYET 3K-
BHBAJIEHTHOMY BpeMEHH HarpyxeHus okono 0,25 c. [loatomy Moayib
CIBMTA JJIs MIEPBOTO IIMKJIA HATPYKEHUS E|, MPUHATBIA B KAUueCTBE TOUKH
oTcueTa Ha puc. 8.11, 6, JaeT SKBHBAJEHTHYIO BEJIMUMHY MOAYJIA NPH BpE-
menn HarpyxeHus 0,25 ¢. Takum 00pasom, 3TOT MOAYJIb HHTEPHPETHPYET-
¢ KaK SKBHUBAJIEHT AMHAMMYECKOrO Moays E, MoKa3aHHOTO Ha puc. 8.8.
Eciu B KauecTBe opaMHaThI rpaduka Ha puc. 8.8 B3aTh 0OpaTHOE OTHOILLIE-
nne E /E,, a abcuyccy OCTaBUTh 0e3 U3MEHEHHH, TO MOAM(UIMPOBAHHBIH
rpaMK MOMHO HCIOJb30BAaTh JAJI WHTEPIPETALMH 338BUCHMOCTH MEXIY
E,/E; u HOpMaI130BaHHOH aMIUIMTYIOH CABHIA (4TO aHAOrMYHO rpadHKy
Ha puc. 8.11, 6). I3MeHCHHYO TaKuM 06pa3oM KpUBYIO ¢ puc. 8.8 mepeHe-
ceM Ha puc. 8.11, ¢ (myHKTHpHAs nuHKA). OTMETHM, YTO 3Ta JIMHUA OTpa-
JaeT 3aBUCUMOCTb CTATHYECKOro Moayns E;, oT nepopmanut. [Tockonbky
Ha puc. 8.8 NpUBEACHBI NaHHBIE M3 Pa3HbIX UCTOYHHKOB, TOYHOE CpaBHE-
HHE BBIIOJHUTE HEBO3MOXKHO. OHAKO 3aBUCUMOCTh CTATHYECKOTO MOy
oT medopMallii MOXHO PACCMOTPETh B 0OIIMX paMKax nehopMaLHOHHBIX
XapaKTEPHCTHK B YCJIOBHAX LMKIMYECKOro HarpyxeHus. Ha ocHoBe aHa-
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JiM3a JaHHbIX, MOKa3aHHbIX Ha puc. 8.11, 6, ©3BMEHEeHHE MOYNIS MOXKHO Xa-
PaKTEpU30BaTh CICAYIOIHUM 00pa3oM:

1. Ha nepBoM nuKie NMPUIOKEHHS HArpy3Ku BO BCEM JHANa3OHE JiE-
(opmanuii Mogynb caBHra paBeH MOAYIIO, TONYYEHHOMY NP KPaTKOBpE-
MEHHOM Harpy>eHHH co BpeMeHeM Harpykenus 0,25 ¢. OueBHIHO, 4TO B
3aBUCHMOCTH OT Je(opMalLMH 3TOT MOAy/b | GyNeT 3HAYMTENbHO GOMb-
lie, YeM CTaTUYECKHH MOAynb Ey, KpOMe TOTO, OH B 2,2 pa3a 6ojblIe cTa-
THUYECKOI'0 MOAYNA NpH AeGOpMailiy pa3pyileHus.

2. B pe3ynbTaTe yMEeHBIIEHHS JKECTKOCTH CBA3HBIX IPYHTOB IPH yBe-
JIMYCHUW KOJIMYECTBA UMKIIOB HArpyXEHUS MOJAYJb [MOCIEI0BATENIBHO
YMEHbIIIAeTCH.

3. Ha sTane, korja nukandeckast Harpy3ka MpUKIaibBaeTcsl IPUMEPHO
B 20-i pas3, Bo BceM aHanazoHe nedopmanuii Moy COBIANAET ¢ BEIUUHU-
HOM, NOJNy4YEeHHOH MpPU CTaTUYECKOM HArpy:keHud B Tedenue | muH. [lo-
3TOMY YBEJIMYEHHE MOAYJIS, BBI3BAHHOE CKOPOCTBIO HATPYKEHHs, HOCTE-
NMEHHO 3aMEIIAETCS, YTO BbI3BAHO YMEHBIIEHHEM KECTKOCTH BCJIEINCTBUE
MHOIOKPaTHOro NpUJIOKeHHs1 Harpysku. [lociae 20 nuknoB -HarpyxeHus
YBEJIMYEHHE MOAYJIS NMPEKPAINAETCs, T. €. IPYHT NPUXOAUT B COCTOSHHE,
AHaNOrM4HOE COCTOSHHIO [IPH CTATHYECKOM HArpy>KeHHH.

4. llpu panbHe#ieM NPUNOKEHHH LIMKIIMYECKUX HATPY30K MOMIYJb
NpoJOJKACT YMEHBINATLCA M3-33 IOCTOSHHO JeWcTBymoniero 3d¢dexra
CHHIKEHHS KECTKOCTH IpyHTa. OHAKO BECbMa BEPOATHO, YTO YMEHBIICHHUE
MOAYJIA CTAHOBHTCS HE3HAYMTEILHO MANbIM W TIPEKpaIaetcs mocjiae coToro
LHK/Ia TPUIIOKEHHUS HATPY3KH.

8.4. OueHka UHMKJIHYECKOrO YMEHBUICHHA )KE€CTKOCTH

BinsHHE LIHMKIMYECKOro YMEHBIIECHHS )KECTKOCTH B YCIOBHSX 3a1aBac-
MO# Jie(opMaLMK MOXKHO KOJIMYECTBEHHO BBIPA3UTh Y€PEe3 MHIEKC YMEHb-
LICHUS KECTKOCTH Op, npetoxerHblit Mapuccom (Idriss et al., 1978) mas
ycnoBuil TpexocHo# aedopmanuu. OGo3HauuM cexkyue moaynu FOnra Ha
NEpBOM M N-M LIMKJIaX Harpy>keHus CooTBeTCTBeHHO E| m Ey. Toraa uH-
AEKC YMEHBILICHHUS XKECTKOCTH ONPEIE/IMTCS KaK OTHOILEHUE MEXIY AByMs
TUMH MOAYJISIMH:

5, _Ey _ (Cy)wse, I CAN , (8.2)
E (0,), (o)

rae (0g); M (Og)y — aMILIMTYJ]a OCEBOTO HANPSDKEHHs HA IEPBOM U N-M
IMKIax HarpyxeHus. Munekc Op B yCNOBHAX 3a[1aBaeMbiX HamnpsikKeHHH
ONpeNeNHTCA Kak
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5, _Ey _o0./e)y _ () , (8.3)
E  o,/(g,) (g,)y

rae (€)1 1 (€,)y — aMIUTMTYABI OCEBO# Aeopmanny Ha NEPBOM M N-M LUK~
J1aX HarpyXKeHUs.

YMeHbIIEHHE KECTKOCTH I[IPH TPAMOM CIBHUIE TAaKXe OMpenensercs
NP HATPYKEHHH C 3a7aBaeMoi aedopmanuei:

8D=_G_N_=(Ta)N/yu :(Ta)N , (84)
G (), ()

rne G 1 Gy — cekylllde MOIYJIH Ha NEPBOM U N-M LUMKJAaX Harpy>KeHus;
(to)1 4 (T)y — aMIUTUTYIBI KacaTeNbHbIX HANpsKEHHUH HA MepBoM H N-M
[IUKJIaX HArpyXeHHus.

C moMolBI0 KPUBBIX YMEHbIIeHHS Moayns (cM. puc. 8.11, 8), MOXHO
JOCTATOYHO MPOCTO PACCYMTATh BENWUUHBI Ey/E| M HAHECTH UX Ha rpaduk
B COOTHONICHHH € KOJIMYECTBOM LIMKJIOB Harpy)keHus. IlocTpoeHHbIH Ta-
KMM 0o0Opa3oM rpaduk nokasaH Ha puc. 8.12, riae OTHOILIEHHE aMIUIUTYAbI
nedopManu y,/y; IpUHUMaeTCs B KayecTse pabouero mapamerpa. 0606-
HIEHHWE JaHHBIX Ha puc. 8.12 yka3bIBaeT Ha TO, YTO UHAECKC YMEHbLUEHUS
KECTKOCTH Op Ha rpaduke B JlorapupMUUECKO# ILIKaIe IMHEHHO CHUXKAET-
cA C yBeNMYEHHEM KONMYeCcTBa LMKIOB HarpyxeHus. [lposens uepes
OTIBITHBIE TOYKH JUIS KaXKIOH aMIUIMTYAbI MPAMbIE TIMHMU, UX MOXKHO 3aIH-
carb Tak:

IOgEl - IOgEN= legN . (85)
[epenuiem (8.5) ¢ yuerom Op u3 (8.2):

E
5 ==L =N, 8.6
P E (8.6)

rae d — napaMeTp yMmeHbiueHus xxectkoctd (Idriss et al., 1978), omnpene-
JISEMbII HAKJOHOM NPAMOM JTUHHH.

BenuunHy d MOXHO ONPENETNTh aJbTEPHATUBHBIM CIOCOOOM — depes
MOJyJlb CABHIA:

5, =8 - N, (8.7)
G,
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Benuuuny d Jierko paccuMTaTh MO HAKJIOHY NMPAMBIX JWHHH Ha JOra-
pudmudeckoM rpaduke (cM. puc. 8.12). TTOCKONBKY C YBEIHYEHHEM aM-
TUIUTYAB! AeOpMalii HAKIIOH TIPAMBIX TaK)Ke YBEIHUMBAETCS, OYEBHIHO,
YTO MAapaMeTp YMEHbIUEHHS KECTKOCTH TIOCTENEHHO BO3pAacTaeT BMECTE C
aMIuIMTy 10i nedopmanun. Tenepb MOKHO MPEACTABUTH BETMUMHY Op Kak
¢bynxuuio aMmiutynsl nedopmauuu casura. Ha puc. 8.13 moctpoen mo-
J106HBIH rpaduk Ha ocHOBe HaHHBIX puc. 8.12. Ilpu ucnonb3oBaHuM [e-
dopmalmy caBura v, B kKauecTBe ocu abcuucce aedopmauus nNpu paspyiie-
HMH Obl1a MPHHATA paBHOH Y, = 3%, MOCKOJNBKY Takasi BEIHYHHA OTPaXKaeT
OMBITHBIE JAHHBIE 110 PA3IUYHBIM CYrIMHKaM. [lapaMeTp yMeHbIIEHHS XKe-
CTKOCTH CHauajla 3Ha4YWTEJbHO YBEIMUMBAETCS C aMIUIHTYRO# nedopma-
LUK CABMra, HO 3aTEM I NEPEYNIOTHEHHOTO IPYHTA €ro 3aBUCHMOCTH OT
aedopMaly CTAaHOBHUTCS MeHee BhlpaxeHHOH (cM. puc. 8.13). Hamomuum,
YTO CYILECTBYET HWXHUH Npeaen aehopMauuy, HIKe KOTOPOro YMeHbIIe-
HHS KECTKOCTH HE MPOUCXOAMT, TAK KaK HHXKE 3TOTO YPOBHS JAehopManuu
He Habmoaaercs 3¢ ek nunarancuu (Ha puc. 8.14 3To He NOKa3aHoO).
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Puc. 8.14. Bnusiene ko3dpduienTa MepeyriioTHEHH Ha N1apaMeTp YMEHbILEHHS
JKEeCTKOCTH B 3aBUCHMOCTH OT Hepopmauun (Vucetic and Dobry, 1988)
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BenvuuHa mapaMerpa yMEHbLLIEHHUS KECTKOCTH OJHO3HAYHA, OHA BbI-
uncnsetcs no (8.6) u (8.7) HezaBvcuMoO OT BHJA JedopMaluu (TPEXoCHOe
cxatue wid npoctoil carur). Oanako 3HadeHus nedopMalil CABUIA v, H
€, JUd ABYX 3THUX BHJIOB JedopMmanuu OyayT paznuutbiMu. [lostomy, korna
napaMeTpbl YMEHBILUEHHS KECTKOCTH Ui PAa3NUYHBIX BUIOB AcdopManin
JUT CPABHEHHS CTPOSIT HA OHOM rpaduke (cM. puc. 8.13), HyKHO IOMHHTH
0 paBHJIE TPAHCHOPMALIMH Y, B €, DTOT aClEKT aHAIU3UPOBANC B paboTe
Byueruka u Jo6pu (Vucetic and Dobry, 1988). PaccmarpuBas napamerp,
He 3aBUCALIMH OT BHAA Je(OPMHUPOBAHHOTO COCTOSIHUS U UCTIONL3YeMbIii B
TEOPUH MJACTUYHOCTH, OHHU TIOJTYUHJIH 3aBUCUMOCTD

Y.=3¢,. (8.8)

Hns npubanzuTensHoil TpaHchOpMaLH MOXHO TaKXKe HCIOJIb30BaTh
XOpOLIO H3BECTHOE OTHOLLIEHHE, OCHOBAHHOE HA TEOPHH YIIPYTOCTH!

Yo=(14V) &, (8.9)

rae v — koadduunent [lyaccona.

Byueruk v JJoOpu Takxke noapobHO vccnenoBaiu HakTopsl, BIHSIONHE
Ha yMeHblueHHe xectkocT (Vucetic & Dobry, 1988). Onu BeisicHHIIH, 4TO
cpead Apyrux GakTopoB Ha YMEHBILEHHE YKECTKOCTH HU3KO- ¥ CpeJIHENIa-
CTUYHBIX FJIMH 3HAYUTENIbHOE BIMAHUE OKA3bIBACT NEPEYILIOTHEHHE. ABTO-
pbl MPOBOJMJIH MHOTOUMCIEHHBIE CEPUM UCMBLITAHUA HAa NMPOCTOH CIBHT B
ycJI0BMAX 3aaaBaeMoil aedopmanyn Ha oOpasnax TINIMHBI, 3a/eralileil B
uenb(oBoil 30He B Benecyane (rnmHa VNP). OOpasnsl TIvHBI HeHapy-
HIEHHOH CTPYKTYpPbl YIUIOTHAJIH [0 JEHCTBHEM BEPTHKANBHOTO JABJIEHUS,
B 1,5...2 pa3a npeBbILAKOIIETO BEPTHKANEHOE IPUPOJHOE JIABJIEHHE IPYH-
Ta. 3aTeM oOpasubl pa3rpy’kaid [0 MEHBILIET0 BEPTUKANBLHOTO HAaIpskKe-
HHS, YTOObI MONYUUTDb KeaaeMblid K0d(DGhHUUKEHT mepeynnoTHeHus. Ucnbl-
TaHUs MPOBOAUIH B COOTBETCTBUM ¢ MeToaukoil SHANSEP, npemnoxen-
Hoit JIanmom u @dyrrom (Ladd & Foott, 1974).

[o pe3ynbraTaM HCNbITAHUH OB ONIPEAETIEH HHAECKC YMEHBILICHHUS JKe-
CTKOCTH Op, MosydeHHbI U3 (8.6) U ABIAIOLMICA DYHKIIHEH 4MCIA [MK-
J0B N ans pasHelX aMIUIMTYA AedopManuu vy, 3aTeM Ui OnpeaesieHUs
napaMeTpa YMEHbBLUEHUs XecTKocTH d coryacHo (8.6) u3 norapudmmuye-
ckoro rpadMKa Oonmpenensin HakiaoH mpsamoii Op — N. Ha puc. 8.14 pe3syis-
TaThl UCTIBITAHUH TIPEJICTABJICHB] B BUJIC MAPAMETPa YMEHBIICHHS KECTKO-
CTH B COOTHOLUEHHH C aMILTUTYA0H AedopManuu vy, 17 Kaxaoro cocTos-
HHS TIEPEYILUTOTHEHUS, IPUYEM BETHIUHBI K03 ULEeHTa NIepeyTOTHEHHA
OCR cocrasunu 1,0; 2,0 u 4,0. MoxHO BUIIETH, YTO NpH HEOOJIBLIOM II€-
peymioTHeHun (B npeaenax OCR = 4,0) cHW)KEHHE IKECTKOCTH 3HA4M-
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TEIPHO YMEHBLIAETCS MIPH YBEIHYSHUH KO3D(QULHEHTA HEePeyIIIOTHEHHUL.
JpyruM BaxXHBIM (DAKTOPOM, BIMAIOIIMM Ha YMEHbUICHUE XKECTKOCTH,
ABJSETCA [UIACTUYHOCTH [JIMHbI. BONBUIMHCTBO JaHHBIX, MONYYEHHBIX B
XOI€ TPEXOCHBIX LMKIMYECKHX HMCIBITAHWH M MCMBITAHUA Ha MPOCTOH
C/BMTI Pa3sJMYHBIX TJIHH, OTOMPAJIUCh M3 HECKOJNBKMX NEOTEXHUUECKHX Ja-
GopaTopHii, 110csie 4ero GbUIM YCTAHOBICHB! BENMUMHBI d KaK QYHKLHUS Y,
(Tan & Vucetic, 1989). Ha puc. 8.15 npencraineno o6o0ueHne 3TX AaH-
HbIX JJI8 HOPMAJIbHO YIUIOTHEHHBIX MOPCKHX TNIMH (MHCJIO MUIACTHYHOCTH
HCIBITYEMBIX [JIMH YKa3aHO Ha pUCyHKe). [laHHble MO TNIMHE W3 3ajMBa
Can-®paHUMCKO TONYYEHbl W3 TPEXOCHBIX LUMKIMYECKHX HCMBITAHHH H
npeobpasoBanbl Yepe3 ypaBHeHue (8.8), IaHHbIE O FIMHAX U3 3ai1uBa Ans-
cka (GAL) TaKkKe MOTy4€HBI U3 TPEXOCHBIX LIMKJIMYECKHX UCTILITAHUA. Be-
JMUKMHBl TIapamMeTpa YMEHBIIEHUS XECTKOCTH Ul HECKOJbKMX MOPCKHX
Iyl U3 Benecyansl ObUIH MOTYYEHB! B XOA€ LMKIHMYECKUX UCTIBITAHUH HA

MPOCTOM C/ABMI.
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Puc. 8.15. Bnusinne 4ucna niacTHYHOCTH Ha MapaMeTp YMEHbIIEHHA )KECTKOCTH
B 3aBHCHMOCTH OT e(OpMaiiii HOPMAJILHO YIIJIOTHEHHBIX [JIMH
(Tan & Vucetic, 1989)
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O6061eHre TaHHBIX HCTIBITAaHKUH (CM. pHC. 8.15) yKka3biBaeT Ha TO, 4TO
Y HH3KOIUIACTHYHBIX TJIMH TIAPAMETP YMEHBIIEHHS >XECTKOCTH OGoJblie,
4YeM y BBICOKOIUIACTHYHBIX, JTO O3HAYAET, YTO Gojiee MIaCTHUHEIE TIHHBI
MEHBILE MOABEPKEHBl CHHKEHHIO JKECTKOCTH B MPOLECCE MPUIIOKECHUS
IIMKJTHYECKHX HATPY30K.

Bcecroponne uccnenys BnusHue KoddQHLHEHTa MepeynIoTHEHHS H
uucna miacTuyHocTy, Tan u Byderuk (Tan & Vucetic, 1989) nposoaunu
MHOTOYHMCIIEHHBIE CEPHY HCHBITAaHUH Ha MPOCTOM CABMI IIPH 3a1aBaEMOM
nedopmaunu Ha o6pasiiax MECTH BHIOB IIMH C PasHBIMHA KOd(uuneHTa-
MH niepeynyioTHeHus. IlonyuyeHHbIi napamMeTp yMeHBIIEHHS XECTKOCTH d
HaHeceH Ha rpaduk (puc. 8.16) B 3aBUCHMOCTH OT aMIUIMTY/AbI LMKIHYE-
CKOH neopManmu caBuUra 7y, (YMCIa IIIACTHYHOCTH I, yka3aHbl Ha pUCYH-
ke). Jlns HuskonmacTuuHblX rmuH (I, = 11...15) napametp yMeHblIEHHS
KECTKOCTH 3HAYHTENBbHO CHUXKAETCS MPU YBENHUEHHH KO3(D(HIMEHTa Te-
peymotHennss OCR ot 1,0 no 2,0. AHanoruuHas cutyauus Habmoaaercs
1N TIMH cpensed nnactuunocty (f, = 18...23), 3nece OCR usMmenserca ot
1 no 4. O1croga MOXHO clenaTh BBIBOJ, YTO LMKIHYECKOE YMEHBIIEHHE
KECTKOCTH Hanbonee 4ETKO MPOCIEKHUBAETCA Y HOPMAJILHO YIIOTHEHHBIX
TNHH ¢ HEOO/BIUMM YHMCIIOM TTACTHYHOCTH, @ Y [JIHH ¢ GONbIIUM KOIPH-
LIKEHTOM NEPEYIIOTHEHUA M OOsblIel MIaCTUYHOCTBIO YMEHBIIEHHE XKe-
CTKOCTH CTaHOBHTCS BCE MeHee 3HAUHTENbHLIM.
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8.5. Iloporoesie JepopManny NHKIHYECKOT0 YMEHbIICHHA JKeCTKOCTH

B npenpiymiem pazmene paccMaTpPHBANIOCh YMEHBLICHHE KECTKOCTH
PYHTOB IIPH CpeRHeit uwin O0dbIION aMITUTYIe UUKIHYecKoi nedopma-
mun. OJHAKO OYEBHIHO, YTO CYIHECTBYET HIDKHUM Mpeneln, 10 KOTOpOro
IIUKJIHYECKOTO YMEHBIIEHUS MKECTKOCTH He mpoucxonut. Ilockomsky
YMEHBILEHHE JXECTKOCTH BO3HHMKAET BCIEACTBHE WIATAHCHM, HUXKHUI
TIpenien aMIUIMTYAB! HUKInYecKoii negopmalinn 10mKeH ObITh paBeH IOpo-
rOBOH BEJIMYHHE MEXIY COCTOSHUSAMH IPYHTa MPH HAJNUYWK M OTCYTCTBHUU
nunarancud. Jna uccnenoBaHus storo adpexrta Jobpu (Dobry et al.,
1980) npoBoaun nabopaTOPHBIE HCIIBITAHUA BOAOHACHIIIEHHBIX MECKOB,
060011IeHHbBIC Pe3yNBTAThl KOTOPHIX MOKa3aHbl Ha puc. 8.17 (Dobry, 1989).
Jasnenue nopoBoil Bombl, pa3BuBarolicecs B TedeHHe 10 LUKIOB Harpy-
KEHUS, HAHECEHO Ha IpadyK B 3aBUCHMOCTH OT aMILTHTYAbl IMKJIHYECKOM
nepopmaiu casura. M3 puc. 8.17 BUAHO, YTO JaBlIEHHE B MOPOBOI BOjE
He BO3HMKAET, €CIH BeJUMYMHA aMIUTHTYIbl HMKIHYecKOH Aedopmaumnu
cBura He npepsimaer 107, Takum o6pazom, Bennuuny 107 MoxHO npu-
HSTH 38 HWKHUU mipenen nedopMauuy cIBUra, HeOOXOMUMBIH s pa3BH-
THS JaBJCHHS B IOPOBOH Boje. DTOT Mpelesl Ha3bIBACTCs 06beMHOU Nopo-
20601 depopmayueti cosuza. Bydetnx (Vucetic, 1994) o6o3naumn ee vy,.
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Puc. 8.17. 3aBHCUMOCTD JaBJIEHUs NOPOBOH BOAB! OT AedopMalvy CABUra
(Dobry, 1989)
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[IMkaMyeckye UCTIBITAHHA Ha MPOCTOH CABHI 00pa3sLoB BOAOHACHIILEH-
HBIX TPYHTOB B aHAJIOTHYHBIX YCIOBHSX OMHUcaHbl B pabote Ohara & Ma-
tsuda, 1988 (puc. 8.18). /laBneHune NopoBod BOABI MU 00BbeMHas aedopma-
UHS HaHECeHBl Ha rpaduKe B 3aBHCHMOCTH OT aMIUIMTYAbl LUKIMYECKON
nedopmauun. JlaBneHue MOPOBOH BOIbl HAYMHAET YBEIMYUBATHCA, KOTIA
o6pasel] IMHBI HCIBITHIBAET AOCTATOYHO OOJBIIYIO A€(OPMALIHIO C/ABUra,
npeseiaioyo 7x107, B 3Toii e CepuH MCIBITAHMI M3MEPATH 00BEM-
Hylo OedopMaiHio, BOZHMKAIOIIYI) BCIEICTBHE pacCEHMBaHUA IOPOBOTO
nasnenus (cM. puc. 8.18, 6).
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Prc. 8.18. 3aBHcHMMOCTD NOPOBOTO aBJIEHUS NMPH HEAPEHUPOBAHHOM CABUTE H

00BbeMHOI nedopmalvy B poliecce MocaeyloLei peKOHCOIHAALHH OT aMILIH-
Tyasl fedopmaunu casura (Ohara & Matsuda, 1988)
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Kak BuaHO U3 pucyHKa, JaBlieHHe MOPOBOH BOABI HAYMHAET PaCTH MPH
aMILTUTY/Ie [MKIHYecKoi nedopmamuu Gonpure 10°. CenoBaTenbHO, 3Ty
BENIMYMHY MOXXHO MPHUHATH B KA4eCTBE MOPOroBoit AedopMalru capura vy,
[Ull UCOIBITAaHHOM IiinHbl. Heo6xouMo UMeTh B BHIY, YTO YMEHbliieHHE
obbema obpaslia CBA3aHO C POCTOM AABJICHHS MMOPOBOM BOMBL, O3TOMY 3TH
JiBa sBJICHUS HAUWHAIOT MIPOABJIATECS NPH OAMHAKOBOH AedopMaluyn CBH-
ra. B npuBeneHHBIX NpHMepax BeTHuMHA Y, aas neckos (10*) npumepto
Ha [OPAKOK MeHbIIe, yeM 11st rus (107°).

Bo3HukaeT BONPOC, Kakoil H3 (akTopoB GOnbLUC BAUSET HA BETHUUHY
00BeMHON moporoBoit nedopmauuu y,. B pasn. 7.3 4ucio MIaCTUYHOCTH
Ha3BaHO CaMbIM BaXXHBIM (PaKTOPOM [UIS OMNpeNeNcHUs MoporoBoi aedop-
MallMK CIBMra 7Y, pasiensiolleid JIMHEHHOEe M HeAWHeHHOe MNOBEACHHE
rpyHrta. [lo3ToMy HHTEpecHO elie pa3 HCCleOBaTh BIMAHHE 4MCHA TUia-
CTUYHOCTH Ha BENWYMHY 7¥,. Bydetuk (Vucetic, 1994) Ha ocHOBE maHHbIX
MHOTOYHCIICHHBIX MCIBITAHUH MOCTPOUA TpaduK 3aBUCUMOCTH BEIHYHHbI
Y, OT YMCIIA TJIACTUYHOCTH UIA Pa3MdHbIX rpyHTOB (puc. 8.19). [lonyuen-
HbIE PE3ysbTaThl I0Ka3bIBaIOT, YTO Moporoas obbemHas aedopmauns v,
HayMHAET YBEJIUYUBATHCS [IPH BO3PACTAHUH YMC/IA [NTACTHYHOCTH IPyHTA.
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Puc. 8.19. BausAnue yncia MmIacTHIHOCTH Ha MOPOToBYIO JedopMaluio,
BBI3BLIBAIOLIYIO UHKJIHYECKOe YMeHbLIeHHe xecTkocTH (Vucetic, 1994)
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8.6. IToporosnie nedopMalun 1 ITATIOHHAA Aedopmanus

Kak y>e roBOopuiochk, CyIIECTBYIOT ABa BHJIA MOPOroBoil Aedopmaunu,
MCIONB3YEMBIX U1l XapaKTEPUCTHKH PaboThl IPyHTa: moporosas aedop-
MalH{s CHBMIa 7y pasfeaseT CTagud JTUHEHHOH M HEeMHHEHHOH paboTHI
rpyHTa, a o6heMHas moporosas aegopMalMsa CABMIa Yy, pasjenseT yclo-
BUS, B KOTOPbIX BO3HWKAET (MJIM HE BO3HHKAET) YMEHBIICHHE €T0 KECTKO-
cTH. BbUTO TakKe yCTaHOBJIEHO, YTO 1OPOroBas Aedopmanus 0O0HX BUIOB
YBEJIHUMBAETCA C POCTOM YMC/Aa MUIACTUYHOCTH IpyHTa. JlaHHBIE O IOPOTO-
Boit nedopmaumu (cM. puc. 7.22, 8.19) u I, o6beanHensl Ha puc. 8.20. Hu-
TEPECHO, UTO MOCTPOCHHbIE KPUBBIE MOX0XHU MO (PopMe, 4TO CBUAETENLCT-
ByE€T 0 CXOACTBe 6a30BOro MexaHW3Ma, XapaKTEPH3YIOLIEro paboTy rpyH-
TOB Ha KPUTHYECKHX CTAaausx pa3BUTHA dedopmauuu casura. Ha camom
Aenie 3TH KPUBbIE MapasiesibHbl, UX pasjenser npuMepHo 1,5 norapupmu-
yeckux nukna (Vucetic, 1994).
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Puc. 8.20. BausiHue uncna n1acTHYHOCTH Ha /iBa BUA OPOroBoi aedopMaiiuy,
CBA3aHHbBIC C HENMMHEHHOCTBIO ¥ IMKIHYECKHM YMCHBLIEHHEM XKECTKOCTH

Kokymo (Kokusho et al, 1982) ucciienosan BiusiHUE 4HcHa IUIACTHY-
HOCTH Ha YMEHBIIEHHE JKECTKOCTH TI0 Pe3yJIbTaTaM HECKONBKHX CEPHH HC-
nuitanuii (puc. 8.21). AMmIuTyaa nMkiandeckon nedopmanuy CABUra, He-
obxonuMas [UIs yMEHBIUEHHS MECTKOCTH N0 BEJIMYHHBI, 3HAYUTENBHO
MEHbILIE Ha4YallbHOM, NOKa3aHa Ha rpaguke B 3aBUCHMOCTH OT YHMCIa IUa-
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ctnunocTu. Ha puc. 8.21 npuBOAsTCSt XapaKTepHbIE KPUBBIE, IIOKa3aHHBIE
Ha puc. 8.20, co ciBUTOM OCH abcuuce, NOITOMY MOJIyueHHas KpuBas JIyd-
wie coorBeTcTByeT naHuaeiM Kokymro (Kokusho et al, 1982).
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Puc. 8.21. Bausaaue yncna nmiacTUUHOCTH HAa YMEHbLIEHHE HECTKOCTH
B 3aBUCHUMOCTH 0T nedopmaunu (Kokusho et al, 1982)

KpuBbie 114 y) 4 ¥, MOTYT NIPUHAMATLCS B KAUECTBE CEPEAMHHbBIX KPU-
BBIX, TIPEICTABNSIONINX OOILYI0 TEHACHLHMIO H3MEHEHHS OMBbITHBIX JAHHBIX
(cum. puc. 8.21). [loaTomy XapakTepHbIE KPUBbLIE AJIA ¥i M Y, MOMKHO HCIIOJIb-
30BaTh JUIS YTOYHEHHUS CTCICHH YMEHbIICHHS MOAYIS KaK QyHKLUUY UnciIa
racTUYHOCTH. CeMeHCTBO KpUBBIX Ha puc. 8.21 yka3plBaeT Ha paBHYIO
CTENEHb LMKIMYECKOT0 YMEHBIIeHHs wecTKOoCcTH. CnenoBaTeNbHo, nones-
HO PacCMOTPETh OTH KPHBBIE B KaueCTBE IIOPOroBbIX s v, H 7v,. Ha
puc. 8.22 ceMelCcTBO KpUBBIX U3 pUC. 8.21 npeaCTaBieHO BMECTE C TIOPOTo-
BbIMH KpHUBBIMH. CpaBHUM 3TH [IB€ TPYNIbl KPUBBIX, XapaKTEPU3YIOIINX
OJIMHAKOBOE YMEHBIIICHHE KECTKOCTH, ¢ KpUBO# 00beMHON MOPOroBoOi Ae-
dopmanuu crasura. LIMkimnueckoe CHHXKEHHE JKECTKOCTH IHMHBI «Tega-
numay MPOUCXOIUT, KOTa XKECTKOCTh YMEHbIIAeTCs pumepHo 10 70% ot
HavanbpHOU BesidyMHEL (cM. puc. 8.22). Ha puc. 8.21 nyHKTHpOM NOKa3aHel
pe3yJIbTaThl UCTIBITAHKH, NPE/CTaBIeHHbIE B paboTe Zen et al., 1978. Onu
CBUJIETENLCTBYIOT O TOM, YTO YMEHBLIEHUE JKECTKOCTH UCKYCCTBEHHO IIe-
peEMELIaHHBIX MaTEpPHAIOB paBHO npuMmepHo G/G, = 0,75, npuueM cTeneHb
€€ YMEHBLICHHUS 10 HEKOTOPOH CTEINEHH 3aBHCHUT OT BH/ia I'PYyHTa.
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OnHako u3yueHHe Pe3yJbTATOB JAPYIMX MCIBITAHUN MMOKA3ajo, 4To [10-
POroBBIK MOIYJb YMEHbIIAaeTCs B npeaenax 0,6...0,85 (Vucetic, 1994). Ha
3TO yKa3bIBaeT IMonepeyHas 30Ha, OTMEUYeHHAs TOYKaMHu Ha puc. 7.21, rie
NpeACTaBjeHa I'PYIa KPUBLIX YMEHBLIIEHHS MOZYJS Ui TPYHTOB C pas-
HBIM YHCJIOM [JIACTUYHOCTH. lIpaKkTHdecku rOpH3OHTAIBHOE PaCIONOKE-
HUE STOH 30HbI YKa3bIBAET HA TO, UTO XapaKTEPHCTUKU YMEHbIIEHUS KeCT-
KOCTH HE 3aBUCST OT YMcia MIaCTHUYHOCTH.
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Puc. 8.22. BausHue yrcna niaCTUYHOCTU HA YMEHbILEHHE KECTKOCTH
(060011eHHDbI rpaduK)

Kak yke ynomuHaioch, 3TajoHHas aedopMalus ONpeAeseTcs o
(3.43) 1 3aBUCHT He TOJILKO OT NMPHPOJHBIX CBOWCTB I'PYHTAa (HampuUMep
TJIACTUYHOCTH), HO U OT HANpPAKEHHOTO COCTOSHMS, 3 TaKKe KOJIHUYECTBa
I{MKJI0B NIpHIIOKEHUst HAarpy3ku. OIHAKO, €CITH 3a HOPMAIbHOE COCTOSIHHE
IPYHTa NPHUHATH TaKoe, PH KOTOPOM 3(dekTHBHOE 00KUMAIOIIee Hanps-
xenue 0’y ~ 100 kIla, a yucino UMKIOB Harpyenus coctasugeT 10...20,
TOrAa ITaJOHHYI JedopMalyio MOXHO BBIPAa3UTh Kak (DYHKIMIO YHCIa
MIaCTUYHOCTH. BHUMaTeNnbHOE M3ydeHHe Pe3yJbTaTOB MHOIOYHC/ICHHBIX
HCHBITAHHH TOKAa3alo0, YTO JTaJIOHHas jaedopMaius MPOSBIAETCS, KOTHa
Moayab casura ymensmaercsa 10 40...60% or vaganpHo#t BenuunHel. [lo-
aromy BenuuuHa G/Gy = 0,5 MoxeT ObITh NPUHATA 33 CPEJIHION, HEOOXO-
JUMYIO JUIsl YMEHBIIEHHS MOIYJISl IO BEJIHYMHBI, [IPH KOTOPOH BO3HHKAET
3TaNoHHas aedopmanus.
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Ha puc. 8.22 nokazaHel 30HBI STAJIOHHOH nedopMalyii U ee CpeaHHuX
BEJIMYMH Kak (PYHKHUS 4ucia MIacTHYHOCTH. OTMETHM, YTO 30HA 3TAJNOH-
HOH nedopmMalidu Ha puc. 8.22 B HOPMAJNBHBIX YCIOBHUSX, OMTUCAHHBIX Bbl-
1Ie, HaXOOUTCS ClpaBa OT KPUBOH 7Y, , TAE BCETAa IMPOUCXOAHT HUKIAUYE-
CKO€ YMEHBIIICHHE KEeCTKOCTH. J[pYyrHMMH CIIOBaMH, NpH BO3AECHCTBUHM Ha
IPYHTH LIMKJIMYECKHX HArpy30K MpH aMIUIUTyde AedopManuu, paBHOMN
ITANIOHHOH IedopMAaLIUK, IPYHTBI YK€ LUKIHYeCKH 1eQOopMUpPOBaHLI, YTO
COMPOBOX/IAETCA MOCTENEHHBLIM U3MEHEHHEM MX CBOMCTB - HaKOIIEHHEM
00beMHBIX AehOpMaIHif HITH YBETTHUSHHEM JIaBIEHUS TOPOBOI BOAIbI.
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IMPOYHOCTD CBA3HBIX TPYHTOB
B YCJIOBHUAX KPATKOBPEMEHHOI'O
U HUKINYECKOI'O HAI'PYKEHU S

9.1. Buapl Harpy3ox npy AMHAMHYECKHX UCNBITAHUAX TPYHTOB

s onpenenenus TUHaAMU9IECKOH MTPOYHOCTH IPYHTOB MPOBOAMIIM pa3-
JIMYHBIE HCIIBITAHUS HA IUHAMUYECKOE HATPYKEHUE. Bce UCTBbITAHHSA MOX-
HO pa3feNuTh Ha YETHIPE TPYIIIEI B 3aBUCUMOCTH OT TOr0, OBIJIO JIW Harpy-
KEHHE ObICTPBIM WJIH MEMIEHHBIM, MOHOTOHHBIM WM LHKIHYHBIM
(puc. 9.1). McnibiTaHNs HA MOHOTOHHOE HAarpy»XeHHe MOTYT MPOXOAWTh NPH
MEHSIOLIENCA CKOPOCTH. B OOBIYHBIX CTATHYECKHX HCMBITAHHAX CKOPOCTD
Harpy>K€HHUs TaKOBA, YTO MPO LECC pa3pyLICHUS 3aHUMAET HECKOJIBKO MU-
HYT. UcnbITaHHs Ha MOHOTOHHOE HArpyX€HHE, B KOTOPBIX pa3pylUeHue
MPOMCXOANT Yepe3 HECKONbKO CEeKYH[, KJIacCH(DHIMPYIOTCS KaK WCIbITa-
HUs Ha ObIcTpoe HarpykeHue. McnpitaHna Ha ObICcTpoe HarpykeHue (Mnu
KpPaTKOBPEMEHHBIE) MPOBOIAT € LENbIO ONpEAeIeHHs MPOYHOCTH TpyHTa
IIPH Harpy3Ke, BBI3BaHHOM B3pbIBAMH, HATIPUMED, NETOHALIMEH B3PbIBYATHIX
BELIECTB WU NaJeHUeM OOMOEL.

Ko BropoMy TuIly AMHaAMHUYECKOIO Harpy>XeHHs OTHOCHTCS NpuiIoKe-
HUE LMKINYECKOH HArpy3Ku BCleld 3a CTaTUYECKUM MOHOTOHHBIM Harpy-
xeHuem oOpasua (puc. 9.1, 6). Hame Bcero nofoOHbIE HCMBITAHUSA MPOBO-
JAT A0S ONpeleNneHUsi TPOYHOCTH TPYHTOB NpH 3emieTpsceHnsax. Ha Ha-
YajpHOH CTai¥MK MPOU3BOIUTCS CTATHYECKOE MOHOTOHHOE HArpyXeHue,
KOTJa BEMMYHHA KacaTe/lbHOTO HANpPMKEHHUS COOTBETCTBYET YCTOHUYUBOMY
CTaTUYECKOMY COCTOSIHUIO FPYHTA INEepe]l 3eMIeTpsAceHHeM. Takoe CocTos-
HUE XapaKTEPHO ISl TPYHTOB, 3ajIeTal0llUX B OCHOBAaHHUH CKJIOHOB. Ilocie
NPUIOKEHHUS] TOCTOSHHBIX KacaTelbHbIX HampshkeHuil o0paslibl FpyHTa
MOJBEPralOT LUKIHYECKOMY HArpyXXeHHio 10 ux paspyiuienws. Ha stoi
(aze UCTBITAHUN MOJETUPYIOT BO3AEHCTBHE HMUKIMYECKUX KACATE/bHBIX
HaNpsKCHUI IPH 3eMJIETPACEHUSX.

Ilens TpeTbero TUNa UCHBITAHUI — OIPE/EACHUE U3MEHEHHI MTPOYHO-
CTM M JXKECTKOCTM TPYHTA, BBI3BAHHEIX CEHCMUYECKMMH BO3JCHCTBHAMH
(cM. puc. 9.1, 6). ITocne onpeneseHHOro KOJHYECTBa UMKIOB HAarpyKeHUs
o0pa3upl rpyHTa pasynpoyHSIOTCA, U HX CTATHYECKas MPOYHOCTL H Je-
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(opMallMOHHBIE CBOMCTBA M3MEHSIOTCS 110 CPABHEHHUIO C MIEPBOHAYAIbHBI-
MH. 3HaHWE STHX CBOKCTB I'PYHTOB HEOOXOAMMO Ul aHaIM3a yCTOWYMBO-
CTH AaMO M HACHINEH.

BuicTpoe
Harpy;xeHue

Craruueckoe
HarpyxeHue

KacarenpHoe
HanpsHKeHue

Bpewms
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Kacarenssoe
HanpsDKEeHAE
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Kacarensnoe
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KacarensHoe
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Bpems

Puc. 9.1. Tunsl AcnbITaHMA HA JUHAMHYECKOE Harpy>KeHHe:
a — MOHOTOHHOE HarpyxeHHe; 6 — MOHOTOHHO-LIUKITHYECKOe HaIPYKEeHHUe;
6 — HNKJINYECKH-MOHOTOHHOE HAarPYXKCHHE;
2 — MOHOTOHHO YBEJIHUUBAIOLIEEC UMKIMYECKOE Harpy>KeHue
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Ha puc. 9.1, 2 noka3aHa cxemMa UCHBITAHHUA YETBEPTOrO THMA, KOTOPHIE
NPUMEHSIOTCA PEIKO U NpEIHa3Ha4YeHbl 11 W3yYEHHS CTaTHYECKOH Mpoy-
HOCTH TPYHTA, NMOJBEPKEHHOrO BHOpalOHHOMY Bo3neicTBuio. CraTuye-
CKOE COIpPOTUBIICHHE PYHTA, HAXOIAIIETOCs B HEMOCPEACTBEHHOH 61H30-
CTH OT OOBIYHBIX MJIH IMIYHTOBBIX CBaH, MOJKET yMEHBIIAThCA M3-32 BUO-
palyy, BbI3BaHHOW MOTpY)KeHHeM cBaW. B Takux ciaydasx NMpOYHOCTHBIE
CBO#CTBA TPYHTa ONPEAETAIOT B X0/€ J1aOOpaTOPHBIX HCMBITAHHH, B KOTO-
phIX Ha 0Opa3ell rpyHTa, PacTION0XKEHHbIH HAa BUOPOCTEHIE, BO3AEHCTBYIOT
MOHOTOHHO BO3PaCTAIOLIME KACATENIbHBIE HAMTPAKEHHUS.

9.2. Onpenenenne AMHAMAYIECKOMH NPOYHOCTH IPYHTA

W3 yeThIpex THIOB UCTIBITAHHH Ha AMHAMUUYECKYIO HAarpy3Ky (cm. puc. 9.1)
JUIA ONpefieNiCHUs] MPOYHOCTH TPYHTOB B YCIIOBHAX CEHCMHYECKOTO Harpy-
»KEHMS Yallle BCETO MPOBOAAT MCIBbITaHUA BToporo Tuna. Huxe O6yaer npu-
BEJCHO JCTANLHOE OMMCAHHE METOAMKH OINpeAENCHUs IHHAMHUYECKOH
IIPOYHOCTH TPYHTa C MOMOLIBIO HMCMBITAHHH B NpHOOpax UHMKIMUYECKOrO
TPEXOCHOTO CaThs. BO3MOXHBI JBE CXEMBbI HATPYXKEHHA B 3aBHCUMOCTH
OT TOTO, CKOJIEKO 0Gpa3tioB (OIMH HIIM HECKOJIBKO) NoTpedyeTcs A onpe-
JICNIEHUs IPOYHOCTHBIX XapaKTEPUCTHK IPYHTA.

9.2.1. Henvimanue Ha yukiuueckoe Hazpyrcenue @ 00uH 3man

B 1aHHOM HCIBITAHHH MPUMEHSETCS CXeMa HarpyxxeHus (puc. 9.2),
NpeICcTaBlIeHHas B BHJE 3aBHCUMOCTH «KacaTeJIbHOE HAmpsXXeHHe — Jie-
dopmanus casura». CHauana obpasell yIIOTHAETCA NOJ AEHCTBUEM H30-
TPOITHOTO JIABJIEHUSA G . 3aTeM K 00pa3lly B JAPEHHMPOBAHHLIX WM HeAape-
HHPOBAHHBIX YCIOBHSX NPUKIAABIBAIOT CTATHYECKOE OCEBOE HANPAKEHHE
Oy, UTO 0003HaYCHO TOUKOH P Ha puc. 9.2. TIpH UcnbITaHUM BOJOHACKILIEH-
HBEIX 00pa3LoB Ui AOCTHKEHHS KOHCONHMIALMH, COOTBETCTBYIOLIEH Mpo-
JO/DKUTENBHOMY JIeHCTBHIO HAaNpsDKEHHH Nepel 3eMIIETPACEHUEM, Kaca-
TEILHBIE HAMpPSHKEHHs JOJDKHBl NPUKIAABIBATBCA TOJILKO B JAPEHUPOBAH-
HBIX ycioBUAX. K 4acTHYHO BOJOHACHILEHHBIM 00pa3slaM KacaTeNbHEIE

HATIPSUKEHHUS. MOTYT MPHKIIAABIBATLCA B HEJPEHUPOBAHHBIX yClOBHsX. [la-

nee K o0pasily IPUKJIAABIBAIOT 3aJaHHOE KOMMYIECTBO OAHOPOIHBIX LUKIIH-
YECKHX OCEBBLIX HANPsHKEHWH C aMIUIMTYAOH, NPH KOTOPOH HE BO3HHMKAET
paspyuienus. ITo OKOHYAHMH LMKIMYECKOTO HArpyxeHus B oOpasue co-
XpaHseTcs ocTaTtounas ocesas nedopmanus (Touka A Ha puc. 9.2, a).

B cremyroleM HCIBITAHUM HOBBIM 00pasen Taioke YIIOTHSIOT M BO3-
JIEHCTBYIOT Ha HETO TAKHM e KOJIMYECTBOM IIHKJIOB OCEBBIX HAlPSHKEHHH,
HO c Gonpluel aMmuTynol. Onpenenus OCTATOYHYIO OCEBYIO aeopma-
LIHIO, HAHOCAT TOYKY B Ha puc. 9.2, 6. 3aTeM aHAIOrMYHOE UCNLITAHHE HA
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UMKIIMYECKOE HArpyXeHHe POBOAAT Ha TpeTheM obpa3iie, CHOBA yBEIHYH-
Bas aMIIMTYay Konebanud. Takum ob6pa3oMm Ha rpaduke «HampsoKeHHe—
aedopmaums» (cM. puc. 9.2, ) onpenenstot Touky C. [TogoOHble UCTIBITA-
HHS [OBTOPSAIOT CTOJNILKO pa3, CKOJABKO HEOOXOAUMO IS MOJIyUYEHHS BEJIu-
YWUH OCTaTOYHbIX AedopMmanuil npH GONBLUIMX aMIUIMTYNaX LUKJINYECKHX
KacaTeNbHBIX HANPAXKESHHUH.

HaHnecs na nuarpammy Bce paHee nosnydeHHble Toukd (4, B, Cu T. 1) 1
COCIMHHUB HX, CTPOAT 3aBUCHMOCTB «HanpshkeHHe—nedopmarus» (puc. 9.2, 2),
KOTOPYIO MO>HO Ha3BaThb 3aBUCUMOCTBIO MEXKY HANPSHKEHHEM M OCTaTOY-
Hol nedopmanueii. B nogo6HoOro poma 3aBMCUMOCTAX HauOONEe HATJIAAHO
NpECTaB/IEHb] CBOHCTBA IPYHTA B YCJIOBHAX CEHCMHUYECKOrO HArpyXeHus.
3Has aMMIIMTYdy LMKIMYECKOrO KacaTebHOrO HANpSKEHHs Gy U Hayallb-
HYI0 BEJIMYMHY KAcaTebHOTO HANpPSKEHHUs G, 11 00pa3sua rpyHra, pacio-
JIO)KEHHOTO MOJ OTKOCOM, MOXHO OLIEHUTb MOCTOSHHYIO OCTATOUHYIO I€-
¢popmauuio oTKOCa U MOOMITH30BaHHYIO MPOYHOCTb TPYHTA IPH OXKHJae-
MOM 3€MJIETPACEHHH.
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Puc. 9.2. Tloctpoenue kpHBoii
«KacaTeJIbHOE HamNpshKEHHE — OCTaTOYHAs JedhopMais»

9.2.2. Henvimanue Ha Yukauyeckoe Hazpyicenue 6 HECKONbKO IMAanos

B omHcaHHOM BBILIE HCIIBITAHHH Ha HUKIHYECKOE HArpyKEHHE B OJHH
ITan A MOCTPOEHHS KPUBOH «KacaTelbHOE HanpshKeHHe — OCTATOYHAs
nedopmanus» TpebyeTcs HECKONBKO O0pasloB IPYHTA C OAMHAKOBLIMH
csoiicTBaMu. Ecnin konuyecTBo 06pa3siioB OrpaHHYEHO, MOXKHO TIPOBOANTE
MCTIBITAHHA Ha LHMKIHYECKOE HArpyKEeHHE B HECKOIBLKO 3TanoB (puc. 9.3).
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OGpasell rpyHTa YIUTOTHSIOT WM NPUKIAABIBAIOT K HEMY HAayalbHOE Kaca-
TeJbHOE HATIPAKEHHE O, KaK U B NPEAbIAyLIeM ciydae. 3aTeM Kk obpasiy
MOCEN0BATE/IBHO MPUKIAIHBAIOT 33JaHHOE KOJMYECTBO LUKJIOB Kaca-
TEJIbHBIX HANPSKEHUH ¢ OTHOCHTENBHO HeOoubmoil amninty o, Obpasen,
nonyuaer gepopMaiio CBUra, OTMEYEHHYIO TOUKOH 4 Ha puc. 9.3. 3ateM
NpH TOM K€ KOJMHUUECTBE LMKIOB YBETMUYMBAIOT aMIUIMTYAY HarpyXeHHs.
OGpasel mojtyyaer HOBYIO jedopManuio capura (Touka B na puc. 9.3).
AHanoruyHeEIM 00pa3oM BBHIMOJHSIOT €IUE HECKOJBbKO CEPHl OJHOPOAHBIX
OCEBbIX HATPYXKCHUH TOro >ke o0pasla B HEAPCHUPOBAHHBIX YCIOBUAX C
OJMHAKOBLIM KOIIMYECTBOM IIMKJIOB, HO TOCTOSIHHO YBENMYHMBAIOWEHCS
aMIumMTYI0i. B KOHUE kaxnoi cepHM NOTy4arT TOYKH, KOTOPBIE COEIH-
HAIOT U CTPOAT KPHBYIO, MOKa3aHHYI MYHKTHPHOH nuHued Ha puc. 9.3.
DTa KpUBas 3aBUCHMOCTH «HAIIPSHKCHHE — OCTaTO4YHas Aedopmauua» no-
A00Ha KPUBOW, MOJYYEHHON B UCIIBITAHUAX HA LIMKIMYECKOE HArpyXeHue,
[IPOBOAMMBIX B OJIMH STall.

B paccMOTpeHHOH cxeMe€ HArpyXeHWs LIMKIMUYECKMe HArpy3ku ¢ mno-
CTENEHHO YBEIWUYHBAIOUICHCS aMIUTUTYJON KojaeOaHWil MmocneaoBaresibHO
JIEHCTBYIOT Ha OOMH U TOT e oOpasell. [losTomMy Ha peakuuio obpas3ua Ha
CHEAYIOIIMX CEPHSX IUKINUECKOr0 HAarpy»KeHus OyayT BJAMATb PE3yJbTaThl
JEHCTBUA NPebIAYIMX [IMKIOB ¢ MEHBIIMMH aMILUIMUTYAaMu Kojebanuit. B
UCIBITYEMOM 00pasiie HaKalJMBalOTCA OCTaTOYHbie AehOpMaLUH OT npe-
ABLAYLHMX CEPHH LUAKIMYECKOTO HATPYHKEHHUS, UTO OTPA3UTCs Ha rpaduke.
XKecrrkocTh 00pa3na Oyaer MeHblle, 4eM y o0pa3ua, He MOJBEPraBLIErocs
JEHCTBHIO LMKJIMUECKOTO HArPY)KE€HHs C MEHBLIMMH aMIUIMTyaamMu. OnnHa-
KO C MPAaKTHYECKOH TOUKHM 3PEHHs BIMSAHME TAaKOH MCTOPUU HArpyKEHHUS
HE3HAYMUTEIBHO U UM MOXHO NpeHeOpedb. JTO MOATBEPKAAET NPaBoOMEp-
HOCTb HCIBITAHHH Ha IIMKJIMIECKOE HATPYXKEHHE B HECKOJIbLKO DTAMNOB.

Kacarensroe HanpsHKCHUE

0 Hedopmariys ciBura

Puc. 9.3. TlocTpoeHHe KPUBO# «KACATEBHOE HAPSXKEHHE — OCTATOuHAs Aeopmatiisy
10 Pe3yJIbTATaM UCHBITAHIH Ha IMKITNYECKOEe HarpyXeHHe B HECKOJIbKO 3TanoB
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OTMeTuM, 4TO U JAHHOTO IPYHTa BUJ KPHBOH «HATpSKEHHE — OCTa-
TO4YHas aedopmains», TOCTPOEHHOH Ha OCHOBE JII0OO0r0 HCTIBITAHUS, OyaeT
M3MEHATBCSA B 3aBUCUMOCTH OT COOTHOIUEHHUS HAYANBHBIX U [UKIHYECKUX
KacaTeNpHbIX HANPKCHHH, a TAaKKe 3aJaHHOTO KOJNHNYECTBAa LUKJIOB Ha-
rpyxeHus (puc. 9.4, a). Ectb ocHOBaHHUS yTBepXIaTh, YTO KpHBas «Ha-
NpsHKEHHE — OCTaTO4HAs AedopMauus» BOJOHACHIIIEHHOTO IPyHTa MOCTE-
[ICHHO BBINOJAXKMBAETCS [10 MEPE YBEINYEHHS KOJTHYECTBA LUKIIOB HArpy-
KeHUA. DPPEKT, JOCTUraeMBblil NPH HCIBITAHUKM C OJAHHM LUKIIOM Harpy-
KEHUS, MPUMEPHO TAKOH Ke, KaK B MCMBITAHHU C NPHIIOXKEHHEM OBICTPOi
MOHOTOHHOH Harpy3ki. 1103TOMy mNpH UCHBITAHHU C OJJHUM IIMKJIOM Ha-
rPYXEHHs KpUBasd «HalpsHKEHUE — ocTaTouHas nedopmanus» Oyaer Gonee
kpyToit (puc. 9.4, a).

Ha puc. 9.4, 6 cxeMaTH4YeCcKH MMOKa3aHO BIHAHHE HAYAIbHLIX KACATENb-
HBIX HanpsHKEHHH Oy HA KPHMBYHO «HAMpsKEHHE — ocTaTouHas nedopma-
uus». Korjga BeIMYHHA G, JOCTATOYHO BEJUKA [0 CPAaBHEHHIO C aMILIUTY-
JIOR LIMKIMYECKOrO KACaTeJIbHOIO0 HANPSIKEHUS O, BIMSHHE CKOPOCTH H
NOBTOPAEMOCTH HArpY»KEHUS HE3HAUUTEIbHO, a KPHUBAs «HaNpsikeHHe —
ocraroyHas aedopmauus» nprbIHKaeTcss K rpaduKy CTaATHYECKOrO UCIIbI-
TaHusl.
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Puc. 9.4. BausHue KONH4ECTBA LHKIOB HAPYXKEHUA W BENUUNHEI
HaYyajIbHOTO KAcaTe/IbHOIO HAMPAKEHHUSA Ha KPUBYIO
«Kacare/lbHOE Hanps)KeHHe — octaTovHas aedopmalins»
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9.2.3. IIpumep 3a6UcCUMoCmu «HANPANCEHUE — OCMAMOYHAs depopMayusy

Ha puc. 9.5 npuBexeH npuMep 3aBUCHMOCTH «HANpsKeHHe — OCTaTo4-
Has aedopmanus». s n1abopaTopHOro MCTBITaHHS HA TPEXOCHOE LMKIH-
YyecKoe HaMpsoKeHue Oput OTOOpaHbl 00pa3lbl IPYHTa HEHAPYIUCHHOH
CTPYKTYpPbl B BHJIE MOHOJMTOB Heaneko oT mecTa ononsus B [upoumn
(tor CeHnpas, SInoHHs), KOTOPBLIA IMPOM3OLLEN BO BpeMsA 3EMJICTPACEHHA
MpsokMKeH-0kH 12 nioHs 1978 1. LIMKIIHYecKoe HarpyKeHue mpoxoaniio
B ofiHy cTaauio. OGpa3upl HACHILIANKM BOJOK M YIUIOTHSAIM NpH 00XKUMaro-
meM aasieHuu o o = 50 kl1a. Kaxxapiii oOpasel B JpeHUPOBAaHHLIX YCJIOBH-
SIX HarpyXaJcs CTaTH4eCKUM OCEBBIM HampsbkeHueM o, = 144 klla, 3aTem K
HEMY TPHKIAABIBAIN LMKINYECKHE HArpy3KH C pasiuYHbIMHM aMIUIMTYyJa-
mu. Ha puc. 9.5 npuBoasatcs 0606LeHHbIE PE3yabTaTbl HCABITAHNH (32€Ch
CyMMa UMK/IHYECKOTO U CTaTHYECKOro KOMIIOHEHTOB, HOPMAaW30BaHHas
[I0 OTHOLUEHHUIO K HEJIPEHHUPOBAHHOMY CTATHUYECKOMY OCEBOMY HarpsiKe-
HUIO TIPU pa3pyLIeHHH, HAHECEHA Ha TpadMK B 3aBMCMMOCTH OT OCTaTO4Y-
HO# oceBoii nedopmaunn). OTMETHM, YTO NS NOJTYYEHHA TAaKO#H e ocTa-
TOYHOM AedopMald B KCHBITAHHAX C MEHBLUIMM KOJUYECTBOM LHK/IOB
HarpyxeHus Tpebyercs Gonbluee oblee 0CeBOe HaNPMKEHHE (O, + O,), YeM
B HUCHBITAHUAX C GOJBIIMM KOJUUYECTBOM IMKJIOB. DTO MPOHUCXOAHT H3-3a
CHIDKEHHS )KECTKOCTH 0Opaslia BCIEICTBHE NOBTOPHBIX HarpyxeHui. B
JAHHOM Cllyyae JAMHAMHYEecKas MPOYHOCTb MbLIEBATOro rpyHta B 1,5 pasa
NPEBbHIIIAET CTATHYECKYIO TIPOYHOCTD.
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9.3. Yc10BHA KPAaTKOBPEMEHHOT0 HATPYKEHHUS

Mhuorue uccnenosarenu NpoBOAMIA JaGOPATOPHBIE HCIBITAHUS TPYH-
TOB Ha MOHOTOHHO YBEJIMYHMBAIOLLYIOCS ObICTpYIO Harpy3ky. Kasarpanze u
[lennon (Casagrande & Shannon, 1948), Kasarpanme u VYwuicon
(Casagrande & Wilson, 1951) BrepBbie MCCIENOBAIH MPOLECC BIHSAHAS
CKOPOCTH Harpy>KeHus Ha NPOYHOCTb rpyHTa. HcmbiTanus o6pa3suoB uH
U CyXOro NecKa KpaTKOBPEMEHHOH Harpy3koi Mmokasajid, 4ro JJis IJIMHHM-
CThIX TPYHTOB BO3pacTaHHe ckopoctd pedopmartuu or 1 go 8000% B Mu-
HYTY BbI3bIBAET YBEIMYECHHE MPOYHOCTH rpyHTa Ha 50% u Moayns aedop-
Mauuu — npumepHo Ha 100%. Yutman (Whitman, 1957) B npouecce uemnmi-
TaHUH CBA3HBIX TPYHTOB KPaTKOBPEMEHHOH HArpy3Ko# BBLIABHJI AHAJIOIM4-
HOE BJAMAHHUE CKOPOCTH HArpy»K€HUs Ha MPOYHOCTh W KECTKOCTh IPYHTOB.
Takue xe s¢dexThl Bo3AEHCTBUSA CKOPOCTH Ae(OpMaLIMK Ha CBOKCTBA ApY-
THX CBA3HBIX IPYHTOB HaOmoanu u apyrue uccienosarenu (Ohsaki et al.,
1957, Kawakami, 1960, Schimming et al., 1957, Olson & Parola, 1967). Ha
puc. 9.6 nokaszaHbl pe3y/ibTaThl HCIBITAHWI CBA3HBIX MPYHTOB HEHApYIIEH-
HOW CTPYKTYpbl Ha OBICTPOE U CTATHYECKOE HATPYKEHHE, POBEIEHHbIX B
SAnonuu (Ohsaki et al., 1957). B ucnbITaHUsX HAa MEIEHHOE HATPy/KEHHE
BpeMa 110 pa3pylienus obpasua coctaBisiao 100 ¢, B HCNIBITAaHUAX Ha Obl-
ctpoe Harpyxenue — 0,1 ¢. MoxHo cuuTtaTh, YTO NOBBLIIIEHHE CKOPOCTH
HarpyXeHus MPUBOAMT K YBEIMYEHHIO MPOYHOCTH rpyHTa Ha 15% rmo
CPaBHEHUIO C PE3Y/BTATAMH CTATHYECKHUX UCIIBLITAHUIA.,
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Puc. 9.6. Banauue BpeMeHH HarpyKeHus Ha NPOYHOCTb MPYHTOR
(Ohsaki et al., 1957)
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Ocaku (Ohsaki, 1964) 0G00I KOMIUIEKCHBIE AaHHBIE O MPOYHOCTH
CBSI3HBIX [PYHTOB, TNOJYYEHHBIE M3 MCIBITAHHEA Ha OBICTpOE HATpYXEHHE
(puc. 9.7). Ha stoMm rpaduxe nannsie Ocaky IONOAHEHBI pe3yabTaTaMH
apyrux uccienosanui (Schimming et al., 1966; Olson & Parola, 1967). U
X0Td Ha rpaduxe HabMIOAaETCA HEKOTOPLI pa3dpoc TOYEK, CKopee BCETo,
00yCIOBJIEHHBIH BIMAHHEM HAa NPOYHOCTH APYTrUX ¢(HakTOpoB, TEM HE Me-
Hee, NpociIexuBaeTcs oOlas TEHICHIHA K YBEJHYCHUIO NPOYHOCTH INpH
OBICTPOM HArpy>KeHWH 1O CPABHEHHUIO ¢ MeJIeHHbIM. CpeJHss npsmas Jn-
HHUs Ha puc. 9.7 ykasbBaeT Ha TO, 4TO NMPOYHOCTH CBA3HBIX T'PYHTOB MpPH
BpemeHHu Harpyxkenus 0,25 ¢ mpumepHo Ha 40% Gonbllle, yeM NpU CTaTH-
4eCKOM HarpyxeHud B TeueHue 100 c.
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Puc. 9.7. BnusHue BpeMeHH HarpyX€HUs Ha IPOYHOCTh CBA3HBIX MPYHTOB

9.4. KoMOnHMPOBaHHOE CTATHYECKOE H NHKIHYECKOE HATPysKeHHE

B npeasinyineM paszene ObUI0 MOKa3aHO, YTO B YCIOBUSAX KOMOMHHPO-
BAHHOTO CTATHYECKOTO M IIMKJIMYECKOTO0 HarpyXXeHHS MPOYHOCTH IpYyHTa
MOXKHO OTIpe/IeNIUTh U3 rpaduKa «HanpsHKeHHe — OCTaTOYHAas AedopMaLus»
(cM. puc. 9.2, 9.3). OnyOnrKoBaHbl pe3ybTaThl MHOIMOYHCICHHBIX Jabopa-
TOPHBIX HCIBITAHUA TI0 ONPEAENCHUI0 LMKINEECKOH MPOYHOCTH CBA3HBIX
rpyHTOB. U XOTS He Bce JaHHBIE NIPEICTABIECHBI B BUIE KPUBBIX 3aBUCHMO-
CTH «HampsDKEHHE — OCTaTO4HasA JehopMauus», B LIETOM MOXHO 00061LHTL
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CXEMBI M pPe3yJIbTaThl BCEX HCIBITAHHN B COOTBETCTBUM € METOIUKOM, M3~
JIOXKEHHOH B mpenpaymux pasgenax. Ha puc. 9.9 npuBonsres pe3yasTaTel
HCIIBITaHUI Ha TPEXOCHOE LUKIHYECKOEe HArpyKEHHE, BHIMOJHEHHBIX pa3-
avyebiMu aBTopamu (Seed, 1960, Seed & Chan, 1966, Ellis & Hartman,
1967). UcnpiTaHus MPOBOJHINCE HA YIUDIOTHCHHEBIX, HE NTOJHOCTHK HACHI-
IEHHBIX BOJOM CBA3HBIX IpyHTax. Ha rpaduxe no BepTHUKaIbHOH OCH Ha-
HefeHa IMKNHYECKas IPOYHOCTD, ONpeneaeMas Kak CyMMa CTaTHUeCKOro
¥ LIMKIHYECKOTO OCEBHIX HANpPSOKEHHH, BHI3BIBAIOIIMX paspylLieHHe obpas-
1a, JeJeHHas Ha CTaTH4eCKYI0 TPOYHOCTD; M0 FOPH30HTAIBHOM OCH — Ha-
4ajJbHOE CTAaTHYECKOE OCEBOE HANpsDKEHHE, JEJIEHHOE Ha CTaTHYECKYHO
OpOYHOCTb. Jjajiee COOTHOIIEHUE LIUKIINYECKOH H CTATHHECKO MPOYHOCTH
J71s1 KPATKOCTH OyZieM Has3bIBaTh NOKA3amenem YUKIUYeckoll NPOYHOCH.

HanoMHuM, YTO NMpH OTCYTCTBHHM Ha4YaTbHOT'O KacaTeNbHOTO HaIpsKe-
HHUs HANpaBleHHE HHUKIMYECKHX HArpy30K MEHSETCA HA MPOTHBOIOIOK-
HOE — OT TPEXOCHOTO CXKaTHUA K TPEXOCHOMY pacTskeHHIo. OgHako Ipu
YBEJIMUYEHHH HA4YaJbHOTO KACATENbHOIO HAIPMKEHUS B KaXKIOM LMKIIE
POUCXOAUT HEMOJHBIH peBepc Harpy3kH (cM. puc. 9.8). Korma HauanoHoe
KacaTenbHOE HaMpsHKEHHE BO3PACTAeT N0 3HAYEHMSA, OTMEYEHHOT'O TOUKOMH
B na puc. 9.9, ctatvdeckuii KOMIIOHEHT KacaTeNbHOTO HANPSKEHHS CTaHO-
BUTCS PABHBIM LIHKIMYECKOMY M BO BpeMs LIUKJIHYECKOrO HarpykeHus oG-
pallleHHs JeBUAaTOpa HampspKeHUi He npoucxoauT. Ilpu nanbHelneM yse-
JMYEHNH Ha4yaJbHOTO KAcaTeNBbHOrO HANPSDIKEHHSA He NMPOUCXOOHT CMEHBI
3HAKA KacaTeNbHOTO HANpsDKEHHA, HAarpyK€HHE CTaHOBUTCA OXHO3HAKO-
BbIM (cM. puc. 9.8, a). Ho onHO3HaKOBOE Harpy»keHue MOXHO IPOBOIUTS,
Jaxe €clld BeIMYMHA HAYaJbHOTO KacaTeNbHOrO HANpPSIKEHUS MEHbIIE
3Ha4Y€HHUs, COOTBETCTBYIOHIErO Touke B Ha puc. 9.9. Jlns 3TOro HyXHO TaK
HacCTPOUTH NpHOOP, YTOOB! B 00pa3siie He BO3HHUKANIO TPEXOCHOE PacTsKe-
Hue (cM puc. 9.8, 8).

Pesynprarel vcnbITaHUS, NpuBeACHHBIE pHC. 9.9, NoMy4YeHs B X01€ Of-
HOTO LHMKJIa HArpyXeHus: npH 4acrore konebanuii 1 I'u. ITostomy Bpems
HarpyeHHs pacCUMTBHIBACTCs Kak Y4 mepuona uukiaa u cocrapiser 0,25,
[Ipy OTCYTCTBHM HA49aJIBHOIO MOCTOSHHOTO HANPSXEHHUA (O,/0r = 0) moka-
3aTedb UMKINYECKON NPOYHOCTH /U ONHOTO LMKIA HArpyXeHHSI COCTAB-
aset npumepHo 1,4 (cM. puc. 9.9). OTMeTHM, 4TO NPH OTCYTCTBHH HaYallb-
HOTO KacaTebHOT0 HanpsXKeHU OJUH IUKJI HArpy)KeHUSA XapaKTepu3yeTcs
W3IMCHEHHEM 3HAaKa KacaTCJIBbHBIX HaHpﬂ)KeHI/Iﬁ — OT TPEXOCHOT'O CXAaTHs K
TPEXOCHOMY pacTskeHH10. Ilockosbky paspylleHHe Bcerga IpPOUCXOOMUT
HC/IEACTBHE TPEXOCHOTO CXKATHS, LUMKIHNYECKas NPOYHOCTb OINMpEHesseTcs
KaK MaKCHMaJbHOE OCEBOE HANpsUKEHUE, BHI3BIBAIOIIEE paspylUIeHHE B yC-
NOBHAX TPEXOCHOTO CaTHA. DTO 03HAYAET, YTO HArpy3Ka B OJHH IHKII,
BLI3BIBAIOIIAsA pa3pyLIeHHe npH acToTe 1 'L, mpakTyecku SKBUBAJIEHTHA
MOHOTOHHO# KpaTKOBPEMEHHOH Harpy3ke, NpPHUKIAIbIBAEMOH B TeUeHHE
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0,25 c. C yuyeTtoMm 3TOro ¢pakra MHHTEPECHO OTMETUTH, uTo 40%-HOE yBesu-
YeHUE [MKIMYECKOW TMPOYHOCTH B XOJ€ HArpy)XeHHsA 3a OAMH IMKI
(cM. puc. 9.9) coBnamaeT ¢ TaKUM XKe BO3PACTAHUEM IIPOYHOCTH IIPH UCIIbI-
TaHUW Ha KPAaTKOBPEMEHHYIO Harpy3Ky, TI€ BpeMs HarpyXeHHs COCTaBIsIeT
0,25 ¢ (cM. puc. 9.7).

a

KacarensHoe
HarnpspkeHue

Kacarenpuoe
HanpsHKEHUE

U —

KacaTtenpHoe
HanpsHKEHHe

Os
!

Bpewms

Puc. 9.8. OnHO3HAKOBOE U 3HAKOTIEPEMEHHOE HAarpyXXEeHHE: @ — OIHO3HAKOBOE
HarpyxeHue; 6 — 3HAKONIEPEMEHHOE HArPyKEHHE; 6 — OTHO3HAKOBOE HAarpy>KeHHE
C OTCEeYeHHeM HAIPAKSHUH TPOTHBONONIOKHOIO 3HAKA

W3 puc. 9.9 cienyer, 4To nmokasarellb HUKIAYECKOH MPOUHOCTH MOCTE-
NeHHO yMeHbInaercs 10 1,0 mo Mepe pocTa Ha4anbHOIrO MOCTOSHHOTO Ka-
CaTeNbHOTO HAMNPSIKSHUS JO BEIWYMHBI CTATUYECKOH MPOYHOCTH JAHHOrO
IPyHTa. 3TO MOXET MPOMCXOANTH H3-32 TOTO, YTO POCT Ha4YaIbHOIO Kaca-
TEABHOTO HAMPAKEHHUS BbI3bIBAET OTHOCHTENBHOE CHHXEHHE JOJH LHKIH-
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YECKOro KOMIIOHEHTa, NO3TOMY HANPSDKEHHOE COCTOSIHUE BCE OOJbiLe MpH-
OnrKaeTcs K COCTOSHHIO CTATHYECKOTO UCIIBITAHHS.

Pe3ynbTaThl UCMIBITAHWIA HA OJHO3HAKOBOE HarpyxeHue (cM. puc. 9.9),
npoxoauBiee 3a 50 unkioB, o6odmensl Ha puc. 9.10. PesynbraThl BCex
UCMBITaHW, IPOBOAUMBIX TEMH K€ UCClieAoBaTenaMu (cM. puc. 9.9, 9.10),
npuBeACHEI Ha puc. 9.11, rie KOTMYEeCTBO LUKJIOB HArPYKEHHA MPUHHUMa-
erca 3a pabounit napamerp. M3 puc. 9.11 BuAHO, UTO NpPU OXHOIHAKOBOM
LIMKJTHYECKOM HarpyXeHWH LUKIUYEecKas MPOYHOCTh MMOCTENEHHO YMEHb-
IIAETCs 1O MEpE YBENMYEHUs LIMKIIOB HarpykeHus U npu 100 muxiax Ha-
TPYXXEeHHs CTAHOBUTCS paBHOHU ctaThueckoil. TOT dakT, 4yTo 1npu Harpyxe-
HHMH 33 OJMH UMK LUUKJIMYecKas MPOYHOCTh MAaKCHMallbHa, OOBSICHACTCA
OoJiplued MPOYHOCTBIO TPYHTA B HMCIHBLITAHHAX Ha OBICTpOE HarpyxeHue.
Belcokas UMKIHYECKas MPOYHOCTb, OOYC/IOBJICHHAS BIMSHUEM CKOPOCTH
HArpy»eHHs, IOCTENEHHO YMEHBIIAETCS IPH YBEIUYEHHH KOJIHYECTBA
LIMKJIOB Harpy)XeHHA, TaK KaK MOBTOPHOE TIPHJIOKEHHE HArPy3KH NMPUBOHT
K CHMDKEHMIO MPOYHOCTU ofpasua.
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IToguepkHeM, UTO, MOCKONBKY IMKINYECKOE HArpy)X€HHE paccMaTpH-
BaeTCs KaK MOBTOpeHHE OBbICTPLIX HArpy30K, TEHACHLHS K YBEJIHYEHHIO
IPOYHOCTH 00pa3sla NpH BBICOKOH CKOPOCTH MPHKIaALIBaEMOH Harpys3ku
OpOSBASETCS OXHOBPEMEHHO C TEHACHIMEH K CHI)KEHHIO IIPOYHOCTH U3-3a
IMUKJINYEeCKOi MPUPOABI Harpy3kd. UeM MeHblle 3amiaHupOBaHO LHKIIOB
HarpykKeHHUs B OMbITE, TEM OUYEBHIHEE POCT HPOYHOCTH 0oOpa3lia NpH yBe-
JIMYEHUH CKOPOCTH MPHKIAAbIBaeMoii Harpy3ku. [Ipu yBeauuenun Kosnde-
CTBa I[HKJIOB HArpy:keHus 0ojiee 4eTKO MposBiseTcs odpaTHbId d¢dekt —
yMEHbLIEHHE IPOYHOCTH 00pa3ia 0 ypOBHS CTaTHYECKOH NPOYHOCTH HJIH
JaKe HUXKE.
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Puc. 9.11. O6o0ieHue pe3y/bTaToB UCbITAaHUH
Ha OZIHO3HAKOBOE HarpyXeHue

Korma Ha kakJoM LMKJIE€ Harpy>KeHusl MPOUCXOJUT CMEHA 3HaKa Ha-
NpsKeHUH W UCHBITYeMBIH o0pazel 110/{Bepraercs MoJHOMY WIIM 9acTH4-
HOMY 3HAKONEPEMEHHOMY HarpyxeHuno (cMm. puc. 9.8), nukimmdgeckas
NPOYHOCTH pe3ko m3Mensercs. Ha puc. 9.12 npuBoauTcs cpaBHeHHE pe-
3yJbTaTOB MCIBITaHU# ¢ 10 LHMKIaMU Harpy>XeHHsI HAlPSHKEHUAMH OHOTO
3HaKa M 3HAKOMEPEMEHHOro HarpyxecHus. OOOOIICHHbBIC PE3YJIbTaThl UC-
IIbITAHMH Ha 3HAKONEPEMEHHOE HAarpyXe€HHWEe TOKa3aHbl MyHKTHPOM Ha
puc. 9.13. U3 pucyHka BUIHO, YTO YMEHbIIEHHE IMKJINYECKON MPOYHOCTH
0osiee APKO BHIPAKEHO B YCIOBUAX 3HAKOIEPEMEHHOTO HarpykeHus. Ta-
KM 0Opa3oM, MOXKHO CUHTATh, YTO HEFATUBHOE BO3JEHCTBIE LUKIHYECKOI
Harpysku 6osiee OLyTHMO MPH LMK/IWYECKOM 3HaKOTIEPEMEHHOM Harpyske-
HHU.
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9.5. IlpnnoxkeHnue HeMepHOAMYECKOH HAIPY3KH

9.5.1. Onucanue ucnolmanus u e2o pe3ynomamaol

TpaguuuoHHBIHA TPUOOP TPEXOCHOTO CHKATHA OBUT MOAKIIOUEH K DJIEK-
TPOTHIPABINYECKON CEPBOCUCTEME HArpy>KEHHs, C MOMOIUBI0 KOTOPOH K
ofpa3laM MOXHO MpPHJIOKHUTE TI00YI0 OCEBYIO Harpy3ky. 3anucaHHas Ha
MarHMUTHYIO JIEHTY NPOTpaMMa HArpy>KeHHs TepeAaBanach Ha HCIOJIHH-
TENbHBIH MEXaHW3M ABIKEHHS NOpUIHA npubopa.

OO6pa3npl BYJIKaHWYECKOHW TIJIMHBI HEHAPYUICHHOH CTPYKTYPHl OBLIH
0TOOpaHbl C MOBEPXHOCTH, OTKPBIBIIEHCA Ha TOPHOM CKJIOHE MOCIIE KPYII-
HomaciuTabHOro onomsHs, npousomenmero 14 ausaps 1978 r. Bo Bpems
7-6annsHoro 3emierpsceHus okono M3y (Ishihara & Nagao, 1983). Uucio
TUIACTUYHOCTHU TTHHBI TpuMepHO paBHO 30, BaaxHocTs — 110...140%, cre-
neHb BogoHachleHus — 85...90%. BenuuuHa cueniaeHus 1 yrojl BHyTpeH-
HEro TPEHHS [JIMHBI, ONpPE/IENeHHbIE U3 OOBITHBIX TPEXOCHBIX UCIBITAHHIA,
COCTaBHJIH, cooTBeTCTBEHHO C =48 xl[lam ¢ = 17°.

K obpa3uaM npuxiaabpiBagl HEMEPUOJHYECKYHO HArpy3Ky, COOTBETCT-
BYIOILYIO HAarpyske, 3aperucCTpHpOBaHHOH C MOMOIIBI) YETHIPEX 3alucei
FOPU30OHTANBHOTO YCKOPEHUA, MOJYUYSHHBIX Ha MOBEPXHOCTH IJ1acTa ILIOT-
HOro necka B paiioHe OyxT XaunHoxe 1 MypopaH BO BpeMs 3eMIeTpsice-
Hus Tokauuoku B 1968 r. B SlnoHuU. DTH akceneporpaMMBl IOKa3aHel Ha
puc. 9.14. Ha puc. 9.15, a npuBeneHa akceneporpaMMa B HAalpaBICHHUH
«BOCTOK — 3anaa» B Oyxte Mypopan. Ha Bcex rpadukax BUIHBI HECKOJIBKO
JOMHUHHpYIOIIMX NMHKOB. McknioueHne cocTaBnsger akceneporpaMma B Ha-
MpaBJIEHUH «BOCTOK — 3amagy B Oyxrte XayHMHOXE, rie HabIomalTesa He-
CKOJNBKO pe3kux nepenagoB. O6a THIa BOJH MOPOXKAAIOT HEMEPHOTUYE-
CKHE Harpy3Kd BO BpeMs BO3MOXKHBIX 3€MIIETPACEHUH,

B crnoxHo#l MCTOpUHM HarpyXXeHHs BCerJa MOXXHO OOHAPYKHUTh PE3KHii
MaKCHMYM TaM, IJie BO3HHKAeT HUK KacaTeabHOro HanpsikeHus. K obpasiy
IIPUK/IBIBAETCA HArpy3Ka MOCPEACTBOM NEpEeMELIEHHs MOPIIHA Npudopa
TPEXOCHOT0 CXKaTHs BBEpX-BHU3. B 0JHOM U3 pEXXKHMOB HATPYXEHUS H3Me-
IIEHME HAIpPsyKEHWH BO BPEMEHHM JOJDKHO OBITH TAKHUM, YTOOBI TIMK OOCTH-
rancsi, KOraa MopileHb HaXOIUTCS B CaMOil HIOKHEH TOYke. DTOT THII HC-
IILITAHUA OTHOCHTCA K HMCOBITAHHAM Ha MakCUMajibHoe cxatue (CM-
ucnbiTaHus). Bo3MoxkeH BapuaHT, Korza MUK Hanps>kKeHUH MPUXOTHTCS Ha
MOMEHT HaxXOXJEHHs MOPIIHSA B CaMOW BEPXHEH TOuke. ITO — UCHBITAHUSA
Ha MakcuMmaiibHOE pactshkenne (EM-ucneitanus). s Kaxaoro Buaa BOJIH
ipMeHsA 00a TUIA MCIBITAHUH, YTOOBI BRIABUTH 3()(EKThl HENMEPHOIH-
IECKOr0 HarpyXeHHU4.

Ha puc. 9.15 npuBomutcs oJ¥H M3 pe3yJbTATOB TAKUX HCIBITAHHIA
(Ishihara et al., 1983). ITpy CM-ucnBITAaHMH HaYaJIbHOE OCEBOE HaMpsKe-
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nue cocraeaiao 70% ot craTuyeckoil npodHocTH. OTMETHM, YTO NPOY-
HOCTH 00pasia-0Jau3Hena MpH CTaTHYeCKOM HATPYXKEHHH COCTaBWIa Gy =
= 84,4 klla, rae 6y — OCEBOE HANpsDKEHHE TPH PaspylICHHH. AKCEIEpo-

rpaMMa B HalpaBIEHUH «BOCTOK-3amaja» B Oyxte Mypopan ucroib3oBaHa

B TPEXOCHBIX MCIIBITAHHSIX TP TPWIOKEHHH OCEBBIX HANpSKEHHH
(cM. puc. 9.15, a).

O’a — KoMroHeHT B HanpasJieHHH
«CEBEP-10TH B XaunHoXe

O-a - Bpewms, ¢
‘.? 10 15 | 210 . 25
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KoMnoHeHT B HanpaBJICHUK
«BOCTOK-3an3,1» B XauHHOXe
Od —

KoMIIOHEHT B HanpaBieHUH
«cenep-1or» B Mypopan
o‘a CEBEP-10| ypop
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Puc. 9.14. AkcenieporpaMmmel, HCIONbL30BAHHLIE B HCTILITAHHAX
Ha HETIEPHOHUECKOe HAarpyKeHHe
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Ha puc. 9.15, 6 nokazaHo usMeHeHHe OceBoi nedopManum BO Bpe-
MEHH B XOJI¢ HCIBITAHUA C aMIUIUTY/I0H MHKA OCEBOTO HANPSIKEHUS Gy =
= 87,5 klla B HanpaBneHnu TpexocHoro cxarud. Ilpy JaHHOM Harpyxe-
HUH OCTaTO4YHas ocepas nedopmanus obpasia OpH AEHCTBUM HEMepHo-
OUYECKON Harpy3ku cocrapisia &, = 2,12%. [lepen npunoxenuem 31oi
Harpysku B oOpasiue yxe Obuia octatouHas nedopmauus €, = 1,88%,
HAKOIMEHHAsA NpH NpeabiayeM Harpyxkeuuu. Ha puc. 9.15, 8 nokazano
U3MEHEHHE OceBOW aedopmauuu BO BpeMeHH, 3adUKCHPOBAHHOE NpH
NOCENYIOLIEM HAarpy>XeHHH, B KOTOPOM aMIUINTYJa HENEePHOANYECKOH
Harpy3ku Bospocia o oy = 110,7 klla. B obpasie yxke Hakonwmiach
oceBas nedopmauus oT npegplaymero Harpyxenus €', = 4,0%. Kpome
TOTO, JOTOJIHHTE/IbHAsE OCTaTo4Has Acdopmanusd, NOTydeHHas B XO[e
JAHHOTO MCHbITaHUsA, cocTaBuia g, = 5,85%. Bo Bpemsa nocnennei ce-
pUU HarpyxeHus oOpaszell nosy4usn OOJBIIYH) OCTATOYHYIO Aedopma-
uuto, pasuyto 10,9% (puc. 9.15, 2).

Ha puc. 9.16 npuBoauTcs NpuMep aHamOrHYHbIX UCMBITAHUH, TIE MC-
crneqyeTcss MPOTHUBOMNOJIOXKHO HampaBieHHas ¢opma BonHe (EM-
MCTIbITAHUE HA MAKCUMaJlbHOE pacTshkeHue). Y HucnbiTyeMoro odpasiia Ha-
OmonaeTcs MPUMEPHO Takas Ke cTaTuyeckas NpouHOCcTb o, = 84,4 xIla.
M3meHenne oceBoii  aedopmalMM BO  BpPEMEHM  [OKa3aHO Ha
puc. 9.16, 6, 6, 2, naHHBIE NOJNIYYEeHH! TaK ke, Kak npd CM-ucneiTaHusX HA
MakcuManbHoe cxxarie. OTMETHM, YTO MUK aMIIHTYIbl G, BCETa COOTBET-
CTBYET MaKCUMYyMY TPEXOCHOIO CXKaTUs. B OmHUCaHHOM TPEeXOCHOM HCIIBI-
TAaHUM HAyallbHOE KacaTe/bHOE HANPSLKEHHE O BHI3BIBAET TPEXOCHOE CKa-
THE, MO3TOMY OCHOBHAs YacTb OCTATOYHBIX AehopMalvi U pa3pyLieHUH B
HCIIBITYEMbIX 00pa3lax NPOUCXOAUT NPU TPEXOCHOM cxaTuu. Takum obpa-
30M, pasHuua Mexay CM- u EM-ucObITaHMSIMH 3aKJII0UACTCA B pa3InduM
HCTOPHH HEMEPHOAHYECKOro HarpyxeHus. B 00oux ciaydasx coOTHoIleHne
nanpshxeHui 6,/6,= 0,7 COOTBETCTBYET TPEXOCHOMY CHKATHUIO.

CorsacHO 3amucaM pa3BUTHS OCEBOH IedopMauMy BO BpeMEHH (CM.
puc. 9.15, 9.16), 66nbas 4acTb OCTATOYHON AedopMalun NPUXOIUTCs HA
MOMEHT MPUIIOMKEHHUSI MAKCUMAIILHOTO 0CeBOro HanpsukeHus. [locne muka
HANPSDKEHHsT HArpy3Ka MPaKTHMYECKH He BJIMAET Ha Pa3BUTHE JONOJIHH-
TCABHOH ocTaTouHO nedopmanuu. OTcoga MOXHO 3aKIIOUYHTh, YTO BO
BpEMS 3EMJIETPACEHHI MaKCHMAalbHBbIE MEepeMEILeHHS WIH pa3pylICcHUs
IYIHHHCTBIX OTKOCOB TIPOVUCXOJST MOYTH B TO )K€ BPEMs, KOTAa Ha dIIeMeH-
I'hl IPYHTa BO3ACHCTBYET MMMKOBOE KACATEILHOE HAlPSDKEHHE,
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Puc. 9.15. Pa3Butre octaTouHbix aegopMaiuit B HCMIBITAHUAX
Ha HENEPUOJMUECKOE HArpyKEHHE

Y1o0bl MOCTPOUTH 3aBHCHMOCTH «HANPSHKEHHE — OcTaTouHas Aedopma-
ums» (M. puc. 9.3), CyMMHpYIOT BEJIMYHHBI 00LIeif ocTaTouHOH nedopma-
1HH €', + €., HAKOTJIEHHOH 110 TEKYILEH CEPHH HENEPUOJHYECKOTO Harpy-
KeHHUs. DTY BeNUYMHBI CYMTHIBAIOT ¢ 3anuceil ucnbiTaHus (cM. puc. 9.15,
9.16) 1 HaHOCAT Ha rpaduK B COMOCTABICHHH C CYMMOH IIMKOBOM aMILIH-
TYJBl HATPY3KH G4 W HAYAJIbHOTO OCEBOTO HANPSKEHHUA G;. OTMETHM, YTO
HAaHECCHHbIE Ha rpad)MK MUKH aMIUIHTY[Ibl Gy COOTBETCTBYHOT MaKCHUMallbe
HOM BEIMYHHE TPEXOCHOTO CKaTHs. Pe3ynbTaTsl HCTIbITAaHUH 0006L1EHbl HA
puc. 9.17. Ha 3ToM rpadmke cyMMa 3Ha4€HHI CTATHYECKOro U AHHAMHYe-
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CKOTO OCEBBIX HAMPIXKEHUH G, + G, HOpMAIH3yEeTC MO OTHOLIEHHMIO K CTa-
TUYECKOH MPOYHOCTHU Gf;, 4TOOBI OTAETUTE dQHEKT AMHAMHYECKOTO HArpy-
XKeHus oT cratndeckoro. Ha puc. 9.17 crpenkaMn noMedeHbl pesy/bTaThl
MCTILITAHHMH, TIPEJCTaBNeHHBIX Ha puc. 9.15 u 9.16. U3 puc. 9.17 BumHo, 4T0
KPHBBIC 3aBUCHMOCTH «HANpPsHKEHHE—OCTaTouHas Aedopmauus» npu CM- u
EM-HCNIBITaHUAX HECKOMBKO PA3HYaIOTCs H3-3a Pa3HOM MCTOPMHM HArpysKe-
HUsl BO BPEMEHH, OJIHAKO OTYETIIMBO [IPOCIIeKUBaeTCs 001as TeHaeHums. Mu-
TEPECHO, YTO OCTAaTOYHAs AeopMaIMd HauHMHAET PE3KO BO3PAcTaTh, KOIAa
OCEBOE HaNpsHKEHHE O; + 6, A0cTHraeT 80% ot craTHueckol MPOYHOCTH.
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Puc. 9.16. Pa3sutHe ocTaTouHbIX JedopMaumii BO BpEMSs HCTIBITAHMIH
Ha HEMEPHUOAHHUECKOE HarpyKeHHe
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Ha puc. 9.17 Tarke MOKa3aHbl KPHBBIC «HArpyska—aegopmanus» ans
cTaTHYecKOl (paspl HArpy>xeHus MpH BO3PACTaAHMH HAYalIbHOIO OCEBOrO
Hanpsixerust 10 70% OT CTaTHYECKOH MPOYHOCTH. 3[ECh e MyHKTUPOM
HaHeCEHbl CTATHYECKHE KPHUBBIE «HanpspkeHHe—aedopmauus», KOTOpble
MOLH Gbl GbITh MOMYHEHB! NPU AajbHeiilieM HarpyxkeHud. Kak BuauM,
KpuBas «HanpspkeHHe—nedopMauusy s CTaTHICCKOTO-AMHAMHYECKOro
Harpy>KeHHs pacIioIaraeTcs 3Ha4MTeIbHO BBILIC, YEM aHAJIOrMIHas KpuBas
JUI YMCTO cTarHyeckoro Harpyxenus. Otcroja ciesyeT, uro obpasen
IPYHTA, KOTOPBIi MOC/IE CTATHYECKOTO HArPYXEHHUs MOABEPraeTcs BO3ACH-
CTBHIO JMHAMHMYECKON HArpy3KH, XapakTepH3yeTcs OObIUEH KECTKOCTBIO
¥ TIPOYHOCTBIO, YeM 00pasell, HCIBITHIBAIOIMHA TOJILKO CTATHYECKYIO Ha-
Ipy3Ky BIUIOTH 0 paspyieHus. JIis TaHHOHW BYJIKaHWYECKOH IIIMHbI yBe-
AMueHUe MPOYHOCTH TIPH JHHAMMYECKOM HArpyxenuu Oonblue, 4em npH
crarrueckoM, nipuMepHo Ha 100% (cM. puc. 9.17). OTo 0OBACHAETCS TeM,
YTO CBOMCTBA CBSI3HBIX T'PYHTOB, MCIIBITHIBAIOMIMX BO3ICHCTBHE KPATKO-
BPEMEHHBIX Harpy30K, aHaJOMHYHBIX PACCMOTPEHHON B HACTOSILIGH CXeMme
HCOBITAHUSA, CYIIECTBEHHO 3aBHCAT OT CKOPOCTH HarpyXeHns.
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Puc. 9.17. 3aBUCHMOCTD MEXY KaCaTC/IbHBIMH HATPHKECHUAMHU
Y OCTATO4HOIT nedopmalineit

9.5.2. BausiHue HauanbHuix KACAMeNbHbIX HaNPAXCEHUU

ILH?I HccneJOBaHHA BJIMAHUSA HayalbHbIX KacaTeIbHbIX Hal'lpﬂ‘)l(eﬂlflﬁ Ha—:

3aBUCUMOCTb «HaNpsHXXCHHE — OCTaTO4HasA IlerOpMaLlPlﬂ)) NnpoBOANWINA HE=
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CKOJIBKO CepHH MCTIBITAHWH 00pasiloB ByJIKaHHYECKOH ITTHHBI, K KOTOPBIM
PUKIAJBIBAIN HAYANbHBIC CTATHYECKUE OCEBLIE HANIPSKCHUS Gy/C; B J1Ua-
nasone 0,2...0,9. B stux ucnobitaHuax ofpasipl yOIOTHAIM IIPH 0GXKH-
MarlleM HampskeHuu ¢’ = 50 xIla, ipu 3TOM JUIA CO30aHUS OCEBOM Ha-
I'PY3KM B KaKIOW CCpPHH HCIBITAHWH HCMOJB30BATH YETHIPE AKCEIEpO-
rpamMMel (cM. puc. 9.14).

Ha pnc. 9.18 npusoasTcs pe3ynbTaThl HCTIBITAHUH, B KOTOPBIX HAYailb-
HOe KacaTelbHOE HampspKeHUe coctaBisino 70% OT cTaTudeckoH MpouHo-
cri. HecMOTps Ha HekoTOphIit pas6poc 3HaueHuH, 06ycoBIeHH b pa3HO
HCTOPHEH HArpyXeHHs M HANPaBJICHUEM BOJIH (MAKCUMAIIBHOE CKATHE HIIM
PACTAKEHHE), BCE ONBITHBIE NAHHBIE HAXOJATCS B y3KOM 06JACTH, OrpaHH-
“EHHOH MyHKTUPHbIMM MUHUAMH (cM. puc. 9.18). TlosToMy pasymMHO mpo-
BECTH CPEZIHIOIO KPHBYIO B LCHTPE JTOMH 30HBI. Benuuuna oceBoro Haips-
KEHHs, HEOOXOAMMOro s BO3HUKHOBEHMA MNPEAENLHON aehopMmari,
1puMepHo B 1,95 Gonbuie NPOYHOCTH B YCJIOBUSAX CTATHYECKOTO HArpyxe-
Hus (cM. puc. 9.18).
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Puc. 9.18. 3aBHCHMOCTE MeKIy KacaTelbHBIMH HAPKEHHAMU
H OCTaTOYHBIMH AehopMaLiHIMU

Pe3ysbTaTsl OCTanbHBIX CEpUii HCIIBITAHNHA NPEACTABIEHH Ha pHC. 9.19
CpeaHMMH KpUBBIMH. KpHBas «HanpskeHHWe — ocraTounas medopmauus»
HCCKOJIBKO BBIMOJJAXKHUBAECTCA NMPH YBEIHYSHHH HAYAIbHBIX KacaTeNbHBIX
nanpsxenuit ot 20 no 90% ot BeNMUMHBL CTaTUYECKOH mpouHocTH. WHTe-
PECHO, 4TO naxke Npu GOMBIIOM 3HAYEHHH HAYAILHOTO KAacaTeIbHOTO Ha-
npsxenns (o,/or = 0,9) xprBas «HanpshkeHue — octatouHas AedopMarus»
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HaxOAUTCA HAMHOTO BBIIIE AHAJTOTUYHON CTaTHYECKOH KpHUBOH. MoXHO
0XMIaTh, YTO NPU YBEIWYEHUH HAUATIBHOTO KACATEIbHOIQ HANPSKCHUA
BbIme 90% OT CTaTHYECKOH TPOYHOCTU KPHUBASI «HANPSKEHHUE — OCTATOU-
Has gedopmarus» OyAeT pe3KO OIYCKaThCA M NMPaKTHYECKH COBMAJET C
AHAJOTHIHOM CTATHYECKOM KPUBOM.
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Puc. 9.19. BiusHue HayanbHbIX KacaTelbHbIX HANpAXEeHUH
Ha 3aBUCUMOCTD «KacaTeJIbHOE HAMPSKEHUE — OCTaToqHas AedopmaLis»

U3 puc. 9.19 caeayer BaxHbI BBIBOJ: HAYaJIbHOE KacaTe/IbHOE Hamps-
JKEHHE HE OKa3bIBAET CHIILHOrO BIMSHHA HA 3aBUCHMOCTb «HANpsSKEHUE —
octatouHas AedopMaiMs», €cIM OHO H3MEHSETCs B TNpeaenax o,/cy =
=0,5...0,8, uTO OOBIYHO COOTBETCTBYET HANPAKEHHOMY COCTOSHHUIO IPYH-
TOBBIX OCHOBaHHMH €CTECTBEHHBIX CKIOHOB. CNENOBAaTENbHO, BJIMSHHE Ha-
YaJIbHOTO KacaTeJIbHOrO HAIPSHKEHUS HA 3aBUCHMOCTD «HANPSKEHHE — OC-
TaTo4Has AedopMans» MOKET ObITh alCKBATHO OTPAXKEHO B HCTIBITAHHAX
npu o,/o,=0,7.

9.5.3. Brusinue o6acumaiomyux HanpasceHull

JIna OleHKH BIMAHWS O0XHMMAIOIMX HANPSDKEHUH ObLIM NPOBEACHHI
HECKOJIBKO CEpHH HMCTBITaHUH 00pa3loB BYJIKaHMUYECKOH ITIMHBI C BEJIMYH-
Hamu oOxuMaloUux Hanpshkeauit o'y = 20, 50 u 80 klla. B xaxnoit cepun
o0pasmpl TPyHTa YIJIOTHSAM NPH BO3JEHCTBHH OOXMMAIOIIMX HaNpshKe-
HUH, a 3aT€M K HUM NPHKIAIbIBAIN HA4YalbHOE KacaTelbHOE HANPIKEHHE
BennuMHOH 70% OT craTvyeckodl NPOYHOCTH. JIMHAMHUECKHE UCIIBITAHHA
BBIMTOJTHAJIM TIPH MCNOAB30BAHHH YETBIPEX PA3HUYHBIX aKCENIEPOrPaMM,
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Ha puc. 9.20, a npuBesieHs! pe3y/bTaThl CEPHH HCTILITAHMI, B KOTOPBIX
BEJIMYHHA OOX)UMaKoIEro HanpsokeHus coctasiser 20 klla. Ha rpaduke
4epe3 OMBITHBIE TOYKH KaK CTATUYECKOro, TaK U JIMHAMUYECKOrO Harpysxe-
HUA MPOBEACHA CPEeNHAd KPUBAsA 3aBUCHMOCTH «HAMPMKEHHE — OCTATOYHAS
Aedopmaums». U3 pucyHka BHAHO, 4TO KaK TOJBKO HArpyXKeHHE Mepexo-
AT B JMHAMHYECKYyI0 a3y, KpUBas «HANpsHKEHHE — OcTaTtouHas aedop-
MalHA» CTAaHOBHUTCH 0ojiee KPYTOH, a 3aTeM aCHMMITOTHYECKH NMPHOIHKa-
€TCA K FOPM30HTANBLHON JIMHHM, COOTBETCTBYIOLIEH BEIHYHHE AHHAMHYE-
CKOH NPOYHOCTH, KOTOPasi HPUMEPHO B 2,15 pa3 Goblle CTATHYECKO.
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Puc. 9.20. 3aBucHMOCTD MeXy KacaTelbHBIMH HANPSKEHUAMH H OCTATOYHOM
Aedopmaumeit NpH pasnHYHLIX BENMYHHAX OGKUMAIOLIMX HANIPAKEHHU
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KpuBy10 «HamnpskeHHe — 0CTaTouHas AehopMaiis» Ha puc. 9.18 mox-
HO PacCMaTpUBATh B KaUeCTBE YACTHOTO CIIy4as CEPHH OMBLITOB C BEIUH-
HOM 0GX)MMaoLero Hanpsbkenus oo = 50 xIla. Ha puc. 9.18 naGnronaetcs
Takoe e moBeAeHue, Kak npu o'y = 20 klla, omHako B 3TOM ciayyae
(cM. puc. 9.20, a) yBenHdeHHe TMHAMHYECKOH NPOYHOCTH COCTaBIACT 1,95
OT CTATHYECKOM, YTO MEHbIIE BEIMYUHBI 2,15, HabmonaeMon npu 00XH-
MaloleM HanpsokeHuu o' = 20 kITa. 3

Ha puc. 9.20, 6 npuBeIeHBI PE3yIbTATHL APYTOH CEPHH HCHIBITAHUH TIPH
obxuMaromeM Hanpskenuu o' = 80 klla. 3xeck cpenHssa xpuBas CBHAE-
TENBLCTBYET O TOM, YTO NPOYHOCTH TPYHTA B YCIOBHAX JIHWHAMHYECKOTO Ha-
rpyKeHHs IPUMEPHO Ha 65% Gonblue cTaTHYeCKOH. [N cpaBHEHns Cpea-
HYe KpUBBIE 3aBUCHMOCTH «HANpPSKEHHE — OCTaTouHas AedpopMalusy, no-
kasaHHble Ha puc. 9.20, a, 9.18 1 9.20, 6, 00bennHEHbI HA PHC. 9.21. 3mech
IIYHKTUPOM MOKa3aHbl KPMBBIE «KAacaTelIbHOC HANPAXKEHUE — OCTATOHHAM
nedopmauus», KOTOphiE MOTJIA OBITh MOMYHEHBl NPH MOCTEAYIOLIEM Ha-
IPY’EHHH B CTaTHYECKHX YCIOBHAX. Kak BUIMM, BIHSHHE NTHHAMHIECKOH
(asel HArpYKEHHS ABIACTCA OUEBMAHBIM U MPOSBIIACTCA B BUAC yBE/IM'e-
HMS KECTKOCTH ¥ TPOYHOCTH TPYHTA.
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Puc. 9.21. Bausaue 06XMMalomuX HanpspKeHHH Ha 3aBUCHMOCTD
MeJXIy KacaTelbHBIMH HAIPSKEHHAMH H OCTATOMHBIMHU JiepOpMaLIHAMH
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9.5.4. 3asucumocme mexncoy OuHaMUYeCcKoli U CIamuieckoll RPOYHOCMbIO

W3 npenplaymux pa3aenos cleayer, 4To HAYallbHOE CTATHYECKOE Kaca-
TCIbHOE HaMpsukeHHe, He npesbinaouee 40...90% ot craTuveckoii npou-
HOCTH IDyHTa, HE OKa3bplBA€T 3aMETHOrO BIUSHMA Ha NOBEICHUE I'PYHTA
[IpH IMHAMHUYECKOM HarpyxkeHuH. [losToMy B X0J€ manbHeiiero aHanusa
BJIUSHUE H3MEHEHHS BEJWYMHBI HAa4albHOTO KacaTelIbHOTO HaNpsKeHHs
YYMTBIBATh He OyneM.

B npouecce ucnpITaHHH YCTaHOBIECHO, YTO BIAMSHHE OOXHUMAIOLIETO
HanpsHKEHUs OIYTHMO (CM. pHC. 9.21) M NOMKHO yYUTHIBATHCS TMPH BbI-
YUCIEHUN OCTATOUHBIX AedopMaluii ¥ MPOYHOCTH IPYHTA B YCIOBUAX IH-
HaMHYECKOr0 HarpyxeHus. JTO CICACTBHE MOXKHO NMPHUHATH 3a aKCHOMY,
[IOCKOJIbKY TMPOYHOCTh YaCTHYHO BOJOHACHIIEHHBIX CBA3HBIX I'PYHTOB B
CTaTUMECKHX YCJOBHAX B OCHOBHOM 3aBUCHT OT BEIMYHMHbI OOKHMAIONIHX
HanpsOkeHWd. UX BIMAHME HA CTATHYECKYIO MPOYHOCTh TPYHTA MOXKHO
paccMaTpHMBaTh Y€pPe3 yroj BHYTPEHHErO TPEHUS, ONpeensieMblil KaK yros
HaKJIOHa MpefeNibHOM orudaroleit kpyros Mopa. [Toatomy uHTEpecHO on-
penenuTh Kputepui paspymenus KymnoHa — Mopa ais ycioBuii nuHamMuye-
CKOT'O Harpy»eHWsl H CPaBHHUTb €70 C OOILENPHHATHIM KPUTEPHEM paspy-
IIEHUS IJIs1 YCIIOBHH CTATUYECKOrO HArpyXeHu,

s onpeneneHHs KpUTEPHS AMHAMHUYECKOrO paspylleHHs cCHAYala Ha
och abeumnce (puc. 9.22) HaHOCAT TOUKY A, OKA3BIBAIOLILYIO BEIUUHHY 06-
KUMAIOLLETO HAMpPAXEHUS Oy, 3aT€M BIIPABO OT 3TOM TOUKH OTKJIAIbIBAIOT
orpe3kn AB n AC, COOTBETCTBYIOLIME BEJHYMHAM CTATUUECKON M AUHAMHU-
yeckor npoynocTH. Kpyr Mopa, npoBeneHHbI# yepe3 TOUKU A U B, cOOT-
BETCTBYET COCTOAHMIO PAa3pPYyLIEHHS NPU CTATHYECKOM HArpyKeHuH. Takum
Ke 00pa3oM MOXHO HauepTUTh Kpyr Mopa, COOTBETCTBYIOUIMI pa3pyiie-
HUIO NPY AMHAMHUYECKOM HATPY>XEHMH, NMPOBENA ero uepe3 Touku 4 u C
(cMm. puc. 9.22).

Ha ocHoBanuu wcnbiTaHuil By/nkaHMYeCKoM riauHel (cM. puc. 9.20) ¢
WCIIOJIb30BAHUEM BBILICOTIMCAHHON IIPOUEAYPhI OBUIM NOCTPOEHBI KPYIH
Mopa i ycnoBui cTaTHYECKOTO M JMHAMHYECKOTO HAIPYKEHHs. 3aTeM
Anisi kaXnoro Habopa kpyroB Mopa MOXHO NPOBECTH NPAMYIO OTHOAOLIYIO
mamto (puc. 9.23). Ins ByJKaHWYecKOo# IIMHbEL M3 paitoHa U3y craTuue-
ckoe cuemieHne C = 20 klla, nuHamuueckoe C, = 48 xIla. O6parum BHH-
MaHHe Ha TO, YTO B YCIOBHSX KAaK CTATHYECKOrO, TAK M AUHAMHYECKOTO
Harpy>eHHsl yTOJl BHYTPEHHETO TPEHUS OBbLI NPaKTHYECKH OJMHAKOBBIM
(9 = 17°). OueBUAHO, YTO BIUSHHUE AMHAMUHECKOTO HATPYKSHHS Ha rnpou-
HOCTb TPYHTA HNPOABIACTCS TOJBKO 9EPE3 CLEMNICHHE, TTOCKOIBKY YBEIHYe-
1€ MPOYHOCTH MPH OBICTPOM HATPYKEHHH, TAKOM Kak CeHCMUYECKoe He-

IICPUOINYECKOE HArpy)eHHe, OOYCIOBIEHO MNpEXIE BCETO BI3KOCTHIO
rpyHTa (cM. pasa. 8.2).
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Puc. 9.22. Tloctpoenue kpyroB Mopa u npefiebHbIX orubaroinx
JJISL CTATHYECKOT0 U AHHAMHYECKOTO HarpyXeHus
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Puc. 9.23. IlpenenpHele orudaroliune, NONyYEHHbIE U3 UCTIBITAHUE
Ha CTaTHYECKOE U IMHAMMUYECKOE HarpyxeHue

IlockonbKy 3HauYeHMs! Yriia BHYTPEHHETO TPEHHS TPH CTATHYECKOM H
JMHAMHYECKOM HAarpy»eHHH OIMHAKOBBI, MOXHO BBIBECTH 3aBHCHMOCTE
MEXIy NPOYHOCTHBIMH MapaMeTpaMH rpyHTa B 3THUX ycioBusx. IIpenmo-
JIOXKHM, YTO BEJHYMHBI YIrila BHYTPEHHErO TpeHus ¢ H cuerieHus C AaH-
HOTO BHJA TPYHTA W3BECTHBI, TOrAA MPH CTATHYECKOM HArPYXKEHUH BeJH-
YMHA TIPEAENBHOrO OCEBOTO HANPSKEHHS G NP OOXKMMAIOLIEM HanmpsKe-
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HHUHU G’y ONPEIIENIUTCS CAERYIOUIMM 00pa3oM:

2sin 2C cos
[ = 2sine o ACcosd ©.1)
I-sin¢ [—-sin¢
3TO — XOpOLIO W3BECTHOE yPaBHCHHE, OIIMCHIBAIOLLEE HIKHIOKO NPSAMO-
nuHeHHy0 orubarouryro Ha puc. 9.22. Korga npoBoastT IHHAMHYECKOE HC-
MBITAHUE TPH TAKOH Xe BEeIHUMHE O0XKUMAIOLLIETO HAlPKEHHUS, Npeaessb-
HOE OCEBOE HAIPKEHHUE Oy ONIPEAEIUTCS TaK:

o=l g 4 20 S0, ©2)
> l-sing 1-sin¢
OO0beIHHUB [1BA ITUX YPABHEHUS, TONYYUM
Co _yof14—So_J S 4] (9.3)
C Ccosd )\ O,

TakuM 00pa3oM, 3Has cTaThdeckHe napamerpsbl npoyHoctd (C ¥ @), Ha
ocHoBe (9.3) MOXKHO BBIMUCIUTL HHHAMHYECKOE cueruieHue Cp, ecld Qs
ornpeaeaeHnsl AMHAMHUECKOH MPOYHOCTH Opy MPH 0OKUMAIOIIEM HaMpsKe-
1IMK G'( IPOBE/IEHO BCETr0 OAHO JUHAMHUYECKOE MCTIBITAHHE. BHIYHCIUB Be-
JIMYMHY TUHAMHUYECKOrO CLEIUIEHHS, MOXKHO paccyHuTaTh 1o (9.2) aunamu-
4eCKyI0 MPOYHOCTb Gpy JUIA JIIOOBIX JAPYrHX 3HAUEHHH OOXKHMMAIOIIEro Ha-
HPSKEHUS,

[lpuBeneHHYIO BhILLIE MPOrpaMMy AHHAMHYECKHX HCTBITAHUH MpUMe-
HAJIM JJIS MCCIIEAOBAHUS CBA3HOIO rpyHTA C IUIoanky Haceinu B Hupon-
i1, NOCTpaJaBIIeH BO BPEMS KPYMHOIO OMOJI3HA B PE3yJbTaTe 3€MJIETps-
ccHusa Mbskuker-oku 12 utous 1978 r. (Ishihara & Kasud, 1984). I'pynt
BYJIKAHWYECKOTO MpOHCXOXAeHus cocrout u3 13% rpasus, 47% necka,
12% wuna u 28% raunbl. O6pasus! A1 npubopa TPEXOCHOro cxxaTus Oblu
HO/ITOTOBJICHB! NYTEM KOHCONMAALMHK 10 TaoTHocTH 18,7 n 19,0 kH/M’. B
ra0n. 9.1 npuBeneHsl 0000LICHHBIE PE3Y/IbTATHI HCTIBITAHHM, BEIYHUCIEHHBIE
110 BBILIEH3IOKEHHOH METOJMKE, KOTOpas MpeacTaBieHa Ha puc. 9.22. Xo-
TH 110 UCTIBITAHMSAM [IBYX [JIMH HEJb35 CeJIaTh OKOHYATEIbHBIX BBIBOJIOB,
OTMETUM YyBENHYEHHUE cLeruieHus B 1,6...2,4 pa3a npu TUHAMHYECKOM Ha-
I'PYWEHHH MO CPABHEHHIO CO CTATHYECKHM.
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Tabruya 9.1
Oo0ob1eHne pe3yibTATOB AHHAMHYECKHX HCHbITAHUI HA ABYX BHAAX [JIMH

Bynkannueckas Bynkanuveckuit cyrnuHok | Bynkanundeckuii cyrnniox

[Tapavetp rnvHa (MU3y) (Uupowntun) (Lupontu)

VY aenovnolii Bec

¥, , kHM™ 13,3 18,7 19,0

BiaxcHocTb
o, %
CreneHs
BOJOHACHILICHHUS 85...90 82...84 82...84
S, %

Yucno
niaacTuuHocTH Pl

110...140 22...23 20...21

30 18 18

CraTnyeckoe cuern-
JIeHHE 20 28 32
C, kH/M®
Yroa BHyTpeHHEro
TpeHHs 17 14 16
@, rpaz.
JuHamMuueckoe

clereH1e 48 52 51
Cp, xH/M?

CplC 2,40 1,86 1,59
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COITIPOTHUBJIEHHE IIECKA
HUKINYECKOMY HAT'PY)XEHHIO

10.1. MoaeupoBanue NPHPOAHOr0 HANPSI)KEHHOT0 COCTOSIHHSA -
B 1a00paTOPHBIX HCHBITAHUAX

O0bIYHO [0 HayaJia 3eMJICTPICEHHS 3JIEMEHT BOAOHACHILIEHHOTO IPyH-
Ta, HAXOMAAIMHACA NOJ FOPHU30HTAILHOH INOBEPXHOCTHbIO, B TEHYEHUE HNH-
TEJBHOTO BPEMEHH TOJBEPraeTcs KOHCOIMIALUH B COCTOSHHUHU Ky (MpuM.
nepeBo4MKa: Ky — COOTHOILLEHHE TOPU3OHTAIBHOIO H BEPTHKANIBLHOIO Ha-
ApsOKEHHI NTPH KOHCOJNIMAALKH B IPUPOAHBIX YCIOBUAX). Bo BpeMs 3emie-
TPACEHHS Ha ITOT 3JIEMEHT I'PYHTa B HEJPEHHPOBAHHBIX YC/IOBHAX AEHCT-
BYeT CEpHsl MOCIEKOBATENbHBIX LMKIHYECKUX KacaTelbHbIX HaMpPSKeHUN
(puc. 10.1, g@). DTH HANPsHKEHHs MPUKIAABIBAIOTCA NPH OTCYTCTBHH OoKO-
BOW nedopmalnH, MOCKOJIbKY CYMTAETCS, YTO TJIOCKas 3eMHas IOBEpX-
HOCTh OECKOHEYHO TIPOCTUPAETCS B FOPU3OHTANbHOM HampasneHu. Ecin
rpyHT Haxoautcs Ha otkoce (puc. 10.1, 6), npeanonaraercs, 4ro OH MOA-
BEPrcd aHW30TPOITHOMY YIJIOTHEHHIO B YCIOBUAX Ko C MPHIOKEHHUEM J0-
MOJHHATENLHOrO KacaTeNbHOTO HANpAXXCHHs, JEHCTBYIOLIETO B IOPHU30H-
TanbHOW MIOCKOCTH. BO BpeMs 3eMieTpsiCeHUs IPyHTOBBIM 3JIEMEHT NOA-
BEPraeTcs NEHCTBHIO CEPUM LMKIMYECKHX KacaTeSbHbIX HalpsKeHWH B
HeJPEeHUPOBaHHBIX ycnoBusx (cM. puc. 10.1, 6). O6paTHM BHHMMaHHE, YTO
OpH BO3ACHCTBHH LMK/IHYECKHX KacaTElIbHBIX HAMpPSKEHUH JOMyCKaeTcs
cBOOOAHOE AePOpPMHUPOBAHHE DJIEMEHTA TPYHTa B TOPW3OHTaNLHOM Ha-
npaBieHUH, OOyClOBIEHHOE OOLMM OOKOBBIM MEPEMELICHUEM MAacCHBa
IpyHTA.

IIpn nccnenoBankK NOBEAEHUS TPYHTOB B XOA€ JIaOOPaTOPHBIX MCIbI-
TaHWH NPUPOHOE HANPSHKEHHOE COCTOSHHE Haubosee aieKBaTHO MOAEIH-
pyeTcs, eCiii UCIBITYEeMBbI 00pa3ell IOMECTHTh B pHOop kpydyenus. Hmxe
ONMCHIBAIOTCA TMPHHIMIBI U METOIUKH Ja00OpaTOPHBIX HCIBITAHUMHA C yue-
TOM HAMPSDKEHHOrO COCTOSIHHS, COo3/iaBaeMoro B mpubope kpydenus. Co-
IJIACHO THITMYHON CXeMe HUCIBITaHUuH, 00pa3ibl BOIOHACHIILIEHHOIO TPYHTa
cHavana yIloOTHAIOT B COCTOSHHH Kj, a 3aTEM K HUM MPHUKIAILIBAIOT LIHK-
JIMYECKNE HATPSKEHUS KPYyUEHHS B HEJPEHUPOBAHHBIX YCIOBHSAX.

Tlp¥ MOAEeNUpPOBAHHH TPYHTOBBIX YCIOBHH C POBHOH MOBEPXHOCTBHIO
IMKJIHUYECKas Harpy3ka Kpy4eHHs AO/DKHA NPUKIaAbIBaTLCA NPH OTCYTCT-
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BUH OOKOBOH Aedopmauuy, kak nokaszaso Ha puc. 10.1, 6. 3To ucnbITaHUS
Ha  aHU30TPOIHO-KOHCOJIMAMPOBAHHOE  KOMIIPECCHOHHOE  KpyYeHHE
(ACOT) (Ishihara & L, 1972). Korna B naGoparopun Monenupyercs Ha-
MPSOKCHHOE COCTOSIHHE OTKOCA, BJIMSHHE HAYaJIbHOTO KacaTelbHOrO Hamps-
KEHUsl, NEHCTBYIOLIEr0 B TOPH3OHTAIBHOMN TUIOCKOCTH (cM. puc. 10.1, 6), Mo-
)KET OBITh MPEACTABICHO KaK KOMIIOHEHT JEBHATOPA HANPAXKEHHIA o', — 07,
KOTOPBIH NPHKIaAbIBaeTCst K 00paslly B cocTosHuU Kj. 3aTeM UMKIHMYECKOe
HAMPKEHHE KPYUCHHUS NPUKIIAJBIBAIOT B YCJIOBUAX CBOOOMHOIO Pa3sBHUTHS
6okoBOM neopmauuH, KaK rokaszaHo Ha puc. 10.1, 2. Takas cxema Harpy-
KEHUs Ha3blBACTCs MCNBITAHUEM HAa AaHU30TPOMHO-KOHCOJMANPOBAHHOE
kpy4enue (ACT) (Ishihara & L, 1972). U3menenus GOKOBOro HanpsKeHHs
1 nopooro AasjieHus npy ucneitanuax ACOT, ACT u ICOT npencrasne-
HBI COOTBETCTBEHHO Ha puc. 10.2, 10.3 u 10.4.
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Puc. 10.1. HanpsaxeHHOE COCTOSHHME IPYHTa B MOJIEBLIX YCIOBHAX A0 H BO BpEMs
JCMJIETPACEHHS U €I0 MOETHPOBAHHE B 1a60PaTOPHBIX HCNBITAHWAX HA KPYYEHHE
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10.2. MexaHH3M pa3KHKeHNsl TPYHTA

MexaHU3M pa3KIKEeHHs PYHTa Jy4YIle BCEro MOXHO MOHSATH, HAOIO-
Jias 3a pa3BUTHEM IOPOBOrO JAaBJIEHHS W CABHIOBLIX jAedopMaluii B npo-
1IECCE UCTIBITaHHUM Ha KpyueHHue. Tunmnyablit Mprudop, UCnosib3yeMblii B f10-
JIOOHBIX MCTILITAHUAX, TTIOKA3aH Ha puc. 4.5.

10.2.1. Hcnbimanue Ha yukiudeckoe KpyueHue npu omcymemeul 60Ko8oll
depopmayuu (ucnotmarue ACOT)

TTockonbKy LIMKIHYECKOE HAMPSIXKEHUE KPYyUeHHs BO3JeiCTBYeT Ha 06-
pasell rpyHTa B HEIPEHUPOBAHHBIX YCJIOBHUSIX, HH OCEBbI€, HU OOKOBbIE Je-
(dopManru He pa3BHBAKOTCS Ha MPOTHKEHUH BCEro ucrbiTaHus. Takum o6-
pasoM, HadansHas opMma o0pa3ua BOCCTAHABIUBAETCA BCSAKMH pa3s, korzaa
OH MPOXO/JUT HEHTPANbHOE TMOJIOXKEHUE B MPOLECCE UCTIBITAHUI Ha Kpyde-
aue. [Tockosbky B MPUPOAHBIX YCJIOBUAX CIOM TPYHTA YacTo 3ajlerator nox

POBHOM MOBEPXHOCTHIO, O4eBUAHO, 4TO McnbiTanne ACOT naubonee npu-

EMJIEMO JUI1 MOACIHMPOBAHUA CCTECTBECHHBIX I'PYHTOBBIX yCJ'lOBPlFl 40 U BO
BpEMS 3EMIICTPACCHHS.

Ecnu uccnenoanue npooautcsa npu Ky = 1,0, HanpskeHHOE COCTOA-
HHE, TPEIIICCTBYIONee HKIMYECKOMY HArpyXEeHHIO, CTAHOBUTCS WICH-
THYHBIMH HW30TPOMHO-KOHCOJUINPOBAHHOMY COCTOsSIHUIO oOpasua. Eciu k:
TakoMy 00pasily B HEAPEHUPOBAHHBIXK YCIIOBHUSX MPHIOKUTDH LIMKIIMYECKOE

HanpsyKEHUE KPY4eHHsl, OH TaKkKe He MOABEPrHETCS TPEXOCHBIM nedopma-
UM, B TOM uncie u 60koBoil aedopmanyu. Takum ob6pazom, H30TPONHO-
YILTIOTHEHHBIH 00pasell, K KOTOPOMY NPHUIIOKEHO UMKINYECKOE Kacarenb-

HOE HalPsHKEHHE KPyUYEHHsl, HIMEET TAKOES )K€ HAMPSKEHHOE COCTOAHHUE, KaK.
M30TPOIHO-YIUIOTHEHHBIA 00pasel; B NpUOOpPE TPEXOCHOTO CXKATHS TOA.
JeACTBHEM LIMKJIMYECKOTO OCEBOrO HAINPSKCHHS B HEJIPEHHPOBAHHBIX yC-
nosusx. T105ToMy s HCCIIEN0BaHUs MEXaHU3Ma M (aKTOPOB, BIMAIOLIMX.
Ha Hayaso pa3zKWKEHHUs TPYHTA, NPOBOAST TPEXOCHbIE LHUKIHYECKHE HC--

nbiTaHus (Briepebic MeTos npuMeHed Cunom u Jln, Seed & Lee, 1966).
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Puc. 10.2. 3mMeneHne GOKOBOrO HANIPSXKEHUS H IIOPOBOTO AABIEHHUS
B ucnbitannu ACOT npu orcyTcTBH# GOKOBBIX AchopMaiimii
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IMecok «Toyoura»
30} Hanpsxenne kpy4eHHs R A——— 4
] ~ -
=
- BARAAYY
3 0 1 1 1 I 1 1 1
0 60 120 180 v
3.0
| Jleopmauus KpyueHHs i
20
> i 4
3.0 [ ) 1 1 Il [ )| 1
0.1k Bokosas fedopmanus i
s | ]
) i Ucnpitanune ACT :
0 Dr=57%
Ko= 0.5
1.0 Ovo=100kpa
) ——
. JlaBneHue NopoBoit BOABI .
3 5
0 b — 1 1 1 ] 1 ‘ [
60 120 180 MHH.

Puc. 10.3. M3menenune 60koBoii aedopMallii H MOPOBOTO NABJIEHHA
B ucnbiranxu ACT 6e3 orpanuyeHns GOKOBbIX fedopManui

HUccnenys pesynsratsl ucnsitanuii ACOT Ha nonbix UHIHHAPHIECKHX
obpasiax B mpubopax KpydeHHs, MOKHO TIOHATb MEXaHH3M, BEI3HIBAIOIIHH
pamxmxeHue necka. [Tokasannele Ha puc. 10.2 faHHBIC NOTYYEHB! B XON€
ucnBITanns obpasia necka « Toyoura» ¢ OTHOCHTENBHOH TIOTHOCTBIO 55%.
OG6pasel;, TPyHTa aHH30TPONHO YIUIOTHAIM NPH BEPTHKAIBLHOM HarpsiKe-
HuK o' = 100 kI1a u GokoBoM HanpsokeHHH o'y = 50 klla, a 3atem moa-
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Bepranu 10 muxiiaM paBHOMEPHOTO HaNpsDKEHHS KPYYEHHS C aMILIMTYIOM
12 = 15 xIla. HanpsokeHue KpydeHUs NPHKIAABIBAIA MEJUICHHO, B TEYEHHE
30 MMH B KaXJOM UMKIIE, a JAaB/IEHHE B KaMepe NOBBILIATH HeOOMbIINMH
CTYNEHAMH, 4TOOB! HCKJIIOYHTh MOSABJIEHHE FOPU30HTAILHOH H BEPTHKAIb-
HoH nedopmanmii. Ha nquarpammax (cM. puc. 10.2) Ha ocH aberice ykaszaHo
OpUOITU3UTENBHOE BpEMS,

Ha pucyHke BUAHO, 4TO IpU LMKIMYECKOM HarpyxeHud GOKoBoe -
(heKTUBHOE HANpsHKEHHWE YBEJIWYMBAETCA O TeX MOp, I0Ka ero BEIH4HHA
HE CTAHOBUTCS PaBHOH HadaJbHOMY BEPTHKAJIEHOMY HanpsokeHu:o. OmHo-
BPEMEHHO BO3pAaCTaeT AABJIEHHE MOPOBOH BOABI A0 TEX TIOp, [IOK& €ro Be-
JIMYHUHA TaKXX€ HE CTAHOBUTCA PaBHON HAYaNbHOMY BEPTUKAIBHOMY Ha-
npsokeHu1o. Peskuil poct caguropoii nedopmaniuu kpyuyeHus Ha 10-M 1HK-
Jie Harpy>eHHs YKa3blBAa€T Ha pa3yNpovyHEHHE Iecka. Takoe COCTOSHHE
Ha3bIBae€TCA PaKMKEHUEM, UM LIUKIMYECKUM pazynpouHeHHeM. OCHOB-
Hble OCOOEHHOCTH Ae(OPMHPOBaHHS TIPEACTABICHBI Ha rpaduKe «HAmps-
xeHue—aedopmauusa» (cMm. puc. 10.5, a). Ha puc. 10.6, a Moxkno Habmo-
JaTh YBEIUUEHHE AABICHHS TTOPOBOH BOJbI U HAYAIO PAa3KUKEHHS TPYHTA.
IlocTenenHoe Bo3pacTaHHe OOBEMHOTO KOMIIOHEHTA HANPAKEHHOIO CO-
CTOSHHA BCJIEACTBHE YBEJIMUEHUS OOKOBOTO Hamnps KeHHA BHIHO HA TPacK-

TOPUAX MONHOro M 3(PQPEKTUBHOroO HanpsHkeHUWH Ha rpaduke p’ — g Ha
puc. 10.7, a, roe no ocH OpAMHAT HaHECEHO 3KBMBAJIEHTHOE KacaTebHOE

HanpseHHe ¢ , onpeaenseMoe GopMynon

g =+/(c—-0,)" +41’ . (10.1)

rIe 6, ¥ Gg — COOTBETCTBEHHO OCEBOE U OKPYXKHOE HAIPSKEHHS.

Ha puc. 10.7, g 6onblinMu He3akpalleHHBIMH KPYXKKaMH TIOKA3aHO H3-
MEHEHHE 00BEMHOr0 KOMIOHEHTA YPGEKTHBHBIX HANPSKCHUH B MOMEHTH!
PaBEHCTBA HYMIO CIBUrOBOM Je¢opMalMu KPYUYEHHUS B MPOIECCE LIHKIHYE-
CKOFO HarpykeHms. YepHble KpyXKM MOKa3bIBalOT H3MEHECHHE ITOJIHOTO
00bEMHOTO KOMIIOHEHTa HaIps)KeHHH. ManeHbKHe KPYXKH MOKa3bIBAIOT
YacTh TPACKTOPHHU HAIIPSHKCHMS IPU NPUIOKECHUH HANPSDKCHHS KPYUYCHHS
T4. U3 puc. 10.7, a BUHO, 4TO NpH LHUKIAYECKOM HArpyKEHHH TPAEKTOPUS
NOMHBIX HANPSHKEHUH WAET BHM3, HATNPAaBO OT TOYKH A K TouKe B, 4TO BBHI-
3BAHO BO3pacTaHueM OokoBoro Hampspkenus. Tpaektopust 3QdeKkTHBHBIX
HaNpsHUKEHHWH HAET BHA3 OT TOUYKH A K Ha4YaJbHOM TOYKE BIOJIL HWKHEH
HOTHYTOM JIHHMH, KOTOPAasA MOKa3blBACT, YTO HavajgbHas BemwuuHa Ko s
‘WpHEKTHBHBIX HANPHKCHUH TIOCTENECHHO YBEAWYMIACh NIPH JEHCTBHH LIMK-
JIMYECKHMX HaNpsKeHUH kpydeHus 10 Ko = 1,0 — Hayana pazkumKeHus.

Yro6b1 Jydile noHATh Takoe W3MeHeHHe Kj, BCTIOMHHM MpPOLECC pas-
I'PY3KH NpH OOLIYHOM TPEXOCHOM HCIMBITAaHHH, TAe K, BO3pacTaer npu or-
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cyrcteud GokoBoil aepopmaiinu. Takum 00pa3om, CIOH MECKa ¢ FOPU3OH-
TAJIBHOW TOBEPXHOCTBIO MOYKET NMPHHTU B COCTOSHME Pa3KIKCHUS B pe-
3yJbTaTe CEWCMHYECKOr0 BO3ACHCTBHS, CONPOBOKAAIOUIErOCs H3MEHEHNEM
GOKOBOIrO HampsHKeHHUs. B 3TOM cilydae noTeps Npo4YHOCTH COMPOBOXKAALT-
¢S NOBBbILIEHHEM MOpoBoro namineHus ao 100%. Hawano pasxuxeHus
rpyHTa, OMHCAHHOE BbILIE, NPOMCXOANT Oe3 aedopmanni GopMon3MeEHe-
HM JIEMEHTA IPYHTA, CIICAOBATENLHO, €M0 MOXHO PACCMATPUBATH KakK fB-
JIeHHE, OTJIMYAIOIIEECS OT CABUTOBOIO pa3pylleHHs, TP KOTOPOM NPOKC-
xoauT Gomsiias nehopManns GopMOU3IMEHEHUS IPYHTA.

Hanpsixenne KpyueHus Tecok «Toyoura»
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Puc. 10.4. U3menenne 60KOBOTO HANpsHKEHHs H IOPOBOro JaBlIEHUs
npn nensitannu ICOT
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10.2.2. Ucneimanue na yukauyeckoe Kpyuenue 6e3 o2panuyenud 60K0601l
oepopmayuu (ucnvimanue ACT)

HavabHble BENMYMHBI BEPTUKATLHOTO H OOKOBOr0 HANpPSIKCHHI MpH
HEJIPEHHPOBAHHOM HCIIBITAHHH HA TPUJIOKEHHE ITUKITHYECKMX KacaTellb-
HBIX HaNpsXXEHUH KpyueHHs He m3Mmensatorcs. [lostomy orpannuenuit Go-
KOBBIX MEPEMEILEHHI HET, U 0Opasel aedopMUpyeTcs B 60KOBOM H BEPTH-
KajbHOM HampasiieHHsx. Takum obpaszom, ucneitanus ACT mogenupyror
MONIEBBIE YCJIOBHA, B KOTOPbIX CIIOM TPYHTA NMOABEPrarTCs BO3ACHCTBHIO
HAYaIbHBIX KAcaTENbHBIX HANPSKEHUH, NEUCTBYIOIMX TMOA CKIOHAMH,
Aambamy MM Hacelmamu (cM. puc. 10.1, 6). B Takux ycioBusx »1eMeHT

'PYHTA BCErja MOXET c¢BoOOIHO NnepeMeiaTeCsl B rOPU30HTAILHOM Ha-
NpaBJICHUH.

30 T
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Puc. 10.5. KpuBble «Hanpsokenne—1ehopMauus»
ANA TPEX BHIAOB LMKIHUECKMX HCTBITAHUH HA KpydeHHe
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Puc. 10.7. Tpaexkropuu 3¢ ¢$exTHBHOTO HANPSHKEHUS B TPEXOCHOU
MOCTAHOBKE /U1 TPEX BUIOB LIMKJIMNECKUX UCIBLITAHUH Ha KPYUCHHE

Mo pesynbraram ucnbitaius ACT nonoro unavHApHYecKoro obpasua
B npubope Kpy4deHHs] MOKHO OOBLACHUTL PEAKLMIO NMECKa B JAHHBIX YCio-
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BUsax. Ha puc. 10.3 npuBoagTcs maHHBIE, NOJYYEHHEBIC B XOI€ UCTIBITAaHHIA
o6pa3noB necka «Toyoura» ¢ OTHOCHTEIBHON NIOTHOCTBEO 57%. ObOpasen
I'PYHTa aHU30TPONHO YIJIOTHSIH TPH BEPTHKATILHOM HATIPSDKEHHH Gy =
=100 xIla u 6okorOoM o'y = 50 kIla, 3aTeM K HEMy HpPHKJIAIBIBAIH 5 [HK-
JIOB HANPSXKEHUH KPYUEHHUS ¢ aMImMTynoil t, = 15 klla. YcnoBus ucneita-
HUH OBLIM TAKUMH Xe, Kak B onucaHHoM uctbiTanuu ACOT, Ho 6okoBas
nedopmanus He orpanuuuBanack. Ha puc. 10.3 BHIHO, YyTO B mpolecce
OMKJIMYECKOr0 HarpykeHus OokoBas nedopMauHs € MPOJO/DKAET pa3BH-
BaThbCs. 3TO NPUBOIMUT K 3HAUMTENBHOMY (HOPMOM3IMEHEHHIO UCITBITYEMOTO
oOpa3na. /laBneHrne NMOpPOBOil BOJBEI HAaYMHAET HECKOJABKO BO3pacTaTh 0
OINPEIENEHHON CTajuy, TaKk U He NMPHOIMKAACh K HAYalbHOMY BEpTHKAlb-
HOMY HaIPsHKEHUIO.

OtmeruM, 9YTO HM Ha OJHOHW M3 CTaauil HarpyXXeHus HE NPOHUCXOIUT
PE3KOro YBENHYCHHUS aMIUTHUTYAbl IMUKIAYECKOH aedopMmauuu KpydyeHus.
CrnenoBatenbHO, B JaHHOM citydae (B oTianyue ot ucnbiranusd ACOT) uuk-
JHYECKOTO pa3ylpouHeHus He mpoucxonuT. Takoe noseneHue o6pasuos
HNOATBEPKAACTCA IpadUKOM 3aBUCUMOCTH «HaNpsikeHue—nedopmaLus» u
TpaekTopUsMH HanpskeHuid Ha puc. 10.5, 6 n 10.6, 6. Ha ocHoBanuu naH-
HOr0 HaOJTIOJIEHUs, @ TAKXKE YACTHYHOTO YBEIMUEHHUS MOPOBOro AaBJIEHUA
MOHO CJIEJIaTh BBIBOJ O TOM, YTO MOJHOTO Pa3yIPOYHEHHUS HIIM pa3iHiKe-
Hug obpazua B ucnwitanun ACT He npoucxoaut. Ha puc. 10.7, 6 na rpa-
(huKe TpaeKTOPHHU HANPSKEHHUH B TIIOCKOCTH p' — ¢ TIOKa3aHO MOCTENEHHOE
U3MEHEHUE HAIMPHKEHHOTO COCTOSHUS NPM LMKIMYECKOM HarpyKeHHH
KpydyeHus. OYEBUAHO, YTO TPAEKTOPHUS MOJIHBIX HAIpPSKEHUH OCTAETCs B
Touke A, B TO BpeMs KakK TpaekTopus 3((EeKTUBHOro HanpspKeHUs NpH
NPOIODKAIONIEMCS HAarpyKeHHH KPY4Y€HHs CMEIIAeTcsl BJAEBO B FOPHU30H-
TallbHOM HAMPaBI€HUM, MoKa He Jgocturaer Toukd C, pacnoyokeHHOH
OsrKe K JTMHUH pa3pylIeHNus.

Takum o6pa3om, YBENHYEHHE HMOPOBOIO JABJICHHS NPOAOIKAETCH IO
TeX Mmop, noka 3¢¢heKTHUBHOE O0KMMarolIee HANPSKEHUE HE YMEHLUIMTCS
10 ycnoBui paspymenusi. O0Opasel rpyHTa, HaXOASIMICS B HANPs)KEHHOM
COCTOSHUM, TPOJODKACT TPEXOCHO AeQOPMHUPOBATHCS M pa3pyHIaeTCs
U3-32 HAKOTUICHUS 3HAYUTENbHON Aedopmanuu GopMOU3MEHEHHUA. Pe3yb-
TaThl 3TOTO MCIBITAHUA MOKa3aHbl HAa puc. 10.7, 6. HANPAKEHUE KPYUEHUS
MOHOTOHHO YBEJIMYHMBAETCS TIOCIIE UMKINYECKOoi da3pl HarpyxeHus. SIcHo,
YTO BO BPEMSI MOHOTOHHOTO HATPYXEHUs npeoOnagaeT auiaraHcus obpas-
112, TOCKOJBbKY OH OCTaeTCsi B TPEXOCHOM Ac()POPMHPOBAHHOM COCTOSIHUM.
3aMeTHM, YTO B OTJIHYHE OT Pa3KMKEHUS T'PYHTA, NPUBOIALLETO K paspy-
menuto B uenbitandd ACOT, B ucnbitanui ACT pazpylieHue BRI3BaHO
CIIBUTOM, TPH 3TOM Ha oOpasel AeHCTByeT HeKoTopas 10 3G dekTHBHOrO
00XXMMAarIIEro HanpsKEeHUsL. .

MHorpa mpu ucclieoBaHMM LMKJIMYECKOH paboThl Mecka npu TPEXoc-
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HOM CXaTUM K HEJPEHHPOBAHHBIM aHH3OTPONHO-KOHCONHAUPOBAHHBIM
obpa3uam NpUKIafbIBaIl HHKIHYECKHe oceBbie Hanpsbkennd (Lee & Seed,
1967). DTo ucnbITaHHE NOJDKHO CUHMTAThCS PABHOLEHHBIM HCILITAHUIO
ACT. Xots uuknyyeckas IpUpoaa 3THX JBYX TUIIOB HATPY)KEHUS pPas3iivy-
Ha, OHH MMEIOT 0011y10 4ePTY: B 00pasiie rpyHTa NOCTEHCHHO Pa3BUBAIOT-
csl TpEXOCHBIE AeOopMallMK BO BpeMs MIPUIIOKEHUS LUKINYECKO# Harpys-
KH, IPX 3TOM HavyaJbHBIH J€BHATOp HANpPHKEHHA He MeHseTcs. HMmxewe-
pBI-F€0TEXHHUKH 4acTo 3a0IyKIAI0TCA 10 MOBOXY HECOOTBETCTBHS HCITbI-
taHuid ACOT n ACT vcnbITaHHAM Ha TPEXOCHOE CyKAaTHe, TPOBOIUMEIM Ha
aHM30TPONHO-KOHCOJHIUPOBAHHEIX oOpa3uax. CerogHs OYEBHIHO, 4TO
NIOCJIEAHUI THI TPEXOCHBIX UCIBITAHUHA HMEET TE e OCOOCHHOCTH, YTO U
ACT-ucnblTaHust Ha UUKIMYECKOE KpydueHue Oe3 orpaHnyeHHs GOKOBOM
JedopMmanuy.

10.2.3. Henvimanue na yukauueckoe Kpyuerue 6e3 ozpanuuenusi 60Ko6ol
deghopmayuu U30MPONHO-KOHCOTUIUPOBAHHBIX 0OPA3YOS (UCnbIMaHue
1COT)

DTOT TUN UCMLITAHHH PacCMaTPUBAETCS KaK YAaCTHBIN CITydai UCIbiTa-
nua ACOT, B kotopom Ky = 1,0. Ha puc. 10.4 npeacraBneHbl pe3ynbTaThl
nenpitanua ICOT o6pa3suos necka «Toyouray», OTHOCHTENbHAS [JIOTHOCTD
kotoporo cocrasiser 53%. OOpasey rpyHTa M30TPONHO YIUTOTHSUIM MPH
HanpsKEHHAX Gy = O’y = 66,7 klla, a 3aTemM Kk HeMy npuKiIameBaay 12
LUUKIOB HaNpAXEHUH KpyUueHus ¢ aMmiutynoi 1, = 15 klla.

Pesynbrarel ucnbitanus ICOT (cMm. puc. 10.4) cBumerenscTByrOT 00
YBEJIMUEHUHN JaBJIEHHs NOPOBOH BOABI 10 Mepe LUKIUYECKOTO HArPyKeHUs
1 BO3MOXHOM pa3XWXKEHHH, KOTJa BEIMYHHA [IOPOBOTO JABICHHUS CTAHET
paBHoi 100% HauanbHOro OGKUMAIOLIETO HANPSKEHHUS. ITO MPOUCXOAUT
OJTHOBPEMEHHO C Pa3BHTHEM CABMIOBOH nedopMaunud OOJBIIOH aMILIHTY-
Abl. Takoe NnoBeleHHE IPYHTA TAKXKe MPOCIEKHUBAETCS Ha TpaduKe 3aBKCH-
MOCTH «HanpspkeHue—nedopmanus» (cM. puc 10.5,6) u TpaekTopum Ha-
rpyxeHus (cm. puc. 10.6, ).

Bce Tpu BHIa UMKIHMYECKUX HMCHBITAHHEH HA Kpy4deHUE TIPOBOIHIIM Ha
obpasiuax TpyHTa, MOArOTOBICHHBIX MPAKTHUECKH OJMHAKOBO, C OTHOCH-
TENBbHOM MIOTHOCTBIO D, = 55% M yIUIOTHEHHBIX NPH OJJMHAKOBOW CpeaHeEl
BeJaMunHE 3¢ ¢eKTUBHOrO HanpspkeHus o'y = (1 + 2 Ky)o' /3 = 66,7 klla.
O6pasue! noasepraay BO3ACHCTBUIO HUKINYECKOTO HAMPSIKEHUSA KPy4eHHs
¢ ammauTyno# t; = 15 klla. IlpoaHanu3npoBaB pe3ynbTaThl TPEX BHIOB
MCHBITAHMH, MOYKHO CHE/aTh CIEAYIOIUE BHIBOIEL:

1. Crenenp orpanuueHnst O0KOBBIX nedopMaluil IPH UMKITHYECKOM Ha-
I'PY'KEHHH MOKET CHJIbHO BIHATH HA paboTy mecka. B yacTHoCTH, B 3aBH-
CMMOCTH OT TOTO, NOJY4HII K obpasel TpeXxocHsle AeQOpMaLIHH, B KOHLE
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nporecca HUKIHYECKOTO HATPYXKEHUs NMPOU30iaeT nubo CABUIOBOE pas-
pylIeHHE, TUOO0 paPKKEeHNe BCICICTBUE Pa3ylpOYHEHHS IPYHTA.

2. Ecnu cpeanee 3HaueHMe IVIABHOTO HANPSKEHHS OCTAETCH MOCTOAH-
HeiM, ucnbitanue ACOT o0pasua, KoHCOMUIUpOBaHHOTO NpH Ky ¢ Goko-
BbIM OTpaHHYCHHEM AeopMaluu, 1aeT MPAKTHYECKH TaKHE KE pe3y/bTa-
THI, uTO U HenplTanne [COT.

10.3. Onpenenenne paskHKeHHS HIH HUKINYECKOr0 Pa3ynj0THEHUA

MexaH#u3M Havala padKImKEHUS TPYHTa ONpEAesseTcs Mo noBeAeHUIO
obpaslia mecka, K KOTOpoMy B MPHOOpE TPEXOCHOTO CXKaTHA MPUKJIaIbIBa-
1Tes uMKindeckue Hanpsokeaus. Cua u JIu (Seed & Lee, 1966) yrnoTha-
s 00pasiibl BOJOHACHILEHHOrO IPYHTa 0OKHMAIOLUIHUM AABIEHHUEM U NOA-
BEPTalld BO3EHCTBHIO CEPUH LIMKITHUYECKHX OCEBBIX HaNMpPSKEHHH C MOCTO-
SHHOM aMIIUTYI0H KoneGaHWHd B HEAPEHUPOBAaHHBIX YCIOBHSAX AO BO3-
HHKHOBEHHS ofpeneneHHoi oceBol aedopmauuu. [lomobHas meronuka
Harpy>keHus NPHBOIUT K BO3HHKHOBEHHIO HAIPIKEHHOrO COCTOSHUSA B
IUIOCKOCTH, PAcITONIOKEHHON Mo yriaoM 45° no BceMy o6pasuy, YTO COOT-
BETCTBYET COCTOSHHMIO I'DYHTa B TOPHU3OHTaJbHOH IUIOCKOCTH BO BpeMs
3emierpsiceHns. COOTBETCTBUE MEXIY J1abopaTopHbIM 00pa3loM U 'fpH-
POAHBIMH IPYHTaMH NO3BOJISAET CYMTATh MKINIECKOE TPEXOCHOE UCMbITA-
HHE HAJECKHBIM HCTOUHHKOM JAaHHBIX JJISl OLCHKH CONPOTHBIIEHUS MECKOB
pazxinkeHH10. Ha puc. 10.8 nokazaHo HanpsyKEHHOE COCTOSHHE Ha Kau a0
CTaIuM HArPy>XEHHs B LIMKIMYECKOM TpexOocHOM uciblTanuu. Korzaa oce-
BOC HaNpsHKECHUE Gy NPUKIAIBIBAETCA B HEIPEHUPOBAHHBIX YCIIOBHAX, Ka-
caTrelbHOE HAlpsHKEHHE B MJIOCKOCTH, PaclONOKEHHOH nox yrnom 45°,
COCTaBIIACT O,/2. Ha 3Ty ke MIOCKOCTh AEHCTBYET HOPMAIbHOE HANpsKe-
HHYE CKATHS 6,/2, KOTOPOE B OCHOBHOM MNEPEAAETCS Ha MOPOBYHO BOAY, HE
BHI3EIBAs M3MEHEHHWH B BenWuuHe NelcTBymouero 3¢ ¢ekTHBHOro 06Ku-
MAaIOHIEro HanpsKeHNd o'.

[osToMy HOpMalIbHOE HANpsDKEHHE, NEHCTBYIOIIEE B MIOCKOCTH, pac-
NONOXEHHOH Moj yriioM 45°, MOKHO He YUuThIBaTh. COrl1aCHO THIHYHBIM
pe3yNbTaTaM HUKIMYECKOro TPEXOCHOro UcnbiTanus (puc. 10.9), npu mpu-
JOXCHHH IHMKJIHYECKOTO OCEBOTO HANpPSIKEHHMS AaBlieHWE NOPOBOH BOJIBI
IOCTOSIHHO YBEJIMUYMBAETCA M JAOCTHraeT BEJUYUHBI, PABHOH HaYaIbHOMY
ofkMMaIOIIeMy JaBICHHIO. DTO NPHBOAMT K Pa3BUTHIO OCEBOH nedopma-
uH 0kojIo 5% no neoinoi ammiutyae (/.A.). Takoe cocTostHIE MOXHO
Ha3BaTb HAYANbHbIM PA3NCUNCEHUEM UITH TIPOCTO PA3ICUHNCEHUEM.

JLnst peIXJIBIX TeCHaHBIX TPYHTOB HAYAIbHOE pa3KMKEHHUE CIeayeT pac-
CMaTpUBaTh Kak COCTOSHHE pa3yNpOYHEHMs, OCKONBKY BHE3alIHO BO3HH-
KaeT OeckoHeyHO Oonbluasg Aedopmanus, Beaylias K MOJHOHW motepe yc-
TOWYKMBOCTH BO BpPEMsA WIM cpa3y Iocie BO3PAaCTaHHA HABJIECHHS MMOPOBOH
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Bobl 10 100% HaganbHOrO OOMMarouiero HanpspkeHus. [Ipu 100%-HoM
YBEJTMYEHUH JABJIeHUs TTOPOBOH BOJBI IPOUCXOAMT Pa3ylpoYHEHNE IECKOB
cpedHeH IUIOTHOCTH U IUIOTHBIX, YEMY COOTBETICTBYET 5%-Has ocepas Jie-
dopmanus no neoiinol amruiuryzae ([I.A.). OnHako B 1aHHOM Cllyyae Be-
avuuHa aedopMaliu He pacTeT OECKOHEUHO U HE MPHUBOJUT K ITOJHOH MO-
Tepe MPOYHOCTH JaXe MOCe Hayajla pa3KKKCHHA TpyHTa. TeM He meHee,
MPOUCXOANUT HEKOTOpOE pa3zyrpouHeHue obpasla rpyHTa, YTO COMPOBOXK-
AaeTcs CYLIECTBEHHOM LUKIN4ecKoi aedopmanueii, mo3ToMy BO3pacTaHHE
noposoro naamieHus g0 100% wnam ocepas aedopMauus BEITHYMHON
5% J.A. TPaJUIHOHHO CITy>KaT KPUTEPHUEM COCTOSHUS UMKIMYECKOH HeycC-
TOMYMBOCTH NECKOB pa3IMYHON TUIOTHOCTH.
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Puc. 10.8. MoaenrnpoBaHHe reoCTaTHIECKMX M LIUKIHYECKUX HANPSKEHHH
B 00pa3slie rpyHTa IIPH NPUIOKEHUH TPEXOCHON Harpys3ku

B nplaesaThix HNecKax WM wiaax HaOIIOAanCcs MPOLECC HEMOJIHOro yBe-
JIWYCHHS ABJICHUS NOPOBOH BOJBI, KOTopoe aocTurano 90...95% uavans-
Horo oOkuMarolero HanpsxeHus. [Ipu 3ToM pa3BHBAINCH 3HAYUTENBHBIC
UMKJIMYecKHe NedopMaliuy, yka3blBalOIIME Ha CYLIECTBEHHOE pasynpou-
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HEHHE rpyHTOB. Takum o6pa3oM, BOZHUKHOBeHHE 5%-Hol oceBoi aehop-
manmu J.A. mpH TpexoCHOM LMKINYECKOM HATPYXKEHHUH MOXKET CIYKUTh
KPUTEPUEM NI OLpPEHC/IEHHUS COCTOSHHS LMKIMYECKOrO pa3ylnpovyHEHHS
WIH PasKIKEHUS Pa3iiMIHBIX TPYHTOB — OT YMCTHIX MECKOB JI0 MEIKO3ep-
HUCTBIX CyIleceil.
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Puc. 10.9. Yeenuuenue oceBoi nedopmMannm M 1aBieHus NOPOBOI BOJIbI
NpU UMKTMYECKOM TPEXOCHOM UCTIBITAHHH

Jng Oosee TOUHOro ONpEENeHHs MOMEHTAa Hauyana padkHKEHHS WIH
pazsutus 5%-Hoil oceBoil nedopmanuu J[.A. HeoOxoauMO onpeaeeHHoe
KOJIMYECTBO PAaBHOMEPHBIX LHKJIOB HArPYKEHHUs C MOCTOAHHOW aMIUIUTY-
nod xonebaHuid. YHCIO NUKAOB MOXKET ObITh BBHIOPAHO W MPOU3BOJBHO,
€CIIM MTPaBUJILHO HA3HAYECH MIONPABOYHBIN KOI(PDULIMEHT A1 OLCHKH Here-
PHOIMYECKON TIPHPOJibl NUKIMYECKOro Harpyxenus. OmHako OOBIYHO B
UcnplTaHuIX paccMarpusatoT 10 uinu 20 HUKITOB, MOCKOJILKY 3TO THIIUYHOE
YUCJIO CYHIECTBEHHBIX LHMKIIOB, 3a()MKCHPOBAHHBIX pEaNbHbIMU aKCENepo-
rpaMMaMH ITPOLIBIX 3eMIIETPACEHUH.

Wrtak, ycioBus /1A Hayana pamkukeHUs MM HUKITHYECKOTO pa3ynpoy-
HEHHUS OTIPEJIEJISIOTCS BEJIMYUHON OTHOCHTEIBHOTO LUKIMYECKOTO Hamnps-
AKEHUs, KOTopasa BbI30BeT 5%-Hy10 oceBylo nedopmaumio J.A. 3a 20 nuk-
JIOB IIPUJIOKEHHUS PABHOMEPHOH Harpys3kH. 3Ty BETMUMHY OTHOCHTEIBHOTO
LIMKNMYECKOTO HAIMPSHKEHHUS 4aCTO HAa3bIBAIOT LIMKIMYECKOH MPOYHOCTHIO.
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10.4. ConporHnBjieHNe UHKIHYECKOH HATPY3Ke YHCTOIO
BOCCTAHOBJIEHHOTO Mecka

B03MOXHOCTE Pa3KUKESHHS BOJOHACHIIIEHHBIX MECKOB MpU cellcMude-
CKOil Harpy3Ke HUCCle0BaNach YUEHBIMH B MPOLIECCE TPEXOCHBIX LMKIIHUE-
CKMX MCTIBITAHWH, a TaKkKe LUHUKJINYECKUX UCTILITAHUI Ha TNPAMOH CABMUT H
KpyYeHHe.

[NepBoHa4YanbHO TY BO3MOXHOCTH HccaeoBanu Yoshimi et al., 1977,
Seed, 1979, Finn, 1981. Pe3ynpTarsl ux paboT elie pa3 NnoATBEPANIHU, YTO
B NnabOpaTOpHBIX YCIOBUAX COTMPOTHBIEHHE YHCTOTO BOCCTAHOBICHHOTO
necka pa3KUKEeHHIO 3aBUCHT MPEXK/IE BCEro OT HAYaJIbHOTO 00XUMAFOIIETO
HarpsKeHUs, WHTEHCUBHOCTH KoNeOaHHi, BbIpakaeMOH 4epes LMKIHYe-
CKO€ KacaTeJIbHOE HarpshKeHHe, KOJTHUYECTBA ITUKIIOB TPHUIIOXKEHUS HATPY3-
k¥, K03hdULMEHTa MOPUCTOCTH HIM OTHOCHTEIBHOH MIOTHOCTH. B pe-
3yabTare OOLIKMPHBIX N1a0OpaTOPHBIX HCCiIeNOBaHUH OBLNO MPU3HAHO JIO-
rMYHBIM PACCMATPHUBATb COBMECTHBIH 3EeKT LIMKINYECKOTO KACATENEHOTO
HanpsXKeHUs Y HAYarIbHOro O0XKUMAIOLIEro HANPSXKEHUN KaK (PYHKLMIO UX
COOTHOLIEHUS G,/(20')). DTO COOTHOIIEHHE HA3LIBAIOT OTHOCHTEILHBIM
LUMKJIM4EeCKUM HanpsbkeHueM, Tak, crano oObIMHOM NpaKTHKOI paccMaTpH-
BaTb OTHOCHTEJIbHOE LMKJIMYECKOE HaNpspKEHHE, HeoOXoauMoe AJ1s IMoITy-
uenus 5%-Hoii oceBoit nedopmanun 1.A. npu 20 umKIax HArpyKeHus, KaK
noKasaTellb, XapaKTEepU3YIOLUMii CONPOTHBICHHE IECKa PAaIKWIKECHUIO B
3aBUCUMOCTH OT K03(pdHHUMeHTa NOPHCTOCTH MM OTHOCUTENLHOM TIIOTHO-
CTU. DTOT MOKA3aTeNlb MOXKHO 0003Ha4YMTh [0,4/(20'))]20 U Ha3BIBATH IIHK-
Juueckoil npouHocThio. OKa3anoch, YTO BLIYHCIICHHAS TaKUM 00pa3oM Be-
JMYMHA COMPOTHBIEHUS Pa3KUIKEHHIO YBEIMUMBACTCS MPH BO3PACTAHUH
OTHOCHTENBLHON MIOTHOCTH 00pa3La, MOArOTOBIEHHOTO B J1a0OpaTOPHBIX
ycaoBusx. TUNUUHBIC IPUMEPH] UCTIBITAHUH, TOATBEPKAAIOMINX NOAO0HOE
BJIMSIHWE NJOTHOCTH IPyHTa, NpuBosATCs B pabore Tatsuoka et al., 1986 b
v Ha puc. 10.10. Ha prcyHke nocTpoeHa 3aBUCUMOCTE LIUKIMYECKON NpoY-
HOCTH OT OTHOCHUTENBHOHM IJIOTHOCTH necka «Toyouray. OTHOCUTENBHOE
[IMKJIMYECKOE HANpsDKEHHE JUHEHHO YBEJIMYMBAETCS OJHOBPEMEHHO C OT-
HOCHMTEJIbHOH MJIOTHOCTBIO, HO KOIja BEJIMYHHA MOCIHEIHEH MpeBhINIACT
70%, LMKJIN4ECKasd NPOYHOCTb PE3KO BO3PACTALT.

Jo cux nop cuMtanock, 4To UMKINYECKas MPOYHOCTH 3aBUCHT TOIIBKO
0T TUIOTHOCTM TPYHTa, oAHAKO uccieaoranus Jlaga (Ladd, 1974), Mynu-
auca (Mulilis et al., 1977) u Tarcyoku (Tatsuoka et al., 1986) cBugeTens-
CTBYIOT, YTO JaXE TPHU MOCTOSHHOH BENTMUMHE OTHOCHTENIBHOM [JIOTHOCTH
y 00pa3iioB, MOATOTOBIEHHBIX Pa3HbIMKM METOJIAMM, COTPOTHBJICHHE Pa3kU-
*EeHU10 MOoxeT pasnuuarbed. Ha puc. 10.11 npuBogsaTcs pe3ynbTarhl Tpexoc-
HbIX LMKIMYECKMX HCTBITAHMH BoAOHAchllieHHOro necka Ne( «Monterey»,
00pa3Lp! KOTOPOro NOATOTABIMBAIN ABYMS Pa3iMUHBIMH METOAAMH.
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OnuH ¥3 HUX Ha3BIBAETCS METOJOM CYXOH OTCHIIKU. BhICYIIEHHBIH B
MEYH MECOK 3aCHINAalT B METaTHYecKylo ¢opMmy ans obpasuos. [locre
BOJIOHACHIIIIEHHS M KOHCOJHMIAIUHN €ro MOABEPraloT BO3IEHCTBHIO OCEBOTO
MUKIMYECKOTO HaMpsKeHHa B HeJPEHHPOBAHHBIX YCIOBHSIX IO TEX TOp,
noka o0pa3eln HE HAYMHAET Pa3yNpPOYHATHCA H B HEM HE Pa30BLETCS 3HAYM-
TeJbHas LUKIHyeckas aedopmauns. Jpyroi MeTon Ha3pIBaeTCS BJIAXKHBIM
yminoTHeHHEM. Ilecok cMemnBaroT ¢ 8% BoAbl M YKJIaAbIBAlOT B (opMmy,
3aTeM IOCNIONHO TpaMOyIOT 10 AOCTHXKEHHS XelaeMOoH IIOTHOCTH. [lBa
OIMCAHHBIX METOJa 0DECeUyHBalOT NoNy4eHHe 00pa3LoB, COOTBETCTBEHHO,
¢ HaUMEHBIIUM U HaHOOJIBIINM CONMPOTHBICHHEM paszxmxeHHto (Mulilis et
al., 1977).

Ha puc. 10.11 BuAHO, YTO CYLUECTBYET AOCTATOYHO OOJBIION AMAaNa30H
HW3MEHEHUS IUKINYECKOr0 COTPOTHBIICHHUS TeCKa B 3aBUCUMOCTH OT TeK-
CTYpbl 00pa3LoB IPYHTA, MOATOTOBJIEHHbIX pa3HbIMU MeToaaMH. CrenoBa-
TENbHO, €CIW LMKINYECKHE MCTILITAHUSA MPOBOASTCA HA BOCCTAHOBJIEHHOM
rpyHTe, HeOOXOAMMO YTOYHATH METOA NMOArOTOBKM 0Opasua. BooOuie ro-
BOpS, YTOOBI C JOCTATOYHOH TOYHOCTHIO M HAAEXKHOCTBEQ ONPEICIUTD LIUK-
JIMYECKOE COMPOTUBIIEHHE NECYaHOT0 MACCHBA, UCHBITAHHUS CledyeT Npo-
BOJUTDH Ha 00pa3iax HeHapyIIEeHHOH CTPYKTYPHI.
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Puc. 10.10. 3aBUCHMOCTb HUKIMYECKOH MPOYHOCTH
OT OTHOCHMTENBHOH TJIOTHOCTH IPYHTa
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Y4yuThiBasg H3MEHEHHE [apaMETPOB MPH Pa3NHYHBIX METOAAX MOAro-
TOBKH 00paslIoB, a TAKKe Pa3idius B Pe3yabTaTax HCOBITAHUH [0 JAPYTHM
npuuunam, Cunsep (Silver et al.,, 1976) pemun oCymecTBUTh IPOrpaMmy
ucnepitanuii B CILIA cOBMECTHO C BOCEMEBIO OpraHu3anysMy. beuto BeINO-
HEHO HECKOJIBKO CepUil TPEXOCHBIX [UKINYECKUX UCIIBITAHUH B COOTBETCT-
BHH C BBIABHHYTHIMH TpeOOBaHUAMH K 000PYIOBaHHIO, METOAUKE HCIIBITA-
HMI M APEACTABICHHUIO UX pe3ynbTaToB. [is noaroToBku obpasLoB C OT-
HOCHUTENIbHOM MIOTHOCTLIO 60% METOIOM BIAXHOTO YILIOTHEHHS MCIOJb-
3o0BanK necok NeQ «Monterey» co craenyronuMu napamerpamu: Dsp = 0,36
MM, U. = 1,5, enax = 0,85 H emin = 0,56, O0pa3usl YIUIOTHAIM OpH 00XKH-
mawllem HanpspkeHHd ¢'o = 100 klla u noaseprany UHKINYECKOMY Ha-
TpYKEHUIO B HEJPEHUPOBAHHBIX YCIIOBUAX.
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KonuuecTBO LIMKIOB HArpyXKeHus,
Heobxoaumoe Ans nomydeHus 5%-Hol ocepoii nedopmarmn J.A.

Puc. 10.11. Bausinue MeTo/la NOArOTOBKM 0Opa3lia
Ha LUMKIHYECcKyYo npo4HocTh necka (Mulilis et al., 1977)

Ha puc. 10.12 nokazaHsl 00001I€HHbIE pe3yAbTaThl ITOH NPOrpaMMel B
BHUJIC 3aBUCMMOCTH OTHOWIEHHUS LIMKIIMYECKHAX HANPKCHUH OT KOJIHYeCTBa
IMKJIOB HATPYXEHWS, BBI3BIBAIONIMX 5%-HYIO oceByio Aedopmanuio [[.A.
[TosryyeHHbIE AaHHBIE PACcHONAraloTCs B IOCTATOYHO Y3KOM MHTEPBAJE, U4TO
CBHJIETENBECTBYET O TIPUEMIIEMOM COTrTIaCOBAHHOCTH PE3yNBTATOB HCHbLITA-
HUi B pas3nuuHbIX nabopartopusix. Ha cpenned kpuBoi (puc. 10.12.) nux-
auyeckas npodxHocts papHa 0,31. Eciu npeanonoxurs, 4To UUKIHYECKas
NPOYHOCTh MPONOPLUHOHAIBHA OTHOCHTENBHON TJIOTHOCTH, TOFAA LMKJIH-
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4yecKas MpOYHOCTb, COOTBETCTBYIOWaAs Dsy = 50%, Oyaet: 0,31 x 50/60 =
= 0,26. Dra BenMYHHA CpaBHMMA cO 3Ha4YeHHeM (cM. puc. 10.11), momyden-
HbiM B pabote Mulilis et al., 1977. lna obpazua rpyHTa, NOJrOTOBIEHHOIO
METOAOM BJIAKHOT'O YIUIOTHEHUS, IMKINYECKast APOYHOCTL paBHa 0,28 (cM.
puc. 10.11). C yueToM BO3MOXXHOTO pa3iMuds B BEJIMYMHAX HAYAIBHOIO
00XKMMAIONIETO HAIPSDKEHUS LUKITMYECKas TIPOYHOCTD, TOTYYEeHHas B X0/
COBMECTHBIX HCHBITAHHI, XOPOLIO COIIACYETCS C pe3yJibTaTramMu, rpuse-
neHHbIMU B pabote Mulilis et al., 1977.

AHaJIOTMYHas MONBITKA COBMECTHBIX UCHBITAHUH OblIa OCYLIECTBIIEHA
UccnenoBarenbckuM KOMHTETOM SIMOHCKOro oO0LEeCTBA MO MEXaHUKe
TPYHTOB U (PYHAaMEHTOCTPOEHUIO C LIETbI0 PaclpOCTpaHeHus onpelelieH-
HBEIX METOAUK MCITBITAHMI CpElN OpraHu3alMid, 3aHUMAIOLLMXCS TE€OTEXHH-
YEeCKHMH HCCieI0BaHHAMH. JTa rporpamMmMa noapodHo onucana Toki et al.,
1986, Tatsuoka et al., 1986 b. B pamkxax nporpammbl 5 naboparopwuii
JIOJKHBI OBbLTH MPOBECTH CEPHU OIBITOB C HCTOJIb30BAaHHEM CBOUX NpHbO-
POB TPEXOCHOTO CXAaTusl Ha obOpa3uax necka «Toyuora» ¢ OTHOCUTENbLHOMN
mwioTHOCTEIO 50 u 80%. Bbuio MpUHATO pelleHre O MoAroToBke o0pa3loB
METO/IOM OTCBHINKH: BHICYIIEHHBIH MecoK 0coObiM 00pa3oM rnepechinaiy us
CTieLlHaILHOW BOPOHKU B (popmy. Bee 06pasiibl H30TPONHO yNAOTHSUIM NpH
nasienun o'y = 98 klla, 3aTeM B HEAPEHUPOBAHHBIX YCIOBUAX K HHM NpH-
KJIa/IbIBATIA LUMKINYECKUE HArpy3Kd 0 pa3ynpouHEeHHs oOpasuoB H 10C-
THXREeHUs1 5%-HoH oceBoil nedopmanuu [.A.
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KosnnuecTBo UMKIOB Harpys>keHus,
HeoGxoauMoe st noayueHus 5%-ii oceBoii zedopmauuu 1A,

Puc. 10.12. Pe3ynbTarhi COBMECTHBIX HCIIBITaHUH, NpoBeaeHHbIX B CIIA,
AN1A ONIpeAesieHHs LMKInuecKoil NpoyHOCTH necka (Silver et al., 1976)
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[TockoNbKY NpH NOATOTOBKE KaXAOro o0pasua MIOTHOCTh HECKOIBKO
OTKJIOHAJIACH OT 33JaHHON BEIWYHHBIL, A MOXYYESHUS HUKAMYECKONH Mpoy-
HOCTH, COOTBETCTBYIOLIEH OTHOCHTENbHOH muoTHocTH 50 u 80%, BbinON-
HSATK KOPPEKTUPOBKY pe3ynibTaroB ucnuitanuil. Ha puc. 10.13 noka3zansl
pe3yJbTaTbl COBMECTHBIX HCIBITAHHH: NMOCTPOEHA 3aBUCHMOCTb OTHOCH-
TENBHOrO LMKJIHYECKOIO HATIPS/KEHUS OT KOJIMHYECTBA LIHKIIOB HArPYKEHUA,
HeoOXoauMoro ais mnomydeHus 5%-Hod oceBoit aedopmauvu J.A. Ha
puc. 0.13 pe3ynbTaThl, NOJTYYEHHBIC B 5 pasHbIX 1ab0paTopusix, OTMEUEHbI
pa3HbIMU 3HAYKaMH (3HAYKH AJiA 00pa3LoB JUaMETPOM 5 CM He 3allTpUXo-
BaHbl, a 1715 00pa3uos guaMeTpom 7...10 cM — 3aluTprxoBaHbl).

U3 pucyHKa BUAHO, YTO MOJYYEHHBIE PE3Y/IbTaThl XOPOLIO COIIAcyHOT-
¢ Mexay coboii. Tlpn 3TOM coOnpoTHUBAEHHE LHMKIMYECKOMY pa3zylpoyHe-
HUIO 00pa3OB MEHBLIETO pa3Mepa HECKONBKO BbILIE, YeM 00pa3noB 00iib-
1iero quaMerpa. IT0 MOKHO OOBACHUTL BIAMSHHEM CHCTEMATHYECKHX I10-
rpewHocTed, o0ycnoBneHHbIX 000A04KOH 00pa3uoB, UX YCTAHOBKOH M
ueHrposkoi. Ha puc. 10.13 cnnowHas iMHUA NOKa3bIBaeT NPUOIH3UTENb-
HYI0 FpaHULly MEXAy ABYMS IPYINIIaMH AaHHBIX B 3aBUCUMOCTH OT pa3Mepa
obpasua. DToT rpadMk MOMKET CYHTAThCA KPHUBOH CpeJHHX 3HAa4deHHH pe-
3yJIbTATOB, NMOJY4EHHbIX B pa3HbIX 1abopaTopusX.

Jlna oOpa3ioB ¢ OTHOCHTENbHOH MIIOTHOCTHIO 80% HabnroAawTCs Te
xe obtine TeHASHUMH, OJJHAKO CYINECTBYET 3HAUUTENbHBIN pa3dpoc Beau-
YHH OTHOCHTENIBHOTO LIMKJIMYECKOTO HANPSKEHUS MPU HeOObIIOM KOMH-
YyecTBe UMKIJIOB HarpykeHus. Cuuraercs, 4To 3TOT pa3dpoc oObsICHAETCA
JWIATAHTHOH MPUPOAOH OOPa3LOB MIOTHOIO IECKA, NOBEJACHHE KOTOPBIX
MOKET W3MEHSATHCS B 3aBUCHUMOCTH OT OCOOEHHOCTEH HCIIBITAHHH.

Ha puc. 10.13 umknuyeckass mpodHOCTh 0OpasloB C OTHOCHTEIBHOM
MA0THOCTHIO Dsy = 50% paena 0,14.Tlockonbky Bce 00pasubt ObUIN MOAr0-
TOBJIEHbI METOJOM CYXO# OTCBHIIKH, MOXXHO CPaBHUTH BEIUIUHY LHKJINYE-
CKOH MPOYHOCTH C pe3ynbTaTaMy MapanjiebHOro HcciiefnoBanus Mymuca
u ap. (Mulilis et al., 1977). Cornacho ero ganHsiM (cM. puc. 10.11), unx-
JuYecKas fMPOvHOCTh, OFpeAEeHHas aHATOTHYHBIM CI0CO00M, COCTaBIAET
0,21. KoneuHo, ¢oxHO 00BACHNTH Takoe OOIBIIOE pa3inuyme, HO, CKopee
Bcero, necok «Toyuoray, cocrosamuii u3 60a€€ MENKUX YacTHL, HMEET
MeHbIllee COMPOTUBIIEHNE Pa3KIKEHHUIO,
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HACHINb MYTEM OCAXKICHHMS IIECKa B cjioe Boabl. OOpasisl HEHapyLICHHOH
CTPYKTYPBI OTOMpANH U3 3TOH HACHINH TAK)KE METOJOM 3aMOPAXUBaHUA H
HCTBITHIBAIH Ha TpexocHoe cxarue (Yoshimi et al., 1989).

CornacHo pesynpTataM ucnbiTaduil (puc. 10.14), nuxnndeckoe conpo-
THBJICHHE 00Pa3LI0B HEHAPYIIEHHON CTPYKTYPBI YHCTHIX MECKOB C OTHOCH-
TenbHO# moTHOCTEIO0 50 U 80%, 0TOOpaHHEBIX B MOJEBBIX YCIIOBHAX, IIPH-
MEpHO B ABa pa3a Oojbiue, yeM y o0pa3uoB u3 HOBOH Hackimu. Otcrona
CllelyeT, 4TO LMKJIMYeCKass NMPOYHOCTh CJIOEB TPyHTA in situ B O0bIION
CTENEHHU 3aBHCUT OT CTAPEHHUS TPYHTA M TEKCTYPHI, O0YCIOBIEHHOH yClIO-
BUAMU ceJuMeHTauuu. lloaToMy pe3ynbTaTel MCHBITAHHA Ha oOpasnax
BOCCTAHOBJIEHHOH CTPYKTYpBI B LIEJIOM HEJB3sl CUMTATh TOYHO OTPaXKaro-
mumMy paboTy MeckoB in situ, U MCTIBITAHHS BBICOKOKAYECTBEHHBIX 00pa3-
LIOB HEHapYIIECHHOH CTPYKTYpbl Bceraa HEOOXOMUMEBI ISl TOYHOW OLIEHKH
NIOBEIEHHUA OTJIOKEHHH MECKa BO BPEMS 3eMJIETPSACEHHUH.
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KonuvecTBo UMKIOB HArpyXeHus,
HeoOxoAnMoe U1 nony4enus 5%-Hoi oceBoil aedopmamn JJ.A.

Puc. 10.13. Pe3ynbrarsl COBMECTHBIX UCTIBITAHHH, MPOBOAUMBIX B SINOHUH,
IUTA ompeAesieHus Luknyeckoit mpouHoctH necka (Toki et al., 1986)

10.5. Hukauveckoe CONPOTHBIICHHE NEeCKa in situ

C y4eToM pa3auyud B BEJIMYHHAX IIUKJIHYECKOH MPOYHOCTH OOpa3LOB .

necka, BOCCTAHOBIIEHHOTO € IOMOLLbIO Pa3sHbIX METOAOB, MO>XXHO Npeano-
JIOKHTb, YTO COMPOTHBIIEHHE CIIOEB MECKA CEHCMHUYECKMM HAarpy3kam B
MOJIEBBIX YCIOBHAX MOXET ObITb pa3iMuHbIM. [103TOMY HEOOX0AMMO HC-
OBITaTh 00Pa3lbl, MO BO3MOXKHOCTH B3SITHIE U3 €CTECTBEHHBIX CJIOEB MECKA,
B J1JaOOPATOPHBIX YCIOBUAX, MOACIUPYIOIIMX NoneBble. [lng or6opa o6pas-
[IOB HEHAPYIICHHOH CTPYKTYPbl HH)KE YPOBHS I'PYHTOBBIX BOA HCIOJB3YIOT
0TOOp TPH MOMOIIH FPYHTOHOCA H 3aMOpakMBaHHE. [ pyHTOHOCH! yCHELIHO
OpUMeHSIOT 17 oTOopa 00pa3lioB HEHApPYLIEHHOH CTPYKTYpbI M3 CIOEB
PBIXJIOTO MECKa, OMHAKO C YBEIWYECHHEM IUIOTHOCTH MECKa M3-3a Hapylle-

HHSL CTPYKTYPDBI o6pa3ua CTAHOBSATCA OYCBUIAHBIMHU HCTATHBHBIC CTOPOHBI

atoro Metona (Ishihara, 1985).

MeTtoa 3amMopaxuBaHM$t I'pyHTa, pa3pa0OTaHHBI KakK ajJbTepHaTHBA
IPYHTOHOCY, YCHIEHIHO MPUMEHANCS AJisl 0TOOpa BHICOKOKAYECTBEHHBIX 00-
pa3LoB HEHAPYIIECHHOH CTPYKTYpPHI JaXeE W3 IJIOTHBIX CIIOEB Necka. B koM-
UIEKCHOM HccaenoBanuu Mommumu (Yoshimi et al., 1984, 1989) o6pastisl
necka orbupany Ha nioinaake Huurara meronoMm 3amopaxusanus. OnHo-
BpPEMEHHO B JIOTKE LIHPHHOW 4 M, JUIMHOH 6 M U MTyOHHOHA 5 M co3zgaBanu
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Puc. 10.14. Linknudeckas npouHoctb 00pa3LioB necka
HeHapyuieHHoi cTpykTypsl (Yoshimi et al., 1989)

10.6. Iinkandeckoe CONPOTHRJIEHHE NMbLIJIEBATHIX MECKOB

Pa3zxiikeHHe rpyHTa — 3TO B3BELICHHOE COCTOSHUE YACTHIL B pe3yJibTa-
Te ocnabnaeHns KOHTAKTa MEX/Iy HHUMH, XapaKTepPHOE /IS MeCUaHbiX OTIO0-
xeHui. Hanbonee npeapacnonoxkeHnl K pa3kKHKEHHIO FPYHTbI, B KOTOPBIX
COMpoTHBIEeHHE AehopMalmK MoOun3yeTcs Gnaroaaps TPEHWIO YacCTHIL,
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BO3HHKAIOIIEMY MO JeiicTBUEM 00)XXMMAIOILMX HalpshkeHnH. B menkosep-
HMCTBIX TPYHTAX, COACPIKAIINX ONpee/eHHOe KOJIMYECTBO TOHKUX (NbLTe-
BaThIX M TJIMHHUCTBIX) YaCTHIl, MEXIY HHMH BO3HHKAET aire3us, 4To 3a-
TPyAHAET WX pazbearHeHue. [109ToMy 0OBIYHO OOnbLIEe CONMPOTUBIECHUE
PamKIKEHUIO OKa3bIBAaeT MECOK, COAEPXKALMH HEKOTOPOE KOJMYECTBO
TOHKHX YacTul. OIHAaKO 5TO CBOHCTBO 3aBUCHT OT MPHPOAbI TOHKHX Yac-
THL. YacTHIEBI, MpeICcTaBJICHHbIC MUHEpATaMU ¢ rupodoOHON MOBEPXHO-
CTBIO, KOTOPHIM HE CBOMCTBEHHA aAre3us, JErko OTAEHSTCA APYT OT ApY-
ra, U CoAepXKalui HX MECOK, TaK € MPEApacnoNoKeH K Pa3KHKEHHIO,
KaK ¥ YUCTHIM. TUITHYHBIM TPUMEPOM TaKOIO MaTE€pHana sIBIIAIOTCS XBOCTH!
oborainieHns — MEIKOAPOOJIEHBIE 0TX0/Ib]l MPOLIECCa KOHUEHTPALWH Pyl B
ropHo/106bIBaoLIekH NPOMBILUIEHHOCTH. TOHKHE YaCTHLbI XBOCTOB COCTOSAT
U3 OCKOJKOB CKaJbHBIX MOPOJ, OHU THAPOGOOHBI H HEe 00651aJatoT JIMIIKO-
cThbI0. XBOCTHI 00OralleHHsI HMEHOT TaKOe XK€ Malloe CONPOTHUBIIEHHE pa3-
XKIKeHWI0, kak W uncTelii necok (Ishihara et al., 1980).

B na6oparopusix uccneaosanusx asrop (Ishihara et al., 1978) onpene-
7SI CTENEHD Pa3kKIKECHHS ECKOB, COACPKaIUX 00Jee UM MEHEE CBA3HbIE
TOHKHE YaCTHI(bl, HAIPUMEDP ALJIFOBUAIBHBIX FPYHTOB. Pe3y/ibTaThl HCIbI-
TAHUH MOKa3ald, YTO ¢ YBEJIHUYECHHEM KOJHUYECTBA YACTHL LIMKIHYECKOE
COMPOTHUB/IEHHE MECKA B HOPMAJILHO YIJIOTHEHHOM COCTOSHHH HECKOJIBKO
BO3PACTaEeT, B MEPEYIUIOTHEHHOM TPYHTE 3TO YBENWUEHHME ropasjio cylie-
CTBEHHee. DTa TEeHIEHIMs BIIOJHE 3aKOHOMEpHA, MOCKOJIbKY CUEMJIEHHE
MEXAY YACTHIAMH MPENSTCTBYET UX Pa3beJAMHEHUIO B Ha4aJIbHON CTaann
pazxukeHus necka. CieqoBaTelIbHO, TIECOK, COAEPKALIMK Takue MIacTu-
YyeCKHe YacTHIlbl, HMeeT GOIbIlEe CONPOTUBIIEHHE pa3KukeHHI0. OQHAKO,
HNOCKOIBKY CBOWCTBA TOHKHX YACTHIl NPOABIIIOTCA 110-pa3HOMY B 3aBHCH-
MOCTH OT WX TPHPOJIbI, IPEX/e BCcero He0OX0AMMO HAlTH Mokasaresnb, Of-
penessifoLIMi KOJTUYECTBEHHbBIE XapaKTEPHCTUKH Pa3KUKEHHUs TECKOB, CO-
JepKaMX TOHKHE YACTHLIBL.

OOBIYHO CUUTAETCSA, YTO OTHOCHTEIbHAS TUJIOTHOCTh HE MOXET OBITh
TAKUM TIOKA3aTeEM, €C/IU ONA COACPKaHUA TOHKHX YacTUL IpeBbILUAET
50%. AHanu3 pe3yabTaToB Pa3iuYHbIX MCIBITAHHH MOKasal, 4yTo Haubosee
BAXHBIM (DAKTOPOM, BIMSIOHMIMM HA LMKIMYECKYHO MPOUHOCTDb, ABJIACTCA
YMCIIO MIACTHYHOCTH TOHKMX 4acCTHL, coaepxauuxcs B mecke (Ishihara &
Koseki, 1989). DTo YeTKO BMAHO 1O pe3yJbTaTaM HCHBITAHMA Ha
puc. 10.15, roe nocTpoeHa 3aBHCHMOCTh MKIMYECKOH MMPOYHOCTH OT YHC-
na TUIACTHYHOCTH [, HCTIBITHIBAEMBIX MaTEPHAIIOB. BennurHa HHKIHYECKOH
NPOYHOCTH HEHAMHOIO W3MEHSETCS APU HU3KUX 3HA4eHHsAX [, (MEHbIUE
10), HO BO3pACTAET C YBEIMYEHHUEM YUCIIA TUTACTHYHOCTH. ‘
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Puc. 10.15. Bnusnue yucna niacTHYHOCTH Ha LMKIIMYECKYIO MIPOYHOCTD NECKa,
COJIepPKALLEro TOHKHE YaCTHLbI

10.7. luk1M4ecKOe CONPOTHB/IEHHE IPaBeUCTHIX IPYHTOB

Bpems ot Bpemenu nospasiorcs coobuieHus 06 ymep6e, BLI3BAHHOM
pa3KHKEHHEM rpaBUAHBIX TPYHTOB. Tak, BO BpeMs 3emnerpscenus B Dy-
Kyu 28 nioHs 1948 r. B SInoHMH B 30HE AUTIOBHANBLHBIX OTIOXKEHHMH, pac-
TOJIOKEHHbIX HENANEKO OT JMMLUEHTPa M COCTOAIIMX B OCHOBHOM M3 Ipa-
BUs, HaOMIOZANMChL Cnefibl Pa3spylIMTENbHOTO Da3KIKeHns TpyHTa. Bo
BpeMst 3eMiieTpsicenus bopa [Tuk B CIIIA B 1983 r. mossumuce coobmeHuns
O Pa3KMKCHHHU IPABENUCTOrO I'PYHTA Cpa3ly Ha HECKONBKHMX IUIOLIAIKAX,
YTO BBI3BAJIO PACOJI3aHUE MOJOIUX XOIMOB. M XOTS HEKOTOpOE BIMSHME
Ha pacCceuBaHHE JABICHHUA [I0POBOI BOJAB U, CIENOBATENBHO, Ha CIIOCO6-
HOCTb K Pa3)KHKEHHIO MOTYT OKa3blBaTh YCIOBUA APCHUPOBAHHS CIOS rpa-
BHSI, TIPEX/IE BCEro HEOOXONMMO PacCMOTPETh OCOOEHHOCTH CONPOTHBIIE-
HUS OUKIMYECKOMY Harpy>KeHHWIo camoro rpausi. OfHa U3 NEpBBIX MOMbI-
TOK B OTOM HampasieHunn Obula ocymecTBieHa Yourom (Wong et al.,
1975), KOTOpBIH MPOBENl CEPHIO TPEXOCHBIX LIUMKINYECKHX HUCHBITAHUN 00-
pa3uoB BOCCTAHOBJIEHHOTO IPABEMCTOTO I'PYHTa PasIMUHOrO COCTaBa B
Gonbiom npubope TpexoCHOro cxatus. [1o pe3ynbTaTaM HCNBITAHMH LUK-
JIMYECKOE CONPOTHBIIEHHE 'PABHs OKa3aJ0Ch HECKOIBKO BOJIblIE, YEM YHC-
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toro mecka. OfHAKO, B KAKOH CTENEHH pe3ybTaThl 3THX MCIBITAHHH OTpa-

KaIOT paboTy rPpaBHs B MOJICBBIX YCIOBUAX, OCTAETCS HEACHBIM.

Kokymo u Tanaka (Kokusho & Tanaka, 1994) npeanpuHsin HOBYIO
HONBITKY OTOOpa HEHAPYIIEHHBIX MOHOJMTOB M3 OTJIOXKEHHH ByJKaHHYe-
CKUX OOJIOMKOB, COAEPallUX TpaBHii, TaM, Ile BO BpeMs 3€MJIETPACEHUA
Xoxkkarino-Hanceokn (12 urons 1993 r.) BCJIEACTBHE Pa3XKUKEHHS TPyHTA
NOCTpajay Gu3Nexalye KUIble KBapTaibl. MOHOIMTHI OTOMPaJIM METO-
JIOM 3aMOpaXMBaHUsA [PYHTA, U3 HUX BBIPE3a/lH LMIMHAPHYECKHE 00pasLibl
auamerpoM 30 cM u anmHOM 60 cM, KOTOpBIE HCHBITHIBAIM B npubope
TpexocHoro cxatud. Ha puc. 10.16 npuBelieHbl KpHBbIE rpaHyIOMETpHYE-
CKOrO COCTaBa TPyHTa. Pe3ynbTaThl TPEXOCHBIX LIMKIMYECKHX HCIbITAHHUH
(puc. 10.17) nmokasayy, 4TO BENHYHHA HUKJIMYECKOH NPOYHOCTH OYeHb Ma-
na. BosbmeM, HanpuMep, 3HadeHue 0,19, koTopoe NpakTHYECKH COOTBET-
CTBYET MPOYHOCTH MECKA OT PBIXJIOTO 10 CPEAHEH IIIOTHOCTH.

IIpuBEIEHHBIA IPUMEP — ITO €AMHCTBEHHBIH ONBIT HCTIBITAHUH 00pas-
1I0B HEHAPYIIEHHON CTPYKTYPBI, OTOOPAHHBIX M3 PBIXJIbIX OTJIOKEHHHA rpa-
BMIHOTO IPYHTa, APyTHE AETalbHble HCILITAHUA TAKMX TPYHTOB, OTOOpaH-
HBIX M3 PHIXJIBIX CJIOEB AJUTOBHAIBHOTO IPOHCXOXAEHHS, HE MmybiMKoBa-
JTUCh.

C npyroii cTopoHsl, B SIMOHMHM NpEANPHHHUMAIMCh MHOrOYMC/ICHHBIE
HONBITKH U3YyYEHHUS IUKIHYECKON pabOTHI TPaBEIUCThIX MPYHTOB, MJIOTHBIX
M cpeiHei IOTHOCTH. TOTYKOM K IIPOBEACHHUIO UCCIEA0BAHHUM TOCITYXKHIA
HEOOXOMMOCTb Pa3BHTHsI METOJOB H TEXHONOIHH OLEHKH 0€30MacHOCTH
MIOIAJOK JUIA Pa3MEIICHUS SIEPHBIX OOBEKTOB, NPOEKTHPYEMBIX C yde-
TOM BO3MOYKHOCTH CHJBHEIX 3emierpscendii. Ha puc. 10.18 nokasanus
KPHUBEIE TPaHyJIOMETPHYECKOTO COCTaBa IPABUEB, MKIWYECKass MPOYHOCTD
KOTOpHIX Onpenensnack B naGopatopuu. Bee mpoOsl oTOHpanyu MeToxoM
3aMOpaKMBaHHUs M Pa3pe3aid Ha LIMHAPUYecKHe obpasisl 1uametpom 30
cM ¥ jnHOH 60 cMm. Tak xe orGupanu oOpasupl ¢ mwiowaiky B B Ynba ¢
r1yGuHbL 6...8 M. DTO MIEHCTOLEHOBBIE TPYHTHI € 55%-HBIM CO/IEpIKaHHEM
rpaBHsi ¥ MAKCHMAJIBHBIM pa3mMepoM dacTull 94 Mm. O6pasiibl ¢ MIOMANKH
A ot6upanu Ha rny6une 5...15 M. [Inomazaka pacnonaraercs HEAANEKO OT
p. Ton, rpyHT HMeeT aluTIoBHANBHOE IpoUCXoXxacHNE. ConepxaHue rpaBus

B IPyHTE COCTaBISeT 66%, MakCUMaNbHbIH pasMep yacTuil — 105 MM (Goto -

et al., 1994). O6pasisl co cTaHmy TOKHO OTOHMpPANIM U3 TLICHCTOLICHOBBIX
OTNOXeHHH Ha ray6uHe 19...22 M. [{nana3oH 3HaueHUM KPHBOH IpaHy’o-
MeTpHuecKoro cocrasa (cM. puc. 10.18) yka3piBaer, 9TO MaKCHMalbHHIHA
pasMmep yacTHIy 3eck cocTapisgeT 90 MM, a coliepkaHue TPaBus B IPyHTE —
80...50% (Hatanaka et al., 1988). ‘
Pe3ynbTaThl TPEXOCHBIX LMKIMYECKHX HCTIBITAHWH 3THX 0bpa3uos ro-
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kasaHbl Ha puc. 10.19 kak 3aBUCHMOCTH OTHOCHTENBLHOTO LMKIHYECKOTO
HamnpsHKEHHUs OT KOJIHYECTBA UMKJIOB HArpy>XeHus, HeoOXOAUMOro g To-
nyyenns 2%-Hoi oceoi nedopmaunn J[.A. ITOCKO/IbKY KECTKOCTh IpaBe-
JICTBIX IPYHTOB, KaK NMPaBHJIO, JOCTATOYHO BENHKA, B HEKOTOPBIX 00pa3-
uax ObLIO TPYAHO AOCTUrHYTH 5%-Hoit nedopmammm J.A. TTosToMy B Ka-
YECTBE KPHUTEPHsl COCTOSHHS IMKIMYECKOTO pa3yNpOYHCHHS MNpPHHATA
2%-nas nedopmauus. LlMknuyeckas MPOYHOCTb IPABHS BBILIE MPOYHOCTH
neckoB u cocraBaser 0,4...1,2 (puc. 10.19). Ha puc. 10.20 npusoasitcs
pe3y/bTaThl JPYroi CEpHH TPEXOCHBIX LUHKIMYECKHX HEAPEHHUPOBAHHBIX
MCMBITAHHH MIOTHBIX IPaBHIMHBIX rpyHTOB. Ha puc. 6.17 nokasana kpusas
IPaHyJIOMETPHYECKOro COCTaBa Marepuana ¢ miowanku 7. I'pasuii ¢ mio-
WaakH A UMeeT MPAaKTHYECKH TAKUE JKe TPAHYJIOMETPHYECKHE XapaKTepH-
CTHKH, YTO H TPYHT C INIOIIAAKH 7. Pe3yNbTaThl UCILITAHUNA CBUACTENBCT-
BYIOT O 0OJIbIIMX BENHYHHAX LIMKJIMYECKOM mpoyHocTH — 0,3...0,5.
AHanu3upys pe3yJbTaThl HCTILITAHHH 0Opa3LOB HEHAPYLIEHHOH CTPYK-
Typbl, MOXHO 3aMETHTb, YTO LMKJIMYECKAs NPOYHOCTb OTIIOKEHHN TpaBus
IJIENCTOLIEHOBOTO NMPOUCXOXKAEHHUS ropaszio BbILIE, Y€M Y PHIXJIBIX ECKOB
H TMECKOB CPeHEN IUIOTHOCTH aJUIOBHATILHOTO MPOUCXOXKAEHH. OTMETUM,
YTO LIMPOKUA MANa3oH 3HAYEHHH LUKIMYECKOM NPOYHOCTH 06YCIIOBICH

pa3IuiHBIMM HEOJHOPOJIHBIMH YCIOBHAMM 3al€raHHs HOPHPOAHBIX CJIOEB
rpaBus.
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Puc. 10.16. lnanason rpanyI0METPHYECKOTO COCTABA FPABENHCTOr0 IPYHTa,
0T06paHHOro Ha IUIOWA/Ke y NIOAHOXHs XonMa KoMmararake
(Kokusho & Tanaka, 1994)
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10.8. Bausinue Ko Ha CONPOTHBI/ICHHE NECKA PA3KIKCHHIO
§ o4t o ‘ ' o i Jlns oneHku BiusHUA Ky Ha COMPOTUBJICHUE IPYHTA pasixmxenmo Obl-
t; mol;f:;lfgl;cgobf}{g;{:;;:nbda JIM UCIBITaHB 00pas3upl necka p. @ya3u ¢ OTHOCHTENBHOU IMIIOTHOCTBIO
“E’ Komarataxe 1 55% (Dso = 0,40 MM, enax = 1,03 ¥ eyin = 0,48). IlpoBoaunace cepus UCHBI-
g 0.3}k ?3?8;%24 | TAHUH Ha KPYy4YeHHE MOJBIX IIJIHHIPHYECKUX O0OpasloB [PU OTCYTCTBUH
) ° ookoBoil nedopmarun. HaGmroaeHus 3a X0[0M HCNBITaHUN MOATBEPIUIIH,
g [ o ] 4TO TMPH YIUIOTHEHWH BOJOHACKHIIIEHHOTO IPyHTa B COCTOSIHUU K U mocie-
E 02}t J JiylollleM BO3IEHCTBUM LHUKJIMYECKUX KAaCATENbHBIX HANpsDHKEHUI IpH Mmon-
2 \O\ON HOM OTCYTCTBHH OOKOBBIX Aedopmanuii OGoxoBoe HarpskeHue Oyner me-
5 | 1 HAThCA. [Ipu pazkmkeHNN BO3HHUKAeT H30TPOMHOE HAIPSKEHHOE COCTOf-
% O B o N HUE.
= YtoObl paccMOTpeTh BIUsHHE Ky IpH KOHCONUIALIMM Ha MpoLece pas-
E I | KIDKEHUS TTeCKa, OMPEAETNM OTHOCHTENBHOE LUKIMYECKOe HaNpsKeHHe
ol v : . R

10 TR KaK aMIUINTYIy LMKIHYECKOTO HAINpsOKEHUs KPYHUEHHs T, JENEHHYIO Ha
BepTHKaNbHOE (PdeKTHBHOE OOXKMMAalollee HanpshkeHHe o,, AeHCTBYIO-
miee BO BpeMs koHconuaauud. Ha puc. 10.21 noctpoeHa 3aBUCUMOCTb OT-
HOCHTEJIBHOTO LIMK/IH4ECKOTO HANPSDKEHUS OT KOJIHYECTBA LUKIIOB Harpy-
)KEHUS, HEOOXOMUMBIX I momyuyeHus 5%-HoH medopmauuu KpyueHUs

KonnuecTBo LIMKJIOB HATPYXeHHA, HE0OX0AUMOE T NOMYYEHHUSs
2%-Ho# oceBoil AedopMaliii JBOHHOW aMILTHTYIbI

Puc. 10.17. 3aBHCUMOCTH OTHOCUTEIBHOIO LUKINYECKOro HAMPSDKEHH
OT KOJIMYECTBA LIMKIIOB HArPYXXEHHS AJIA PBIXJBIX I'PYHTOB

¢ conepxxanueM rpasus (Kokusho et al., 1995)

0.01

01 1.0 10 100

Pa3smep dacTun, MM

Puc. 10.18. KpuBbie rpaHyIOMETPUYECKOrO COCTaBa
HCTIHITAHHBIX 00pa3LioB rpaBeaMCTOrO IPyHTa

J.A. win Hayana pa3KWKeHHs IpyHTa. M3 pHCyHKa BHIHO, YTO, 4YeM
Gonblue BenurHa Ky BO BpeMs KOHCOMHIALMH, TeM OOJbIIe COMPOTHBIE-
HHE TPYHTa pa3KiKeHuro. s uccnenoBanus BiusHUs K, BEpTHKaIbHOE

T T T 1 T o0xuMalollee HanpsDkeHHe o, IpeoOpa3oBbIBaIochk B cpenHee 3¢ dekTHs-
100 Irowmanka Hoe oOxxHMatollee HalpsKEHHE Gp' 1o popMyIie
© B B Yuba
5 5
g | AN
= IMnowanka 4 Hepa- 1+ 2K
E. " neko ot p. Ton (5:) = —Oo'v = Cl()"V . (10.2)
& | 3
=
£ 50
g
é Ecnu oTHOIECHKE T,/0,’, MOKa3aHHOE Ha ocu opauHar (puc. 10.21), npe-
S i Fomanka o0pa3oBaTh B T,4/0,’, pe3yJIbTaThl UCHBITAHHA MOXKHO MpeoOpasoBaTh CoO-
8 ot crantn Toxuo rmacHo puc. 10.22. V3 pucyHka BHIHO, 4TO BCE OAHHBIC MPHU Pa3IMYHBIX
0 S | | | BeaMuMHAX K 3aBUCAT TOJNBKO OT KOJIMYECTBA LMKIOB Harpyxenus. Cie-
| I i

JI0BaTENbHO, BIMAHHE Ky MOXXHO TOYHO OLIEHHUTh, PACCMAaTPHBAs OTHOCH-
TeJbHOE LUKINYECKOe HalpsKeHHe B 3aBUCUMOCTH OT HadaJbHOTO 3Haye-
1us cpenHero 3pPeKTHBHOro 00XKUMaroIIero Hanpsokerus o (10.2).
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OTHOCHTENILHOE UMKIHYECKOE HAaNpskeHHE 64/(267¢)

OTHOCHTENILHOS LIMKIIMYIECKOE HANIPSKEHHE 04/(26 o)
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Puc. 10.19. 3aBHCHMOCTE OTHOCHTEJILHOIO LUKJIHYECKOrO HaIMPSKEHUS
OT KOJIMYECTBA UHMKJIOB HArpy>KeHHs AJis TPABETHCTBIX I'PYHTOB
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Puc. 10.20. 3aBUCHMOCTb OTHOCHTENIBHOTO LIMK/IMYECKOTO HAMPAKEHHA
OT KOJIMYECTBA LIMKJIOB HArPYKEHHUS AJIsl FPABEUCTBIX MPYHTOB

10.8. BIUAHUE Ko HA COIMPOTUBJIEHUE ITECKA PA3XHXEHHWIO
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Puc. 10.22. 3aBUCMMOCTb OTHOCHTENHHOTO LIMKJINYECKOTO HaNpsDKEHHS OT
KONMYECTBa MKIOB HarpyxxeHus nns ucnbitanuit ACOT npu pasnnuHsix Ky
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10.9. Ilnkanyeckoe CONPOTHBIICHHE MECKA MPH HENEPHOIHYECKOM
ceiicMHYeCKOM HArpy»KeHHH

VisMeHeHHe BO BpeMEHM KacaTelbHbIX HANpsyKeHWH, BBI3BAHHBIX BEp-
THKAJIBHBIM TIPOXOXKICHUEM CIBUTOBBIX BOJIH Y€pe3 MAacCHB IPYHTa C POB-
HOW TIOBEPXHOCTHIO, Oy/IET HENMEPUOANYECKUM H pa3sHOHANpaBlA€HHbIM NIPU
PacCMOTPEHUH B TOPU3OHTAIIBHON IJIOCKOCTH. [[J1s1 KOJIMueCTBEHHOH OlleH-
KH XapaKTepHCTHUK Pa3KHKEHHsl CIOeB Iecka B CIOKHBIX YCIOBUSIX Ha-
FPYXeHUsA, Kak TPABUIO, BBOAAT HECKOIBKO TIONMPaBOUHLIX KO3DDUUMEH-
TOB AJIst UMKIIMYECKOH TPOYHOCTH, IMOIYYEHHOH NTPH paBHOMEPHOM LIMKITH-
4eCKOM HarpyxeHud. UToOBl paccyuTaTh MONPaBOUYHBI KO3 (HLMEHT,
NPOBO/JIMJIM MHOTOUUCIICHHBIC J1a0OPaTOPHBIE WCIBITAHUSA Ha MpPOCTO#
casur (cM. puc. puc. 4.14). Ilpu 3ToM K 006pa3Lly MOIVIH NPUKIIA1bIBATBC
HEMEePHOANYECKHUE HArPY3KH, NEHCTBYIONIME B ABYX B3aUMHO NEPIICHAUKY-
JISIPHBIX HATIPaBJICHHUAX.

Ha puc. 10.23 npuseneHbl pe3ysabTaTbl MCIbITAHHH PBIXJIOTO Mecka ¢
UCTIONAB30BAaHHUEM aKCEJIEPOTPaMM KOMIIOHEHTOB YCKOpPEHHMSI B Hampabie-
Hun «C-lHO» u «3-B», 3anucanHbix BO BpeMs 3emieTpiaceHus Huurarta B
1964 r. /Ipa 3TM KOMIIOHEHTA YCKOpeHHUs roka3anbl Ha puc. 10.23,a. Ha
puc. 10.24 npeacraBiacHa 00beIMHEHHAS TPAEKTOPHA 3THX KOMIOHEHTOB B
POPU30HTATBHOM TUIOCKOCTH B OIPEe/IeHHbIH OTPE30K BPEMEHH MPH Mpo-
XOXJIEHUHX OCHOBHOM BOJTHBI 3EMIIETPACEHMUSI.

3TH KOMIIOHEHTHI YCKOPEHUS MPeo0Pa30BhIBANINCH B HEMEPHOAHYECKIE
U3MEHEHUS KAaCaTeIbHOr0 HANPSHKEHHWS NPU [IPOCTOM CABHIE M MPHKIaLbl-
BAJIMCh K 00pa3iaM Mecka B JIByX B3aUMHO NEPIECHAMKYJISPHbIX Hanpasile-
HHAX B NMPHOOpE MPOCTOrO CIBUra, MOKa3aHHOro Ha puc. 4.4. CHayana uc-
[bITAHUSA MPOBOIWINA TPU aMIUIUTYJE HEeNepHOAMUYECKON Harpysku, He
APUBOMANIEH K pa3KIKEHUIO TPYHTa Ha MPOTSDKEHUH Bcero onbiTa. Ha
NIEPROM ITale UCTILITAHUS MPH YCTAHOBIEHHOHW aMIUIUTYIE HENEepHOIUYe-
CKOH HArpy3KH Tpmax/Go’ = 0,112 perucTpupoBaIuCh U3MEHEHHS BEJIUYHHBI
JaBJICHUS [MOPOBOH BOJABI u W AedopManuy NPSIMOro cABUra B JIByX Ha-
NpaBIeHUAX Yys U Yey. Cormacuo puc. 10.23, 6, naBiaeHne noposoi BoIbl B
MOMEHT MPHIOKEHUS MAKCUMAaJIbHOTO KacaTeIbHOTO HalpAXKEeHUs yBeJH-
YuBaeTCH MpuMepHo 0 60% OT BeNWYMHBI HAYaILHOTO 00XKHUMAIOIIEro
HAMPSOKCHUS, MOCHE Yero He W3MEHSeTCs, XOTsa o0pa3el Npoo/KaeT Hc-
NbITHIBATH BO3JEHCTBUE KacaTENbHbIX HANPSKEHUH MEHBIIECH aMILIUTYABL.
ITopoBoe naBieHHe, BOIHUKINEE BO BPEMS DTOYO 3Tana UCHbITaHus, OyaeM
Ha3bIBATh OCTAaTOYHbIM, OTMETHM, YTO HAa JaHHOM 3Talle U3MEHEHHE Ae-
(hopMaliu CABUra UCKIOYUTETEHO MaJIO.

Ha cnenyroiem 3tarie kK HOBOMY 00pa3sily TOH ke TUIOTHOCTH MpHKIa-
JBIBANM TAKYIO XKe HEMePHOMUYECKYI0 Harpy3Ky ¢ Oonplied aMniuMTynoH
Tmax/Go’ = 0,154, PesynbraTel sToro srana (puc. 10.23, 6) cBUOeTENbLCTBY-
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IOT, 4TO TIOPOBOE JABJICHHE BO3POCIO JO BEJIMUUHBI, COOTBETCTBYOIUCH
HAYaIbHOMY OOKHMMAIONIEMY HAIPSDKEHHIO, T. €. B HCIIBITYEMOM o0pasiue
HaYHHAETCS NPOLIECC PABKMIKEHHUS.

PasnoHanpasieHHOCTh Harpy3ku (Huurara)
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Puc. 10.23. M3meneHue aegopmatinit cABUra M BO3pacTaH1e mopoBOro
JIaBJIEHHs B HCMILITAHUAX Ha KPYY€HHE NPH HEMEPUOANYECKOM HATPYKEHHH
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Ipy BO3AEHCTBHM MaKCHMAIBLHOTO KacaTeNBHOrO HampshkeHus aedop-
Malusi CIBUTA COCTaBIsieT 5%, HECKOJIBKO I103KE OHAa JOCTHTaeT MaKCH-
MaibHOro 3HaueHus — 12%. MoXXHO 3aK/II0YHTE, YTO pa3KHXKEHHE HAYHHA-
eTCs TIOUTH OJHOBPEMEHHO C MPWIIOKEHHEeM IMHKa HanpsbkeHHH. OgHako
ropazno 66mnbias aedpopmanns CIBHra MOKET BO3HHKHYTb I10CIIE€ Hayana
pazKIKeHHs, Korna oOpa3en HAXOAWUTCA B COCTOSHMH YuUKIUYECKOU noo-
BUINICHOCMU. DTO — MTHOBEHHOE COCTOSIHHE C HYJIEBBIM 3(P(EKTUBHBIM Ha-
NPSKEHUEM TIDH OTCYTCTBHMH KacaTeNbHBIX HANpPSKEHUH, HO MpH MPHIIO-
’KEHHH KacaTeJbHOr0 HamnpspkeHHs (P dexTHBHOE Hanps keHHE BOCCTAHAB-
nuBaetcs. [ToaroMy BenuuuHa nedopMaluy capura oépasua onpeaeaseTes
XapaKTEpUCTUKAMH LIUKINYECKOH MOABHKHOCTU TECKa MOC/IE Havaja pas-
KIDKEHHS. M 3aBUCHUT OT OOJIBIIOrO KOJMYECTBA 3HAUUMBIX LIMKJIOB, BO3HH-
KaIOHIUX MOCTe MPHI0KCHHSI TUKOBOTO HATIPSYKEHHS.

3emnerpscenne B Huurara (1964 r.)
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Puc. 10.24. TpaekTopus yCKOpEHHs B IL1aHE

Ha puc. 10.25 npuBeneH apyrod nmpuMep pa3sHOHANPaBIEHHOIO WCIIbI-
TAHUA HA TPOCTOH cABUI oOpasla necka ¢ OTHOCHTENBHOH TUIOTHOCTBIO
93%. 31ech UCTIOJIB30BAHBI AKCEJICPOTPAMMBI, ITOJTyUEHHBIE B OPTY AKHTa
BO BpeMs 3emMieTpsacenuss Huxonkau-4y0Oy. Ha puc. 10.26 nmokasana Tpaek-
TOpHSl YCKOPEHHS B FOPH3OHTANBHON IIOCKOCTH. OOluas TeHAEHLMs pas-
BHTHS TIOPOBOTO JABIEHUA U JeOpMalMH CABMra nofobHa Hab/oaaeMoi
NPY UCIBITAHUN 00Pa3LOB PBIXJBIX NecKoB. OJHAKO NOPOBOE JABJIEHHE HE
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JOCTHTAET BeJMYMHBI HAYalbHOTO OOXHMMAIOILEro HanpsukeHus. XOTs B
JIAHHOM Clly4yae Mbl HIMEEM JEJIO ¢ IUIOTHBIM MECKOM, BO3HHMKIIO COCTOSIHHE,
61HM3K0E K PaKHKEHHIO, IPH MOCTOSHHOM MIOPOBOM JaBICHUH, OJIM3KOM K
BEJIMYMHE HAYaJBHOTO OOXXHMAIOIIET0 HaNpsDKEHHA. Takoe IOBeNeHHE
necKa HAMOMMHAET HavalbHOe pazkikeHue ¢ 5%-HoH gedopmauueii [I.A.
00pa3loB pLIXJIOro necka Npd LUKINYecKOoM HarpyxkeHuu. ITostomy pe-
3yNbTaThl UCIBITAHUI OOpa3loB MecKka pa3HOH MIOTHOCTH CIEAyeT Npea-
CTaBAATH OJIMHAKOBO, PACCMATPHBAs COCTOSAHHE HAYAIbHOIO pa3KHKEHHs
KaK HAa4ano HUKIMYECKOH MOIBHIKHOCTH MECKA.

Pa3HoHanpaBieHHOCTb JelicTBua Harpy3ku (HuxoHkau-yy6y)
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Puc. 10.25. Nedopmanus ciBura ¥ yBeMUeHHE JaBIEHUS MOPOBOH BOABI
B HCTILITAHHAX HA KPYU€HHWE NPH HENEPHOAHUYECKOM Harpy eHuH
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3emnerpscerne B Huxonkau-ay0y (1983 r.)
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Puc. 10.26. TpaekTopus yCKOpEHHs B MiiaHe

Jlng Kax ol cepyur UCTIbITaHHH ¢ Pa3MUYHBIMU aKCEIEpOrpaMMamMH MpH
pa3HOil IUIOTHOCTU IPYHTA ONpPENEANH aMIUIMTYAY HENEPHOAHYECKOTO
KacaTeabHOro HanpsHKEHWs, MPU KOTOPON HayMHANIOCh pazkuxkeHue. JTa
aMIVINTYZ1a OIPENENANach Kak NMMKOBOE 3HAUEHUE KACATENLHOIO Hafnpsxe-
HUS Taxs. TAKHM 00pa30M, IS KAXKIOW CEPHUH UCHBITAHHI HAXOAWNH Be-
JHYMHY OTHOCHUTEJIIBHOIO MaKCHMalIbHOIO KacaTelbHOTO HanpshKeHHs
Toax /O’ OTMETHM, YTO HCHBITAHH HA MPOCTOH CABHI MPOBOAUIKChL HA
H30TPOMHO~YIUIOTHEHHbIX 00pa3uax.

B tom xe npubdope mpocToro c¢asura NpoBOJWINM UCNLITAHUSA Ha paB-

HOMEPHOE LIMKIIMYECKOEe HATrpy:KeHHe B OAHOM HanpasieHuu. s obpas-

[OB IIECKA, MOJTOTOBIEHHBIX B HAEHTHYHBIX YCIOBUAX, OMPEEIsIN BEIH-
YIHY OTHOCHTEILHOTO IIMKIHUYECKOTO HANPSHKEHHS, BhI3bIBAIOLIETO APYTHE
3Havenus aedopmanuy cABUra npu 20 HUKIaxX MPUTOXKEHHUs HAIPAKEHUH ©
[OCTOAHHOH aMIUTHTYyAoK. IlyTeM cpaBHeHMs pe3ysIbTaTOB 3THUX ABYX TH-
OB MCIBITAHWH YCTaHaBJIMBAIX IonpaBoyHble KodhduiuenTsl. Koaddu-
uueHT C; YYUTHIBAET BIUSHUE HEMEPUOIHYHOCTH HArpy3KH, JeicTByromeH
TOMABKO B OJHOM HarpaBjieHuH, k0dpduuuent Cs — BAUIHUE pa3HOHAIpaB-
JIEHHOCTH ceficMudeckoro Harpyxenus. Koadouunuent C,Cs orpaxaer
COBMECTHOE BJIMSHHE HENEPUOAMIHOCTH HArpy3KH M €€ pa3HOHANpaBieH-
HOCTH. Micnonb3ys 3TH K03 UUMEHTDbI, MOXKHO BbIPa3UTb BENUYHHY OTHO-
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CHTEJIbHOTO MaKCUMAJIbHOIO KAacaTeNbHOTO HANPSKEHHS Tmax /G, BBI3bI-
BAIOILETO OIPENIEICHAYIO0 e(OpMaLMIO CBUTa MPH PasHOHANPABIEHHOM
HENEPHOJMYECKOM HATPYKEHHH, UEPe3 OTHOCHTENILHOE LHKINUYECKOE Ha-
npskeHue (T4/6o )20, BbI3bIBAIOLLEE TaKYHO Ke AedopMaimio 3a 20 HUKIOB
PaBHOMEPHOIO OJHOHAMPABIEHHOTO HAIPYKEHHUS:

T

m e Ta | | (10.3)
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Tl Ty — aMIUIATYAa PABHOMEPHOIO LUKINYECKOrO KacaTeNbHOTO HAmps-
’KEHMsl, BbI3bIBAIOILErO ONPEAEIEHHYI0 NeDOPMALIMIO CABUTA; Tmay, — MUK
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M3MEHEHHH KacaTeJbHOTO HANpSXKEHHs, BLI3BIBAIOILEM TakKylo ke aedop-
Maluio,
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Puc. 10.27. 3aBucumocTs k03¢ uIueHTa HENMEPHOAUIHOCTH
Harpy3ku OT OTHOCHTENBHOM IUIOTHOCTH IPyHTa
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Ha puc. 10.27 o600nieHs pe3ynbTaThl UCIBITAHUHA HA MPOCTOH CIABHT
00pa3LoB MecKa PasuuHOH IUIOTHOCTH, OTOOpaHHbIX B p. Pya3u. 3aech
NpeNCcTaBieHa 3aBUCUMOCTh OOpaTHOH BEJTMYMHBI POW3BENEHNs K0addH-
uHeHTOB C,Cs OT OTHOCUTENIBHOH INIOTHOCTH Iecka. CIOIHOH IMHKEH Ha
PUCYHKE MOKa3aHbl CPEAHHE 3HaUYeHHA 1N 6 cepuil UCHBITAHUH C PHME-
HEHHMEM pa3iu4YHbIX akceseporpamMm. Kak npumep Ha puc. 10.27 npencras-
JIeHbl YCJIOBHUS BOBHUKHOBEHHS aMIUIMTYABI fedopMalyd NPOCTOrO CABHIA
Ymax=3%. CornacHo pe3ynbTaraM HCHBITAHHH, Ta e caMas BEJIHYHUHA KO-
¢ dunHEeHTa MOXET IPHMEHATHCA U IIPH Pa3BUTHH JPYTUX CIABUIOBBLIX NE-
tdopmanuii. Ha ocHoBe pe3yipTaToB, mpejacTaBieHHbX Ha puc. 10.27, Ha
puc. 10.28 npusoastcs npoussenenue kodpduuuentos C;Cs, a Takxke OT-
nensHeie kpuBbie C; B Cs, NOCTPOEHHBIE MO PE3yNbTaTaM JIPYTHX CEpHH
HCIBITAHUI Ha [POCTOH CIIBUT C OAHOCTOPOHHHUM IIPHIOXKEHUEM HENepHO-
JNYECKOH HarpysKH.
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Puc. 10.28. KoadduunenT, xapakTepH3yOLINi BIHAHHE
HAMpaBJEeHHOCTH W HEMEPHOAHYHOCTH HArpy3KH NPH 3EMIIETPACCHHUAX
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AMIUIMTYZIa KacaTelIbHOrO HAfpsKEHHUs Ty NPH PaBHOMCPHOM Harpy-
xeuuu B ypaBHeHuH (10.3) coOTBETCTBYET MOJOBHHE MOJHOK aMINNTY b
0CEBOT0 HAMPAKEHHUS Ty, BHI3BIBAIONIETO PADKIDKEHHE TIPU TPEXOCHOM HC-
neitandd. [1osToMy, ucnone3ys cootHomeHue (10.2), dopmyny (10.3)
MOHO NIPEJICTABHTH B BHIEC

T
L= GG 2 (104)
v 0/2
C Apyroii CTOpPOHBI, OTHOCHTEBHOE LMKJIMYECKOE HANPKEHHE, ONpe-
NefseMOoe Kak aMILUIMTY[a PaBHOMEPHOIO LMKIMYECKOr0 KacaTesIbHOro
HANPAKEHUS T, NENEeHHAs Ha >PPEKTHBHOE BEPTHKAILHOE HArpsXeHHe
(Ta/6,")20, CBA3AHO C Trmax/ O, 3aBHCHMOCTBHIO

T
It oo T | (10.5)

o, G,/

PesysnbTaTel  MCOBITAHMI ~ Ha  HEMEPHONUYECKOE  HArpy)KeHUE
(puc. 10.28) noka3biBaloT, YTO BeJaHYHHa Koddduunenta C,Cs ams necka ¢
OTHOCHTEJIbHOH TMJIOTHOCTHIO MeHbile 70% cocrapaseT mpumepHo 1,55.
ToaTomy, ecnu MpeAnonoKuTh, 4to Ko= 0,5, a koadduument C;, cornac-
Ho (10.2), paBeH 1,5, To, noacraBnas 3ta 3Hadenus B (10.4) u (10.5), no-
JYYHM:

T

mxt _[Ow | _ 1 [Ta] (10.6)

o, 20, o 0,65 o, "

OTO ypaBHEHHE YCTaHABIMBAET COOTHOLICHHUS MEXIY MOKa3aTeNsMH
MKJIMYECKOH MPOYHOCTH, ONpENENeHHBIME pa3HbIMM MeToAaMH. [lpuse-
JIEHHBIE 3aBHCUMOCTH BBIBEACHBI Ul aMIUIHTY] [MKIIMYECKOTO KacaTelb-
HOTO HanpsHKEHHUs, NPH KOTOPbIX HauMHAeTCs padkikeHue. OHM Taloke
NEeHCTBUTENbHBI IS ONpeesieHUs 1000 aMIUIMTYABl LMKIHYECKOTO Ka-
CaTeJIbHOrO HANPSHKEHHs HE3aBUCHMO OT TOTO, JOCTATOUHA JIM €€ BEeIHYH-
Ha 11 Hayana npolecca pazkwkenns. CrnenosarensHo, ypasuenue (10.6)
MOXXHO 3arucaTh B 6onee obmieH popme:

Tmox, [ Oy | __ 1 [Ta] (10.7)
o, 20, ), 0.65\0, ),
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10.10. Biusinne 00:XuMAaOIIHX HATMPSOKEHAH U HAYAILHOTO
KACATEIbHOI0 HAIIPSKEHHS HA CONPOTHRJIEHHE NIECKA PA3KHIKEHH IO

Bee nMriMueckue UCTIbITaAHUSA 00pa3lioB Mecka Ha CIBUT CBUAETENLCT-
BYIOT O TEHIACHIUH K YMEHbIUEHHIO [UKITHYECKOH MPOUYHOCTH MPH YBEIH-
YeHHHM OOKHAMAIOUIEero HampskeHus. BnusHue Takoro addexra ocobeHHO
CYIIECTBEHHO TPH OlIEHKe HAECKHOCTH MPYHTOB OCHOBaHUS (YHIaMEHTOB
BBICOTHBIX 3/IaHHMH M Hackineil. ItoT 3ddekT nzyyancsa B padorax Rolling
& Seed, 1988, Seed & Harder, 1990. ABTopbl BBE/IH NOMPaBOYHbIN K03(-
¢bunuent K, onpenenseMblii Kak OTHOCHTENILHOE LIUKIMYECKOE Harpsxe-
HHe, BEI3bIBaroIiee 5%-Hyto nedopmamyio .A. 3a 20 LMKIIOB HarpyxeHus
npH T1000M OOXNHUMAIONIEM HAMPSIKEHHH, HOPMATM30BAHHOE K COOTBETCT-
BYIOICH BeJIMYHMHE 3TOrO HanpsikeHus npu 3ddexktusrom obxHMatoleM
Hanpsokernn 1 kre/em’ = 0,1 MITa. Bennunnbl Ky, NOIyYeHHbIE IPH UCTibI-
TaHUK OOpasIOB M3 3eMJISHBIX Hachilied W uMcThIX neckoB (puc. 10.29),
nokaseiBatot, 9to npu oy = 0,1 Mlla yuknuueckas NPoYHOCTb yMECHbILIA-
ercs npumepHo a0 40%, eciM oOXKUMAaKoLIEe HanpsKeHHe [JOCTUraeT
0,8 MIla (Seed & Harder, 1990). 13 pe3ynbTaToB pa3iMuHbIX HCCIEN0BA-
HUH, BKJIIOYAONMX NabopaTopHbIE UCIMBITAHHS BOCCTAHOBIICHHbIX 00pa3-
noe necka (Kokusho et al., 1983, Frydman et al., 1980, Vaid & Thomas,
1994), cnegyeT, 4To nonpaBouHbii KOIPPUUMEHT MOXKET NPUHUMATL 3HA-
gerus ~ 0,4 npu oGxumMarouleM HanpshkeHun oy’ = 0,8 MIla (puc. 10.30).
MMockonbky BesuunHa Kz U3MEHAETCS B 3aBUCHMOCTH OT THINA IPYHTA, Ke-
JATeTLHO onpeaensaTh K, AT KaXKA0ro KOHKPETHOro MaTepuaina.
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Puc. 10.29. BiusiHne 00XKHMAIOIIUX HANPSKEHHH
Ha LMKJIMdecKyto npouHocTs (Seed & Harder, 1990)
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Tlonpasounstit ko3hdpuunent Ky
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Puc. 10.30. Bnusitue 00XK1MatoLLMX HalpsKeHUH
Ha UMKJIUYECKYIO IPOYHOCTD TIECKOB
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Puc. 10.31. Biusnue HayanbHBIX KacaTeNbHBIX HAMPKEHUIA
Ha UMKJIHYECKYIO TPOYHOCTDH neckoB (Rollins & Seed. 1990)
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B pazn. 10.2.2 ynmoMHHaeTcs, 4TO HANHYHME HAYadbHBIX KacaTelbHBIX
HAMpPsKEHHH B MIOCKOCTH AEHCTBUSA LIMKIMYECKUX KacaTebHbIX HaNpshKe-
HHMH CYHIECTBEHHO BIHMAET Ha yBEIHYEHHME JABJIEHHUS IOPOBOU BOJBI H, CO-
OTBETCTBEHHO, HA XapaKTEPHUCTHKH pazxkwxkeHus necka. [losromy cuuraer-
cf, 4TO LMKJIMYECKOE CONPOTHRIIGHHWE DIIEMEHTOB I'PYHTa, HaXOASILUXCA
MO KpasiMK COOPY)KEHMH WJIM BHYTPH 3eMJIIHBIX AaM0, oTiinyaercs oT co-
[IPOTHBJIEHUS. TPYHTA, PACIOIOXKEHHOro TOJ POBHOM MOBEPXHOCTHIO. B
pa6orax Rollins & Seed, 1988, Seed & Harder, 1990 onuceisaercs Bnus-

HUC HAYaJIbHBIX KaCaTCJIbHbBIX Hal'lpﬂ)KeHI/Iﬁ Ha MOBCACHHUE I'PYHTOB. ABTO-

pBl MPOAHATHM3UPOBAJIM JAAHHbBIE TPEXOCHBIX LUKINYECKUX MCTBITAHUH 00-
pasloB MecKa ¢ MPHIOKEHHEM HAYajbHBIX KacaTesbHBIX HampsokeHuH. K
o0pasily CHadajla OPHKIAJbIBAJIOCh OCEBOE HAMNPsKEHHME, NpEBbIILAOLIEe
GOKOBOE, a 3aTeM — HUK/IMYECKOE OCEBOE HAIMpsKEHHE. DTH HMCMBITAHUS
cootBercTBYIOT McnbiTanuio ACT (cM. pasa. 10.2.2), B koTopom k 00pasiy
Npy MOCTOSHHOM Ha4YalbHOM KacaTelbHOM HAlpSKEHHH MpPUKNajbiBaioT
HMKJINYEeCKOe KacaTelhbHOE HalpsKEeHHUE.

AHan3 pe3ysIbTaToB MCIBITAHUH Pa3IH4HBIX UCCIIENOBATEIICH MOKA3bI-
BaeT, UTO Ul NECKOB C BEJMYHHOM OTHOCHTEJILHOW NJIOTHOCTH Gosiblie
50% UMKIHMYECKas MPOYHOCTD YBEIHYHBAETCA C BO3PACTaHHEM HaYalbHOTO
KacaTejbHOro HanpsbkeHus. OZHAKO IS PbiXJIbIX MECKOB XapakTepHa H
HNPOTUBOMOIOKHAS TEHJICHUMA: C YBEJIHYEHHEM HAuajlbHOrO KacatejlbHOro
HANPSKEHHS LMKIMYECKasi MPOYHOCTb MOCTENEHHO YMeHbluaercs. s
0000LIEHHs STHX JaHHBIX OTHOILEHHE HA4aJbHBIX KacaTellbHbIX Hanpske-
HUi T, K >pheKTUBHOMY 00KHMMaIOLIEMY HAMPSXKEHHUIO o' 0D03HaYanu na-
pameTpoM . BiusHHE o Ha UMKIMYECKYIO MPOYHOCThL BbIPAXANoch uepes
nonpaBouHbld k03¢ ¢HLuueHT K,, KOTOPBI Onpeaensyii Kak OTHOIUCHHE
LMKIMYECKON MPOYHOCTH MpPH 0O0M HAYaIbHOM KacarelbHOM Hanpske-
HMHU K COOTBETCTBYIOLICH BeJMUMHE 0€3 HauyaJlbHOrO KacaTe/bHOro Hamnps-
KEHUA.

Ha puc. 10.31 nokaszansl 0600wweHHble pe3yibTaThi Ponnnnsza u Cuna
(Rollins & Seed, 1988), 3aeck NOCTPOEHA 3aBUCUMOCTb MOMPABOYHOrO KO-
>¢punmenta K, 0T OTHOCHTEIHHOTO HAayaNbHOro Hampsbkenus o. Ha pu-
CYHKE TIPUBEJIEHBI CPEAHNUE KPHBbIE [ MIJIOTHONO W PIXJIOr0 NecKoB. L
MECKOB C APYroil OTHOCHTENILHOM NIIOTHOCTBIO 3aBUCUMOCTL MeXIY Ko U o
MOKHO HaiTH MyTeM WHTeprnossauuu. 1o mMeromumes Ha CeroaHs mare-
puanaM u3-3a pazdpoca NaHHBIX HEllb3s YCTAHOBUTbL YETKYIO KOPPCIALHIO
mexay Ky v o. Tem He McHee, Ui €€ MOATBEPKACHUS MOXHO MCHOJIB30-
BaTh MOAXO0J, M3I0XkeHHbIH B pabote [Mumnau (Pillai, 1991). Io rpaduky
(cm. puc. 10.31), 3Has napamerp 0, a TaKXKe OTHOCHTCIBHYIO IUIOTHOCTD,
MOXKHO ONpPENeTnTh CKOPPEKTHPOBAHHYIO BEJIMYUHY IHKIHYECKOH Mpody-
HOCTH TIECKa, YMHOXHB BEJIMYMHY LAKIHYECKOH NMPOYHOCTH MpPU POBHOM
MIOBEPXHOCTH IPYHTa Ha NoNpaBouHbli ko3pduuuent K.
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11

NOBEJEHHE ITECYAHOI'O I'PYHTA
o BO3SAEMCTBUEM MOHOTOHHOU HATPY3KHU

11.1. SIBJeHHdA TeKY4eCTH M HETeKy4ecTH 00pa3ioB nmecKa
B HeIpeHHPOBAHHBIX YCI0BHAX

INecuaHslii TpyHT MpeACTaBIsAeT COO0 MacCUB YacTULI, HAXOISIUXCA B
COCTOSIHHM paBHOBECHSA. B 3TOM MaccuBe CuiIbl B3aMMOACHCTBUS MEXIY
YacTHLAMHU IEPENaloTCs Yepe3 TOYKU UX KOHTakTa. IIpu nelicTBUM Kaca-
TEJIBHOI'O HANPSUKEHUA UTOroBas JedopMalus CONpPOBOKAAETCH W3IMEHE-
HMEM O0beMa IpyHTa — JwlaTaHcueH. M3MmeHeHue oObeMa, BHI3BAHHOE
JIeficCTBMEeM KacaTeNbHBIX HaNPSHXKEHHH, BO3PACTAET BCICACTBHUE ABYX BH-
JIOB JBUKEHHs 4acTHIl — CKONbKeHus u nosopoTa (Dafalis, 1993). Ckois-
JKEHHE 3€PCH MeCKa MPHUBOAUT K YMEHBIICHUIO ero o0beMa 3a CYET YILIOT-
HeHHs. JlaHHBIH MEXaHW3M NeHCTBYET NMPEHMYLIECTBEHHO B PBIXJBIX Iec-
kax. [ToBOpPOT 4acTHl] Mecka BBI3BIBAET YBEIHYECHHE €ro 00beMa, YTO Xa-
PaKTepHO I IUOTHOrO necka. [Ipu mpocKalib3bIBAHWU YacTHLIBI TECKa
3al0JHAIOT IPOMEXYTKH B IIyCTOTax 0€3 akTHBHOTO [IBM)KEHHS B Harpag-
neHuu casura. [103ToMy MPOCKANB3BIBAHUE MOXKET MPOUCXOAMUTH ropasio
aerye 6e3 mobunuzauuu Oonsmoi nedopmaumu casura. Ilo sToit npuunne
yMeHblIeHHe 00beMa 0ObIMHO HAOMIOAAeTCsl HA PAHHUX CTaUAX HArpyKe-
HUS [ECKOB B IIMPOKOM [Mana3oHe HX IUIOTHOCTH. [IJi MOBOPOTA YACTHIL
OTHOCHUTEIBHO APYT Jpyra, KaK NpaBuio, Tpedyercsa Oonblice mepeMerie-
HHE, IOXTOMY IWJIaTaHCHs OOBIYHO TIPOUCXONHUT Ha Oonee MO3THHX CTaju-
X MPWIOXKEHUs KacaTelbHbIX HANpsKeHWUH, KOTa MecoK yke 3HAYUTENb-
HO nedOpMHPOBaH.

OTH /IBa MeXaHu3Ma, ACHCTBYOmHUE Gonee UM MeHee OHOBPEMEHHO,
MPOSBJIAIOTCA B H3MEHEHUH HANPAKEHHO-e(hOPMHPOBAHHOIO COCTOSHHS B
nabopaTopHeix neneiTanmsax. Ha puc. 11.1 mokazansl Tpu THIIA 3aBHCHUMO-
CTell MeXIy HampsHKEHMAMH M AedopManysaMH, TIOJyYeHHBIX U3 HEIPCHH-
POBAaHHBIX HCHBITAHHH Ha CHBHUI BOJOHACHIIIEHHBIX 00pa3noB mecka. [le-
COK 007B1I0I MIOTHOCTH TOABEPXKEH YIPOYHEHHIO, MPH STOM KacaTesb-
HbI€ HANIPSDKEHHUs BCETJA BO3PACTAIOT ¢ YBEIMYEHHEM JedOpMallii CIBH-
ra. Ecniu 310T 06pasel noaBeprayTh CABUTY B APEHHPOBAHHBIX YCIOBHSAX,
AunaraHcus GyaeT BbI3BaHa MOBOPOTOM uacTHL. ITIOTHBIN MECOK B TaKOM
COCTOSHUM HA3BIBACTCH YNPOYHAIOWUMCS Y OTHOCHTCA K ounamupyroujemy
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unu Hemekyyemy muny. [Ipu HU3KOH MNOTHOCTH 0Opaser pa3ynpodHAeTCH,
KacaTeJIbHOE HaMps)KEHHE CHHXKACTCSA MPU HEOrpPaHWYEeHHO OonbLIoi Je-
dopmauum.

B ciyyae cnBura B JpEHHPOBAHHBIX YCIOBHSX 0Opasell MoABEprHeTCs
KOHTPaKLMH — YMEHBLICHUIO 00bEMa, YTO CBUAETENLCTBYET O MPEUMYILLE-
CTBeHHOI paboTe MexaHN3Ma CKOJBXEHHS YacTHIl. PHIX/bIi Mecok B TaKOM
COCTOSIHUM Ha3bIBACTCH PA3VAPOUHAIOWUMCA W OTHOCHTCS K KOHmMpaxkmu-
pyiowemy unu mexyyemy muny. Obpazen necka cpeaHed IUIOTHOCTH NpH
cpenHux AedopMauusx cABura OyneT cHayala pasylnpoyHATHCS, a IMpU
yBenudeHUd AedopMauuH — ynpouHsiTtecs. Ilpu apennpoBaHHOM ciaBure
o0beM obpa3na cHayana OyAeT yMEHBbIIAThCA, a C YBEJIIMUEHHEM CIBHUIO-
BbIX JeopMaLuii — yBeTHUMBATHCS BCIIEACTBUE AWIaTaHCHH. JTO MOBEAE-
HUE OTpaXxacT MEXaHHU3M CKOJIBXEHHUA MPH YMEPEHHBIX JeQopMauuax
C/ABUTa, NIOCJIE KOTOPOTO NpH OonbIIMX AedopMaLiUsiX aKTHBUPYETCS Mexa-
HU3M TI0BOPOTA.
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Puc. 11.1. Knaccupukanusg HeIpeHUPOBAHHOTO MOBEAECHHUSA NECUYaHbIX TPYHTOB
B 3@BUCHMOCTHU OT KOHTPaKUHH H AUIATaHCHH

OnucaHHOE BBILIE MOBEICHNE NIECKAa OTHOCUTCA K meKyuemy muny c o2-
panuuennotl oegpopmayueii. B nanbHedneM TeKy4uil ¥ TeKy4u# THII € Or-
paHu4YeHHOH nedopmanueii Oy 1yT o6BeAMHEHBI B TPYIITY meKyye2o muna.

HenpenupoBanHOe NMOBEAEHUE NECKA MOCIE CEHCMHYECKOrO BO3AEHCT-
BHS NPEATION0KHTENBHO HE 3aBHCHUT OT MpPEABLAYIINX LIMKINYECKHX HArpy-
30K. DTO A0Ka3aHO ABYMs CEPHAMM OMNBITOB Ha HEJPEHHPOBAHHOE TPEXOC-
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HOE CxaTue puIXIbIx 06pa3uoB necka «Toyoura» (puc. 11.2, 11.3) (Ishihara
etal. 1991).

a

£ 0.15| Tecok «Toyoura» .
=t €=0.918, Dr=16% :
© [ Ps= 0.1 MPa 4
& L
8 . |
= 0.10} _
=
5 B T
E P 4
% - : Huknuuyeckn Moto- 1
g { N TOHHAA Harpyska ]
g 005! IS 1
&8 - MonoTonHas ThvERR. .
= Lo Harpyska / 0 Tmamangoss= ]
[ | - D
=~ ! 1
b | :IA 1 It 1 L L 1 L 1 1 L 1
0 2 4 6 8 10 12 14 16 18 20
OceBasn nedopmanns g, %
6 T T T T T v T — ——r r Y T {
< 01 5__ [Mecok «Toyoura» —
E | e=0.918, Dr=16% MonoronHas
& ! P5= 0.1 MPa Harpyska
® ot0f _eHT .
o A |
=
= CH
(]
: ]
-3
g,
5 005+ N
= L J
§" N 0 [[MKIHYECKH MOHO- / / 1
g - TOHHas Harpy3ka yd 4
é A // 1
0 002 004 006 008 010 012  0l4

Cpennee riasHoe Hanpsokenue p'=(c, +2 ¢;')/3, Mlla

Puc. 11.2. HeapenupoBanHoe noseaeHue necka « Toyoura»
TIPY MOHOTOHHBIX M HUKIMYECKH-MOHOTOHHBIX Harpyskax

B obenx cepuax k mepeoMy o0pasily CHayana MpUKJIaIbIBAJIA Havalib-
HOE KacaTeJbHOE HaNpsHKeHWe B IPSHHPOBAHHBIX YCJIOBHUAX, a 3aTeM —
LUMKIHYECKYIO Harpy3Ky B HEAPEHHPOBaHHBIX YCAOBHSX H MOHOTOHHYIO —
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0 gocruxkeHust oceBoil nedopmatiun 20%. Ko sropoMy obpasily npukia-
JIBIBAIIM TAKHE K€ HayaJIbHBIC KacaTelIbHbIE HANPSKCHHUSA, a 3aTEM T10/BEp-
rand HeIPEHHPOBAHHOMY MOHOTOHHOMY CIBHTOBOMY [1€OpPMHPOBaHHIO,
Pe3yneTaThl 0IHOTO W3 3THX OIBITOB MPUBEAEHBI pUC. 11.2.

O6pasupl ¢ OTHOCHTENbHOH MIOTHOCTEIO 16% KOHCOMMAMPOBAIU NPH
6onbioM obkuMaronieM HanpsoxkeHud (oo = 0,1 MIla). B untepBane or
CpeHMX [0 3HAYHTENbHBIX JAeopMandi KpUBas «HanpsKeHHE—
negopManus» U TPaeKTOPHS MOHOTOHHOTO HAarpyeHHs NOYTH COBNALaloT
C TONYYEHHBIMH IS IUKINIECKH-MOHOTOHHON Harpy3ku. Pesynbrath! ce-
PHH ONBITOB C O0pa3laMi, KOHCOJHIWPOBAHHBIMH MPH MEHblLUeM O0XH-
MatouieM Hanpsbkenun (o'y = 0,02 Mlla) coBnajgaloT ¢ npeablIyniuMH
(puc. 11.3). Takum oOpa3om, JOTUYHO [PEANONOKHTb, YTO U3YUYEHHE Xa-
PaKTEPUCTHK JehOpPMAIH B YCIOBUAX MOHOTOHHOI'O HArpy»eHHS MOMO-
KeT MOHATH MOBEJCHUE TPYHTA IOCHe ceiicMUYecKoi Harpy3kd. Ha 3tom
NPEANoIOKEHHH OCHOBAHO I1OCIEAYIOLIEE OIIMCAHUE MOBEICHHUS rPyHTa B
ornbITax Ha MOHOTOHHOE HarpyxeHue (Ishihara, 1993).

11.2. XapaKkTepuCTHKH C;KHMAEMOCTH NECKa M MeTO/bl HOAT0TOBKH
obpasuos

Ha noBeneHHe mecka CHIILHO BIIMAET ero TeKcTypa. Jlns uccneiosanus
3TOrO BIHAHHUS 00pa3Lbl FOTOBUIIM B MPUOOPE TPEXOCHOrO CXKATHUS METO-
JaMU BIIQXKHOM, CyXOH MOArOTOBKH W BOOHOH CEAMMEHTALIHH.
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Puc. 11.3. HeapeanpoBaHHoe nosejeHue necka « Toyoura»
NIPY MOHOTOHHBIX U LIHKJIH4ECKH-MOHOTOHHBIX Harpy3kax (Hayasio)
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Puc. 11.3. HenpeHupoBanHoe noeenenue necka « Toyouray
1IPY MOHOTOHHBIX M UMKITHYECKH-MOHOTOHHBIX Harpy3kax (OKOH4aHHe)

Bosnee noapoGHo 3TH MeToAbl onMcaHbl B NPUIOKEHHH A. B onbitax
UCIOJIL30BaH CTAaHAAPTHLIA ANOHCKMA necok «Toyouray», cocTtosmuit H3
YIJI0BaTO-KpYIJbIX YaCTUL CO CPeIHUM auameTpoM Dsy= 0,17 MM 1 k03¢-
duuuentom ognoponsoctu U, = 1,7 (puc. 11.4).
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BoszaeiicTBUE TEKCTyphl, BEPOATHO, B HaUOOJbILEH CTETICHH MPOSBIIA-
€TcsA B BelHuWHe KodddHimerTa nopucTocTy 00pa3Luos, NOArOTOBIEHHBIX
pa3nuyHBIMH MeTonamu. I1o3ToMy mpekae BCEro ornpenenuM MaKCHMAallb-
HbIH KOIDDUIHEHT HOPUCTOCTH 00Pa3lOB, CHOPMHPOBAHHBIX TPEMS METO-
Jamd. Ha HavanbHOU CTaAMM MakCHUManbHBIA KOI(QQHIMEHT MOPUCTOCTH
06pasnoB necka «Toyouray, MONy4eHHbBIX METOIOM BJIaYKHOH MOATOTOBKH,
cocrasua 1,03 (puc. 11.5). 3aBncumocTs MexIy KO3(POHLUMEHTOM NOPHC-
TOCTH H 3((EeKTHBHBIM 00KHMAIOIMM HaIpsSXKEHHEM B IMPOLIECCE H30-
TPOMHON KOHCOMUAALMU TakXe MpuBeacHa Ha puc. 11.5. MakcumanbHbii
K03()(UIHEHT MOPUCTOCTH, NOJYUEHHBIH 3THM METOAOM, B HaYaje KOHCO-
JUJAIMH TPEBbIIIAeT MaKCHMAJbHYIO BETMUHHY Ko3dduuuenta nopucro-
CTH DTOr0 NECKA ey, = 0,977, onpeaeneHHy0 MO MeToAaMKe AnoHckoro
obuiecrea MI'® (JSSMFE). U3 xpHBBIX KOHCONMAALHMH MaKCHMAalbHO
PBIXJIBIX 00pa3LoB, MOJIYyYEHHBIX METOAAMH CYXOH MOArOTOBKH M BOJHOH
CeIMMEHTALHH (CM. puc. 11.5), BUIHO, uTO UX KO3 (HIMEHTH NOPUCTOCTH
3HAUMTENILHO MEHBINE, YeM Y 00pa3ioB, NMOJYyUEHHbIX METOJOM BIIa)KHOH
MOJTOTOBKH.

OnsITEl HA M3OTPONHYI0 KOHCONMMIAaUHI obpasna, cGopMHUpPOBAHHOTO
METOJIOM BI2XXHOH MOATOTOBKH, HO MaKCHMAalbHO YIJIOTHEHHOrO TpaM-
60BKOit (cM. puc. 11.5), nokazanu, 4to K03PPULUHEHT MOPHUCTOCTH B HAua-
JI€ KOHCONMWIALMKM HE3HAYUTEIBHO MPEBBINAET MUHHUMAIbHOE 3HAYCHUE
KO3(pGUIHMEHTa [OOPUCTOCTH  emip = 0,597, omnpenencHHoe  METOAOM
JSSMFE. U3menenne ko3 $puHeHTa e B POLECCE H30TPONHOH KOHCOJIH-
JalK, KaK TPABWIO, HE3HAUUTENbHO B ILIHPOKOM JHanazoHe H3MEHEHHA
CpEZHETO TJIABHOFO HAHpSHKEHHA. AHAJOTHYHBIE KPHUBblE KOHCOIMJALHH
MONMy4eHBI A1 00pa3UoB ¢ MAKCHMAaNbHOH TUIOTHOCTBIO, CPOPMUPOBAHHBIX
METOIaMU CYXOM MTOATOTOBKHU M BOJAHOM CEeIMMEHTALMH.

Taxum 06pa3oM, KpuBas M30TPONMHON KOHCONIUMIALKY U1 MAKCHMAJIEHO
IJIOTHOTO COCTOSHMS TECKa OMNpelenseTcs MPaKTHYeCKH €IUHCTBEHHBIM
criocoOom. [Ipy 3TOM HEBa)KHO, KAKOH METOA NPUMEHsETCs 14 IOATOTOB-
kn o6pasioB. O6pasiisl ¢ IIOOHIMY IPOMEKYTOYHBIMH 3HAUEHHAMH K03()-
¢GuUUMEHTa TOPUCTOCTH MOTYT OBITH MOATOTOBJECHBI NHOOBIM METOIOM MMy=-
TeM TpamMOOBKH. Cile0BaTENbHO, HE3ABUCUMO OT METO/a MOATOTOBKH 06~
pasiioB ¢ MOMOIIbLIO TPAMOOBKHA MOXKHO C0O31aTh JI000€ NEpPBOHAYAIBHO®
cocTosHHe 00pasua ¢ 3aJaHHBIM KO3(Q(HIIMEHTOM NOPUCTOCTH U OOXKH-
MawluM HanpsxenneM. CaMblii ITHpokuid Iuana3oH koadduiuenra mo-
PHCTOCTH JOCTHTaeTCs MNPH BIAXHOH MOArOTOBKE, HAUMEHBIIMH — MPH
BOJHO# cequMeHTanuy (puc. 11.6).
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Puc. 11.6. Kpupbie ynnoTHeHHs 00pa3lioB, CPOPMHUPOBAaHHBIX METONAMHU:
a — BIXHOUN MOATOTOBKH; 6 — CYXO# OATOTOBKH; 8 — BOAHOH CeIMMEHTALINH

11. 3. YcToHUYHBOE COCTOSIHHE NEeCKA

PaHee 66110 Moka3aHo, YTO KOI(QGULHMEHT MOPUCTOCTH 0Opa3LoB, 1O-
JYUEHHbIX METOAOM BJIAXKHOW MOArOTOBKH, M3MEHAETCSs B HavObojbuieM
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11. 3. YCTOMUMBOE COCTOSIHHE IMECKA

285

auanaszone. [loaToMy npu nociemyloumeM Harpy)XeHMH B Takhx oOpasuax
MOTYT HabIIOJaTbCAd KOHTPAKIMS U QMUIATAHCHUS, WM YIIPOYHEHHE U pasy-
npoyHeHHe. JIng nanbHeHero n3ydeHus NehOpMalMOHHOTO MOBEACHHA

1IecKa BCE OMBITHBIE 00pas3lbl ObLTH MOATOTOBIIEHHI 3THM MeToAOM. Bcee-

OMBITBI HA HEIPEHUPOBAHHOE TPEXOCHOE CIKATHE, OMUCAHHBIE B 3TOM pas-
nene, 6pUIN NpoBeAEHB! HAa 0Opasuax necka « Toyouray, chOpMHUPOBAHHBIX
METOJIOM BJIQXKHOH NOATOTOBKH, ITPH OTHOCHTENBHOM MIOTHOCTH 7...65%.

CornacHo pe3y/ibTaTaM HCIBITAHHA Ha HEAPESHUPOBAHHOE TPEXOCHOE
ckaThe pBIXJBIX 00pasnoB necka «Toyoura» ¢ OTHOCHTENLHOH MJIOTHO-
ctbio 16% (puc. 11.7), MUK KPUBBIX «HaNpsDKeHUe—Ae(opMalns MOSARI-
€TCA [pU BBICOKMX HAYaNbHBIX O0XKHMMAIOUIHX HAMPMKEHUSX W yMeHbIiia-
eTcs NpU UX CHWKEHHH. W XOTS HanpssKeHHO-Ie(hOPMHPOBaHHOE COCTOS-
HHE Ha paHHEH CTa/IMU Harpy>KEeHUS MEHIETCs M0-pa3HOMY, Ha MOC/IeXYIo-
IEM 3Tane, Koraa ocesas Jedopmauus pocruraer 25%, obpasusl BemyT
ce0s IPUMEPHO OJIMHAKOBO. B 3TOM IeOpMHUPOBAHHOM COCTOSIHUH BeJTH-
YHHA JE€BHATOpA HANPHKEHUH ocraeTcs nmpuMepHO nocrosHuoii — 80 klla
npu 3ddexTnBHoM obxumaroliem HanpsxkeHud 60 klla. CocrosHue He-
NPEPBIBHO Ae)OPMHUPYIOLIEroCs MecKa, COXPAHSIOIEro MOCTORHHbIH 00b-
€M [IPH MOCTOSHHBIX KACATEIRHOM H 00XKUMAIOLIEM HANPSXKEHHSX HA3BAHO
yctoiuuBbIM coctosinueM (Castro, 1975, Castro and Poulus, 1977), a Mo-
OWIIM30BaHHBIE KacaTellbHbIE HaNpsDKEHHS TecKa B TAKOM COCTOSHHH —
IPOYHOCTBIO B YCTOWYHBOM COCTOSIHHH, WJIM OCTATOYHOH MPOYHOCTHIO. B
ITHX HCTIBITAHHUAX TOCTE NMPOXOXKICHHS MHUHMUMyMa KacatelbHbIX Hamps-
XEHUH TpPaeKTOpHs HANpPSKEHHH HIET BBEPX W BNPaBO. ITO COCTOSHHE
COOTBETCTBYET Tak HasbigaeMoMy dazoBomy nepexony (Ishihara et al.
1975), Tak Kak OHO XapaKTEpPH3yeT Nepexoa OT KOHTPAKUHU K JHIATaHCHH
necka. B 3HaumtenpHO Oosiee prixjioM obpasue (D, < 16%) aunarancus
OTCYTCTBYET, M COCTOSIHHE (Pa30BOTO MNepexoja COBMNAAAET ¢ YCTOUYHBLIM
COCTOSIHUEM. '

B ucnbiTanusx 6oliee IOTHEIX 00pa3ioB, cPOPMUPOBAHHBEIX METOAOM
BJIQXXHOW MOATOTOBKU OPH OTHOCHUTENbHOH mioTHocTH 38% (puc. 11.8)
Habnro1aeTcs Takas *Ke TeHICHIIMS B TIOBEICHUH [IECKa. JTO MOATBEePKAacT
BJIMSHUEC HAYaNbHBIX OOKUMAIOUIMX HANPSKEHHH Ha HAMPSKCHHO-
ne(hopMUPOBAaHHOE COCTOAHHE W Pa3BUTHE MOpPOBOTrO NaBneHws. [lo pe-
3yJbTaTaM HUCHBITAHHHE MUIOTHBIX 06pasuoB (D, = 64%), ycroiuuBoe co-
CTOSIHHE JocTUTaeTCs NPpH 3G DEKTHBHOM 00XKHUMAIOILIEM HANpPSKEHHH p' =
=2,8 MIla u 3Ha4eHuH neBraropa HanpsokeHui g = 3,6 Mlla (puc. 11.9).
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Puc. 11.8. Heapennposannoe nosesenne o6pasua necka «Toyouray
CpEIHEH PBIXJIOCTH

Kak niokasauo B pa6ore Castro and Poulus, 1977 u noarsepikuneso pe-
3y/IbTaTaMH OMMCAHHBIX 3AE€Ch UCHbITAHUM, HAPAIKEHHOE COCTOSHUE I1€C-
Ka NPH yCTOMYHBON NehopMalid MOXXKHO OZAHO3HAYHO ONpENETHTh C T10-
MOIIBIO KO3(phHumenTa nopucTocT. Jiis mecka, MoABEPrIeErocs CABHTY B
HE/IPEHUPOBAHHBIX YC/IOBUAX, NABJICHUE NOPOBOH BOABI BO3PAcTaeT WIH
YMEHBIIAETCS B 3aBUCHMOCTH OT Ha4albHOrO 00XHMAIOILErO HaMpPAKeHUS,
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MMpu nanHOM KOdbdUIMEHTE TOPUCTOCTU IbIEKTHBHOE 00KUMAIOILEE Ha-
NpsHKeHUE TNPHHUMAET €IUHCTBEHHOE 3HaueHHe. MOXXHO IOCTPOUTH rpa-
(hrK 3aBUCHMOCTH OOKMMAIOLIET0 HAMNPSDKEHHUS B YCTOHYHMBOM COCTOSHHH
0T KO3(pPHIMEHTA MOPUCTOCTH ISl IPUBEASHHBIX BHIILE AAHHBIX W Hauep-
THTh JIKHUIO YCTOWYMBOTO cOCTOsHUA. Ecnn noctpouts rpadmk 3aBucHMoO-
CTU AEBHATOpA HANPSDKEHUH g OT 3(QQEeKTUBHOrO 00KHMMAKOILErO HAIpA-
KEHHUA p' 1JIA YCTOWUHBOTO COCTOSHHSA, TO YIrOJl TPEHUS MEXAY YaCTHLAMH
9, ONPEAETIUTCA U3 YPABHEHNS

M, = i, 2_62%_, (11.1)
' p ), 3-sing,

rae M, — COOTHOLUEHHE BEJIUYHH ¢ U p' B yCTOHYMBOM COCTOSHHH.
Nns necka «Toyoura» yroin TpeHHS MEKIY YaCTHLAMH COCTaBJSET
a,,= 31°, uto coorBeTcTBYET M, =1,24.

11.4. KBainycroiiunBoe cOCTOSHUE

Kak 6b110 noxasano, npu GoJblIOH TNIOTHOCTH WK HI3KOM HayalibHOM
00XHMMAaIOIIEM HanpsHKeHUH, TMECOK AWNATUPYET WK YMPOYHSAETCA, MpH
9TOM KacaTesibHOE HaNpsKEeHUE MOBLIILAETCSA C POCTOM JieOopMallvu C/IBU-
ra 10 JOCTHXKEHHs YCTOWYMBOIO COCTOSIHUA. B 3TOM npeaensHOM COCTOS-
HHMH KaCaTEe/bHOE HAMPIKEHHE CTAHOBUTCA MaKCUMAJIbHBIM, U €r0 MOXHO
paccMaTpuBaTh Kak MPOYHOCTH Mecka.

OpaHako, eciii 3HaYMTENILHOMY OOKHMMAIOUIEMY HAMpsSKeHHI0 NOIBEp-
raeTcsi pbIXJblH MECOK, TO OH JedopMHUpyeTcs, cHayala KOHTPAKTHPYHA,
3aTeM JIUIaTHpYs 10 ycToHuuBoro coctosuusa. Ha puc. 11.10 noka3zan no-
NoOHBIA cnyuait ang obpazua necka «Toyouray, chOpMHPOBAHHOTO METO-
JIOM BJIQKHOM noarotoBku. Kak BMAHO W3 pUCYHKA, MPH HAYAJIBHOM 0O0-
)uMmaroleM HanpsbkeHud oy = 0,5 MIla npoucxoautr BpeMEHHOE YMCHBb-
IIEHUE KACATeIbHOTO HANPSHKEHUS NPH 3HAYHTENbLHOH NedopManuu, nocie
4ero MoBEACHHUE MECKa MEHSETCS ¢ KOHTPAKTHPYROWIEro Ha JMIIATAHTHOE.
[TopoGHOe yMeHblleHHE KacaTeslbHOro HanpsKeHHs Habmoaaaoch MHOTH-
mu uccaenosarenamu (Castro, 1975; Hanzawa, 1980; Mohamad and
Dobry, 1986; Been et al. 1991; Konrad, 1990 a, ; Vaid et al., 1990; Geor-
giannou et al., 1991) u Ha3BaHO meKyuecmbio ¢ OcpanuveHnoll deghopma-
yueu. BaxkHo, 4TO KacaTeapbHOE HampshHKEHHUE, MOOWIM30BAHHOE NPH YyMe-
peHHoi nedopMalmy, MEHbLIE HAMPSHKEHUS, MOOUTM30BAaHHOIO B IMPE/IC/Ib-
HOM YCTOHYHBOM COCTOSIHUH TPH 3HAYUTEIBHO OONBIINX AehopMaryix.

YacTo OlleHKa OCTaTO4HOM MPOYHOCTH Ba)KHA MPH PEIIEHHH MPaKTHYe-
CKdX 3aaay. [ToaToMy mpu HAJTHYUK IBYX Pa3IMYHBIX 3HAYEHHH MPOYUHOCTH
necka nmpu 6onblwMX AeopMaLUAX BCTAET CEpbe3HBIH BOMPOC, KaKylo W3
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ITHX TPOYHOCTEH CUUTATh OCTaTOYHOH. OTBET Ha HEro 3aBHCHT OT KOH-
KPETHBIX OOCTOSATENBCTB, BO3HUKAIOIIMX Ha IpaxkTvke. TeM He MeHee,
OOJIBLIMHCTBO MCCenoBaTencii ono0puili onpeesieHHe YCTOHYNBOIO CO-
CTOSHMSA Ha MPOMEXYTOUHOM CTAAMH ¢ MHHMMAIBHOHN mpovyHOCThIO. Cie-
J0BATENIbHO, HEOOXOAUMO MEPECMOTPETh KOJMYECTBEHHBIE XapaKTepUCTH-
KM COCTOSIHHUS MUHUMAJBHOM npouHoCcTH, OTMETHM, 4TO MUHHMAallbHas
NPOYHOCTE ACHCTBUTEIBLHO (PUKCHpYeETCs B TOYKe (Ha3oBOro mnepexoja, Xo-
TS OHA ONpeJENAeTCs KaK MEePEXOAHOe COCTOSHUE OT KOHTPAaKUHH K JWIa-
TaHCHH necka B 6onee mmpokoM cMeicie (Ishihara et al. 1975), HesaBucu-
MO OT TOTO, HMEET AU MECTO BpPEMeHHOE YMCHBLIIEHHE KacaTelbHbIX Ha-

MPsKCHUH.
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BospIioe 3HayeHHe UMeeT ciayval (pa3oBOro rnepexoia, Mp¥ KOTOPOM
KacaTeJIbHOE HANpsHKEHHE BPEMEHHO YMEHBINAETCS B OrPaHUYCHHOM JHa-
ma3oHe cABUTOBHIX aedopmauuit (cM. puc. 11.10). Takoe cocTosiHne Ha3bI-
BaeTcs keasuycmoiiuusvim (Alarcon-Gusman et al., 1998; Been et al., 1991;
Vaid et al., 1990), B NPOTHBOMOJIOKHOCT OOBIYHOMY ONpPEAENIECHHIO YC-
TOWYHBOrO COCTOSHHUS, KOTOPOE JOCTUTAETCS P OOMBIIKNX A€POPMALMAX.

B panbHeileM TEPMUH «KBa3uycToiunBoe coctosuue» (QSS) Gynem
HCIIOJIB30BaTh AjId OfpenesieHuss MUHMMAIbHOIO KacaTe/bHOI0 Hampske-
HUsS. MHOTOYHCIIEHHBIE JTAbOpaTOpHbBIE HCTIBITaHMs TTOATBEPAMIIH, YTO Bpe-
MEHHOE YMeHbLIEHHE KACATEILHOr0 HANpHKEHHs 3aBMCHT OT KOd(dHLH-
€HTa MOPUCTOCTH M OOXKHUMAIOIIETO HANPAXKEHUs MPH KOHCONMIALMH H
MOEeT BO3HMKHYTH TOJIbKO B PBIXJIBIX 00pa3uax, MOABEPriivXCA CABHIY
IPH BBICOKHMX Ha4albHBIX 00KHMMAIOIMX HAMPSHKCHUAX.

BbizieiM B2 COCTOSIHMS HAYalbHOTO YIUIOTHEHMS: B KOTOPbIX BO3HH-
KAaeT U HE BO3HUKAET BPEMEHHOE YMEHBLUCHHE KACaTe/IbHOTO HaMPAXKEHUA
TIPH ero mocieyomeM npunoxenny. Ha nnarpamme e—p’ (puc. 11.11) no-
Ka3aHbl Pe3yJbTaThl UCMIBITAHUH C PAa3IMYHBIM MOBEIEHHEM 00PA3LOB fec-
ka «Toyoura», cOPMUPOBAHHBIX METOOM BJIAXHOH noarotoBky. Hauep-
THM JIMHHUIO, Pa3essioly0 HaualbHble YCJIOBHS BO3HHKHOBEHHA W OTCYT-
CTBHS MUHMMAJILHON NMPOYHOCTH B MOCHEAYIOWIEH CTainU HEJAPEHHPOBAH-
HOro Harpyxenus (cm. puc. 11.11), 1 HasoBeM ee HawanbHOU OeMapKayu-
onnou aunueti (IDL). HanoMHHM, 4TO 3TO HE KpUBasi, CIPOCLIMpPOBaHHas Ha
NIOCKOCTD e-p’, a JIMHMS, Jexalas B 3Tol MIOCKOCTH (KaK M JIMHASA H30-
tponnoro ynnothenus — ICL).
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Korna obpasen, HaxonsLIMiCs B HAYaJIbHOM HATIPSXKEHHOM COCTOSIHHH
(Bbiwe IDL Ha uarpamme e—p'), moABEpraeTcs CABKTY, TO B ONPEAESTICHHOM
Adarna3oHe CABMIOBbIX AedopManmii HaGMIOAETCS BPEMEHHOE YMEHBIICHHE
KacaTe/IbHBIX HaNpsHKCHHH M YBENMYEHHE NPOYHOCTH HPH MOCIAEMYIOMIEM
nedopMupoBaHHH. EciM paccMaTpuBaTh 3TO MHMHHMAJbHOE KacaTelbHOE
HaNpPOKEHNE KaK OCTATOMHYIO MPOYHOCTB, UCMIO/BL3yeMYIO NIPH aHaNHM3e yc-
TOHYMBOCTH, TO HEOOXOAUMO YCTAHOBUTE MPABUIIO IS ONPEAEICHUS STOr0
ycnous. JUist 9TOT0 HaleM TOYKy HANpPSKEHHA HA QuarpamMe p — g, Tae
TNIOABJICHHE KBa3HyCTOMYMBOTO COCTOSHMA WIH MHHMMAIBHOM TMPOYHOCTH
ormeueHo Toukamu P u Q (cm. puc. 11.10, g, 6). DTH TOYKH COOTBETCTBYIOT
3GQeKTHBHOMY  OOXMMAIOWIEMY  HANpPSKEHHIO Ha  9TOM  CTajuu
(puc. 11.10, 6). Takum cnocobom mo pe3ysIbTaTaM HCHBITAHHIA NECKA ¢ pas-
NUYHBIMH 3HaYeHUsIMU KO3 dHIMEHTA IOPUCTOCTH OBUT MOTyYEH Psi TOUEK
KBa3HyCTOUYHBOro coctosHus (puc. 11.12). HekoTopslii pa3bpoc maHHBIX
00BACHAETCS MPUPOAOH KBAa3HMYCTOHYHBOrO COCTOSHMS Kak 0cOBOro crydas
cocTosiHus (hasosoro nepexosa. HanoMHum, 4to cocrosnue dasoBoro nepe-
X0/l 3aBHUCHT OT BEJIHYHMHBI HAYaJBHOTO OOXXHMAIOLIETO HANPSKEHHUS, TO-
3TOMY TOYHO OMNPEENTh KBa3HyCTOHYHBOE COCTOSHHE HEBO3MOXKHO.

OTMmeTHM, YTO HauasIbHbIE 0OKMUMAIOLLME HANPSAXKEHHS MEHBIIE BIMSIOT
Ha COCTOsHHE ()a30BOro mnepexona oOPasLOB, IMOABEPKEHHBIX CIBHMTY B
HayanbHOM COCTOsSHUM Bhile DL, yeM o0pa3uoB, HaYanBHOE COCTOSHUE
KOTOpbIX Haxoautcs Hike IDL. CnenoBarensHo, Ha rpaduke e—p' MOXKHO
HauepTuTh JuHHIO QSSL, 0603HayYamlly0 KBa3HyCTOHYHMBOE COCTOSHHE
(cm. puc.11.12), v HCTI0NB30BATH €€ B KAYECTBE JIMHUU OTCYETA, YTOGHI yII-
POCTHTb OLUCHKY MUHHMAJIbHOH OCTATOYHOH MPOYHOCTH.
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VYCTOiUNBOE COCTOSHUME MPH 3HAYUTENBHBIX HEPOpPMAIMAX ONpenems-
€TCSA TEM K€ cr1ocoboM, C IOMOIIBIO TOYKY, aHANOTMYHOH Touke R Ha Tpa-
exTopud HanpsxeHuit (cMm. puc. 11.10, 6). JIuHUA yCTOHYHBOTO COCTOSHHUSA,
TIOJYYEHHAas I10 TeM e JaHHBIM, MoKa3aHa Ha puc. 11.13, rae Taioke npu-
BEIEHbl pe3yNbTaThl WCIBITAHUH, PACIONOKECHHBIE HIKE HAYAJIBHOH Je-
MapKallMOHHOH JUHUH, 3aMETHM, YTO pasdpoc OMBITHBIX TOYEK IS Orpe-
JleJIeHHs JIMHHM YCTOHYMBOTO cocTosiHUA (SSL) MeHblle, yeM B Npeabiay-
meM ciydae. IToka3aHo, 9YTO yCTOMYMBOE COCTOSHHE NpPH HEIPEHUPOBAH-
HOM HAarpy’keHHH COBMAJaeT ¢ IONY4YEHHBIM IPH NPHIOKEHHH KacaTelib-
HBIX HaNpsDKEHHUH B JPeHHPOBAHHBIX yeaoBuax (Verdugo, 1992).

Ha puc. 11.14 npencraBieHs! JMHUH KBasuycToiunBoro (QSSL) u yc-
ToiuuBoro (SSL) coctosuwuii, navuanshoro ymiornennsa (ICL) v HauanpHas
neMapkanuonHas nuHus (IDL). 3ameTnwm, uto auanu QSSL u SSL cnpoe-
LIMPOBAHBI Ha INIOCKOCTH e—p’, a muuuu IDL u ICL nexar Ha 3Toit miocko-
ctu. JTunus QSSL Bcerna pacnosnoxxeHa Hiwxke SSL, HO 10 Mepe yMeHbLIe-
HHA HadanbHOro O0XKMMAIOLIEro HampshKeHus NuHUM cOnmxarored. lloa-
YepKHEM, 4TO JIMHHUA KBa3HycToHuYnBOro cocrosiuus QSSL HMmeeT 3HaueHHe
TOJILKO B CITydae NPIIIOKECHNS KacaTeNbHbIX HANpPsKEeHUH NpH Ha4aIbHOM
koa¢puumente nopucroctd Bhime auHuM IDL Ha rpaduke e—p’ Korga
Harpy>xe¢Hue HauyMHaeTcs B HayallkHOM cocTosHMM Hipke IDL, oneHka oc-
TAQTOUHOH TPOYHOCTH JOJDKHA OCHOBBIBATHCH HA JIMHUM YCTOHHUHMBOIO CO-
crosHua SSL. Ilo cymiecTBy, OCHOBHBIE KOHIENUHH KBAa3HyCTOHYHBOIO
COCTOSIHHS TECKa M KPUTHYECKOrO COCTOSHMSA INIMHHCTOro IPyHTa W/EH-
tnunsl (Schofield, Wroth, 1968; Poorooshasb, 1989).

11.5. KBa3uycroiiunBoe COCTOSIHNE NbLI1EBATHIX MECKOB

Brime OpUI0 NOAPOOHO PacCMOTPEHO MOBEACHUE YUCTHIX IMIECKOB Ha
npuMepe necka « Toyoura». Ha npakTHke MeCKH waule BCEro COAEpKaT He-
KOTOpOE KOJIMYECTBO MENKHX ITMHHCTBIX WM MBLIEBATHIX 4acTHll, IIa-
CTHMYHOCTH KOTOPBIX M3MEHseTcs OT HyneBod no Hu3koil. Ilecok, comep-
KalIMi MeJIKHE YacTHIBI, OOBIYHO HMEET BBICOKHH KOI(pQHUIMEHT mopHc-
TOCTH ¥ CKJIOHEH K KOHTPAaKLHY HE3aBUCHMO OT YCIOBHH ero 06pa3oBaHus.
CrenoBatenbHo, B 1a00paTOPHBIX YCIOBHUAX MOXXHO MOATrOTOBUTHL 00pas-
1B, CKJIOHHBIE K KOHTPAKIHUH, JIOOBIMU OTIMCAaHHBIMH MeTodaMu. Kak no-
Ka3bIBalOT MHOTOYHCJICHHBIE MPHMEPHI, BO3MOXXHOCTh BO3HUKHOBEHHA Te-
YeHHS M Pa3pyLUE€HHs MBUIEBATHIX MECKOB WM WIOB IIPH 3€MIETPACEHHAX
BBIIIIE, 4€M Y YHCTBIX NecKOB. 71 HcclIeZoBaHHs BIHAHUA Ha ITOBEICHHE
necKa MEJKMX YacTHI ObUIa IPOBENEHA Cepus HeJAPEHHUPOBAHHBIX TPEXOC-
HBIX HMCIBITaHUH 00pa3slioB MBUIEBATHIX IIECKOB, cPOPMUPOBAHHBIX METO-
JaMH BJI2XHOW H CyXOH MOATrOTOBKH. MeTOoj BIaKHOH MOATOTOBKH At
NLUIEBATHIX TPYHTOB HE BCEraa MPUMEHSIICA H3-3a CIOXKHOCTH (HOPMHpPO-

11.5. KBABUYCTONUHMBOE COCTOSIHUE TbUIEBATbIX TECKOB 293

BaHHs 00Pa3LOB, MPUTOAHBIX K HCIILITAHUIM.

UcnpiTeiBaeMBIi IBIIEBATHIH TECOK ObUT OTOGPAH M3 AJUTIOBHAILHOTO
oTa0xeHns B Tua Xyana (Berecyana). KpuBas rpaHymomeTpuueckoro co-
CTaBa 3TOro rpyHTa MokasaHa Ha puc. 11.4. YaensHelii Bec rpyHTa —
2,68 r/em’, TPYHT HEMIACTHYHBIW; MAKCUMANbHBIH H MHHUMAIBHBIN K03(¢)-
(UIMEHTBI TOPUCTOCTH, BEIYKCICHHBIE MeTogoM JSSMFE, cocraBuiu co-
orBercTBeHHO 1,099 1 0,620.
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B nepsoii cepnu ucneitanuii o6pasusl, CGOPMUPOBAHHBIE METOIOM CY-
XOH NOArOTOBKM C MAaKCUMANbHBIM KO3((UIHEHTOM MOPUCTOCTH, YILIOT-
HAIH Pa3IuYHBIMH 3P PEKTHBHBIMH O0KHMAIOIIUMU HANPsKeHUAMH. Kpu-
Basg YIUIOTHEHUs MOKa3aHa Ha puc. 11.15 nyHktupom m oGo3naueHa ICL
(D.D.). KacaTtenbHple HanpspKeHHS MPUKIAABIBAIM B HEAPEHUPOBAHHBIX
yCcAOBHAX K oOpasiam, cocTOgHHE KOTOphIX 0003HaueHo Ha JuHuH ICL
HE3aKpalleHHbIMH KBaapaTamu. HanpsikeHHO-IedhopMHpOBaHHOE COCTOMA-
HHE H TPAEKTOPHH HArpy>KEHHUsA STOH CEPUM HCTIBITAHWI Npe/CcTaBleHbl Ha
puc. 11.16, U3 KOTOPOro BUAHO, YTO MPEAENBHOE YCTOWYHBOE COCTOSIHUE 10C-
TUraeTcsl NIPH YBEIWYEHHH cABUToBbIX nedopmaimii 1o 30%. Ha puc. 11.15
OTZENIBHBIE cocTosiHUS 00pa3uoB Ha muHusAX QSSL u SSL obo3HaueHs! co-
OTBETCTBEHHO CIUIOLIHBIMHU U HAIIOJIOBHHY 3aKPAalllEHHBIMU KBaJpaTaMH.

Bo BTOpO# cepuuM ONBITOB TakHM K€ 00pa3oM HCHBITBIBAIM 00pa3Lsl,
c(hopMUPOBAaHHbIE METOJOM BOIHON ceaumeHTauun (W.S.) ¢ makcumain-
HbIM KO()ULHEHTOM TNOPUCTOCTH. KpHBas M30TPOMHOIO YIIOTHEHHA
3THX 00pa3LoB nokazaHa Ha puc.11.15 He3akpaleHHBIMH TPEYTOAbHUKAMK
u oboznauena ICL (W.S.). Kpusbie «HanpsbrkeHHe—IedopMalus» U Tpaek-
TOPUM HArpy>eHHd AN 3TOH CEpUU HCNbITaHUH Moka3aHel Ha puc. 11.17.
M3 pucyHka BHAHO, YTO KBa3HyCTOHUMBOE COCTOSIHHE BO3HHMKAET MpH He-
OouIbIIMX KacaTeJbHBIX HANPsKEHUsIX, B Avanazone aedopmauuii 1...7%.
IIpenensHOE ycTONUNMBOE COCTOSTHHE JOCTUrAETCA MpH OOJBLIMX KacaTellb-
HBIX HANpsOKEHUsIX U CABUTOBOM nedopmauiuu, mpesbimaroineit 25%. Ha
rpaduke e—p’ (cM. puc. 11.15) kBazuycToiuMBOE U yCTOHYHBOE COCTOSHHS
OTZAENbHBIX 00pa3loB MNOKa3aHbl COOTBETCTBEHHO MOJIHOCTHIO W YACTHYHO
3aKpalleHHBIMH TPeYrOJIbHUKaMH,
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11.5. KBABUYCTOMUYMBOE COCTOSHUE ITbUJIEBATBIX MMECKOB 295

OOpasibl MBUIEBATOr0 AJUIOBHANLHOTO necka u3 Lagunillas (Benecy-
3J51a), ChOpMHUPOBAHHBIE METOAOM CYXOH NOJArOTOBKH M BOAHOH CEeIUMEH-
TaLWM, OBITH MCIBITAHEL TAKHM e crocoboM. Kpuas rpanynoMerpude-
CKOT'O COCTaBa Iecka mpeacTaBieHa Ha puc. 11.4. YaensHbli Bec necka —
2,68 I‘/CMB, YHCIIO MIACTUYHOCTH — 4,0 %, MaKCUMAJIBHBIN 1 MUHUMAJIbHBINA
K03 HHIHEHTH TOPUCTOCTH, onpeaeneHHble MeToaoM JSSMFE, — 1,389 u
0,766.

Ha puc. 11.18 nmynktupoM o003Ha4YeHbl rpaduKn KOHCOMMIALMHU 00-
pasiloB ¢ MaKCHMAIbHBIM KO3()QPHIMEHTOM IOPUCTOCTH. 3AECh HE Ipea-
CTaBJIEHBI KPUBBIE «HAMNpSKEHUC—AeQopMaLMsa» U TPAaGKTOPUHM HarpyiKe-
Hus s mecka «Lagunillasy. [{ns u3o0paxenus keasuycrondusoro (QSS)
M YCTONYMBOTO COCTOSHHH HCIHONB30BaHbl T€ € 0003HaYEHUs, 4TO s
neieBatoro necka «Tia Juana». TTosesenne 00pa3loB B KBAa3HYCTONUHBOM
M YCTOHYHMBOM COCTOSSHHSX MOKAa3bIBAeT, YTO JUIS MbUIEBATOrO necka «La-
gunillas» (B oTanune ot rpyHTa «Tia Juana») nuaun QSSL u SSL npubin-
3UTENLHO COBIMAAIOT.

Janubie puc. 11.15 1 11.18 cBUOETENBCTBYIOT O HEKOTOPBIX OCOOEHHO-
CTAX, CBSI3aHHBIX C BJIMSIHHEM TEKCTYphI IPyHTa, O0YCIOBICHHON pa3iny-
HBIMM METOJaMH NOATrOoTOBKM 00pa3uoB. Bo-nepBrIx, OYEBHIHO, 4TO IBa
meroga (HopMHUpOBaHHA OOpPa3LOB, MPUMEHSIOMUXCA B PAaCCMOTPEHHBIX
MCIBITAHUAX, JA0T COBEPLICHHO pa3Hble JIMHUN U30TPONHOIO YIJIOTHEHHA.
KoahdHuMeHTbI NOPUCTOCTH TEKCTYPhI, CHOPMUPOBAHHOH METOIOM CyXOH
0JIrOTOBKH, rOpa3A0 BbILIE, YEM [PH HCHOJIB30BAHUHM METOZA BOAHOH ce-
JAMMEHTALMU, NPH TOW K€ BEJIMUMHE YIUIOTHAIOILEro JaBicHMA. JIMHMM
kBasuycroiuuBoro cocrosiHus QSSL 06pa3LoB, NOArOTOBIECHHBIX pa3iny-
HBIMHM METOAAMH, TAKIKE CYLIECTBEHHO Pa3iu4aroTcs.
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Puc. 11.16. HenpenuposaHnHoe noseeHHe 00pa3iloB MbINEBATOrO recka
«Tia Juana», chopMHUPOBaHHBIX METOJIOM CYXO# NOAMOTOBKH

OtmeTum, 4TO 00€ rpynnsl 00pa3LoB JAIOT €IHHYIO JIKHUIO YCTOHYH-
Boro coctosaud (SSL). OTcroga MOXXHO clienaTh BBIBOJ, YTO KBa3HYCTOH-
YHBOE COCTOSIHHE OOJbIIE 3aBHCUT OT TEKCTYPbI IPYHTa, 00YCIIOBIEHHON
METOAOM YKIanku meckoB. Ilocnenuue npencrasneHn! pasHeiMu ICL, xa-
PaKTEpH3YIOLIMMH METOA MOATOTOBKH OOpa3LoB, TOTAA KaK MpeAelbHOE
YCTOWYMBOE COCTOSIHME KOHKPETHOI'O MMECKAa NOCTUTaeTcs €AMHCTBEHHBIM
00pa3oM He3aBHCHMO OT METOJIa ero yKiaJaku. HeeaquHcTBEHHOCTL KBa3Uy-
CTOHYMBOTO COCTOSIHUSI MOYKHO MOHSTH, BCIIOMHUB O COCTOSIHUM M€CKa,
MOJIBEPralollerocss YMEpeHHbIM Aedopmannsam, 6e3 W3MEHEHHS TEKCTYPbI,
c(hOopMHUPOBaHHOH B Mpoliecce YKIIaJKH.

Koraa necok cuibHO nehopMHpPOBaH, NepBOHAYATIbLHAS TEKCTYpa IpyH-
Ta OTCYTCTBYET, H NIPEAEIbHOE YCTONYUBOE COCTOSIHME HE 3aBUCHT OT Me-
ToAa moaroToBku obpasznon. Comnmiemcs Ha puc. 11.15 u 11.18, roe m3o-
Opaxxens! uHUM [CL 00pa3uoB BIaKHOH MOArOTOBKH. 3aMETHM, UTO C I0-
MOIIBIO 3TOTO MeTOAa HOPMHUPYETCS TEKCTypa NBUIEBATOrO MECKa C BHICO-
KO¥# mopHcrocThio. TakuM 06pa3oM, METO/T BIIaXKHOH TIOJTOTOBKH MO3BOJIS-
€T CO3aBaTh TEKCTYypy ¢ MaKCHMAJIbHO BO3MOXKHOH MOPUCTOCTBIO, TOT/A
KaK TeKCTYpPHI CO CpeAHENH U HU3KOI MOPHCTOCTHIO XapaKTepHbl s oOpas-
OB, MONYYEHHBIX METONAMH CyXOit NMOJATOTOBKH M BOAHOMN CeIMMEHTAIUH,
COOTBETCTBEHHO.

UntepecHo, 410 K03(pPHULHMEHT NOPHUCTOCTH HAYAILHOW TEKCTYpBI,
c(OpMHPOBaHHOH METOAOM CYXOH MOATOTOBKH, BBIIIE, YEM Yy TIPYHTA,

11.5. KBA3UYCTOWYMBOE COCTOSIHUE MBUIEBATBIX [TECKOB 297

C(hOPMHPOBAHHOIO METONOM BOJHOM cepuMeHTanmu. Kak MOKa3bIBAIOT
TPaeKTOPHH HanpsukeHui Ha puc. 11.16 u 11.17, obpasust cyxoit moaro-
TOBKH IOCTHUTAIOT yCTOHYUBOIO COCTOSIHHMS TIPH TAKOM BEICOKOM JaBJICHHH
MOPOBOH BOZBI, IPH KOTOPOM KOHEYHOE 0OXKHMAIOLIee HATIPSKEHUE B TIpe-
JAC/IbHOM YCTOMYMBOM COCTOSIHUM CTAHOBUTCS MEHBIIIE HAYAILHOTO 00XKH-
MAaIOILETO HAIPSKESHUS.
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Puc. 11.17. HeapennpoBaHHOe noBeaeHne 06pasLoB MblieBaToro necka
«Tia Juana», MOAroTOBJEHHBLIX METOAOM BOLHOM ceAUMEHTALMH
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Puc. 11.18. Jlunuu ycroitausoro (SSL) u kasuycroiiunsoro (QSSL)
cOCTOsIHUS 00pa3LoB NbUIeBaToro necka «Lagunillas»

Yro kacaercs 00pasiioB, MOATOTOBIEHHBIX METONOM BOIHOH CEXMMEH-
TAlLMH, TO 31eCh KBAa3HyCTOMYHBOE COCTOSIHHE BO3ZHHKAET MPH YMEPEHHOM
JIaBJIEHUH TOpOBOH Boabl. CrieoBaTeNbHO, NPEAEIbHOE YCTOHYHBOE CO-
CTOSHUE [OCTUraercs Mpd 3PQPEeKTUBHOM O00KHUMAIOLIEM HAMPSKCHUH,
TPEBBILIAIOIIEM €70 HAYAIBHOE 3HAYEHHE BO BPEMS YIUIOTHEHHs. JTa TEH-
NEHIIMS BeIpaXeHa 6omee ApKko Juisl mbuieBaToro mecka «Lagunillas», yem
s ecka «Tia Juana». OTMETHM, YTO KBa3MyCTOHYHMBOE M YCTOWYHMBOE
cocrosinust 00OpasuoB mecka «Lagunillas», MOArOTOBIEHHBIX CYXHM METO-
JIOM, COBMAJaIOT. '

B 3akmouenre o0paTHM BHHMaHHE Ha TO, YTO A4 JBYX BHAOB 00pas-
0B, cOPMHUPOBAHHBIX METOIOM CyXOH MOArOTOBKH H BOJAHOH CeAUMEH-
TauuM, yroja $Ga3’oBoro nepexona g B KBa3UyCTONYUBOM COCTOSTHUM OJIMHA-
koB (cM. puc. 11.16, 6 u 11.17, 6). DT0 NPaBOMEPHO U IS APYI'UX HUCIHBI-
TAHHBIX YUCTBIX W NbLIEBATHIX NeckoB. CienoBarenbHO, yron (a3oBoro
TIepexo/ia HE 3aBUCUT OT TEKCTYPBL, MONYYEeHHOH NPH pasiu4HbIX Crocobax
yKIaKu 00pa3uoB.

11.6. OCTATOUYHAS I[TPOYHOCTD NMECKA, COAEPXALUEIO TOHKHUE UACTULBI 299
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Puc. 11.19. XapaxTepHcTHKH HeIPEHHPOBAHHOIO MOBEACHHSA PhIXJIOTO MECKa

11.6. OcTaTouHasi NIPOYHOCTH MECKA, COAEPIKAIIET0 TOHKHE YACTHIbI

Pesynbrarel ucnbitanui (cM. puc. 11.16, 11.17) cBUAETENBCTBYIOT, 4TO
B avanasoHe gedopmaunu casura 3...10%, rae aoBonbHO Gonbluas je-
popMauMs MOXKET YBEIMUMBATBCS C COXPAHEHHEM BENHYHMHBLI JEBHATOPA
HanpsyKeHHH Ha CaMOM HU3KOM YPOBHE, HAabIIOAaeTCst KBa3MYCTOHYUBOE
COCTOSIHME MBUIEBATOrO necka. EcaM rpyHTBI B MONEBBIX YCIOBHAX OKa-
XKYTCS B TAKOM COCTOSIHMH MPH CEHCMUUYECKOM HArpy»XeHHH, TO TPOU30ii-
AET YpEe3MEPHOE «PACION3aHUE», BBI3BIBAIOILECE 3HAYHUTENLHBIE paspylile-
HHS HACBIMEH WM COOPYXKEHUH, BO3BENCHHBIX Ha TaKMX OTIOXkeHusx. [To-
3TOMY ONpEJIEIEHHE NPOYHOCTH IPYHTOB, MOOWIH30BAHHOM B KBa3HyCTONYH-
BOM COCTOSIHHH, OY€Hb BXKHO JUIA MHXKECHEpHOH npaktuku. Ha puc. 11.19 ne-
JApEHUPOBaHHas TIPOYHOCTh PBIXJIOrO MECKAa B KBA3HYCTOMYHMBOM COCTOSHMH
ONpPEACIACTC KaK NE€BUATOP HanpsKeHWH B Touke 4 Ha avanu QSS. Yipo-
CTUTH OLIEHKY 3TOW TPOYHOCTH, HA3BIBAEMOI OCTATOMHOM, /I TECKa, COAEp-
KAIIETO TOHKHE YaCTHLIBL, [TO3BOJISET CIEAYyIONiee OOBICHEHHE.

OcTtaTouny1o npo4HOCTh S, pUHATO onpejensts (Castro, 1987; Mar-
cuson et al. 1990; De Alba et al. 1998) tax:

Su.\‘ =£Cos¢s =Mcos¢sp:’

2 2 (11.2)
M= 6SIr'l¢", ’

3—sin¢,
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rae o — yroa (azoBoro mepexona B KBa3HyCTOHYMBOM COCTOSHMM, NEpeE-
MEHHEBIE g, ¥ p’s~ COOTBETCTBEHHO, J1I€BUaTOP HAIMPSIXKEHHH 6’1 — 6’3 U cpell-
Hee rnaBHoe sddekTuBHOoCe Hampsokenue (o) + 204)/3 naumaMun QSS
(puc. 11.19).

HopManu3ysi ocTaTOYHYI0 NPOYHOCTb MO OTHOLIEHHIO K HAYallbHOMY
HU30TPOTTHOMY OOKMMAIOIIEMY HANPSKEHHUIO G, [1OJIyYHM

%=%mqﬂ, (113)

4

O, .
rae p'. UCMONb3yeM BMECTO Gy IPU ONPEACICHUN TOUKHU HA TPACKTOPHH
HarnpsKeHnH.

[MonyyeHHOE COOTHOIIEHHE HA3bIBACTC HOPMANUZOBAHHOU OCMAMOY-
HoU npournocmyio. Ha n1anHo# cTaguu y1o6HO BBECTH apaMeTp 7, :

yo= P (11.4)

¢ 4

p.

HazoBeM 3TO OTHOLIEHHE MEXKAY PPEKTUBHBIM 00KHMMAIOLIMM Ha-
NPSHKEHUEM B HAYaIBHOM M KBa3WYCTOHYMBOM COCTOAHMAX KOpghuyuen-
MOM HAYANbHO20 cocmosnys. 3aTeM nepenuiieM ypasHenue (11.3):

4
o, r

S M eosg, - (11.5)
’

Ecnu no AgaHHeIM HcnbITaHui (cMm. puc. 11.15, 11.18) nocrpouTts rpa-
GUKH 3aBUCMMOCTH KO3(hGHIMEHTa MOPUCTOCTH OT Jorapudpma oOXKu-
MAIOLIErO HAMPSIKEHNSA, TO YCIOBHUS Ha4aJbHOTO H30TPONHOrO YIJIOTHEHHS
U KBa3UYCTOHYMBOTO COCTOSIHHS MOTYT ObITh HPEACTABIEHbI JBYMS Ips-
MBIMH JIMHUAMH. JInaud usotponHoro ymiotHeHus ICL u kBasuycroiuu-
Boro coctossuus QSSL, monyuennvie ans neckoB «Lagunillay u «Tia
Juanay, u3o6paxersl Ha puc. 11. 20 u 11.21. HamoMHuUM, 4TO 3HAYEHHE ¥,
JOKHO OCTaBaThCsl MOCTOAHHBIM B pacCMaTpHBaeMoM HHTepBane ddex-
TUBHOro o0kumaroulero Hanpsbkenus. M3 puc. 11.20 n 11.21 Buano, uro
11 1meckoB «Tia Juana» u «Lagunilla» nMHUM KBa3HyCTONYUBOrO COCTOS-
nus QSSL u uzorponHoro yrotHeHus [CL napanienbHel. 3TO BEPHO IS
KaXJ0M TPyNNbl ONBITHBIX AaHHBIX, MOJYYEHHBIX NIPH MOATOTOBKE 00pas-
uoB AByMs MeToaamu. ClieoBaTebHoO, 1eaeco00pa3sHo IPUMEHHTh K OIH-
CaHHBIM BBITIIC AAHHBLIM MOHATHE «KOIPPULHEHT HAHANRHOTO COCTOAHUSI.
3HaueHud r,, paccurrannbie mo puc. 11.20 u 11. 21, npeacrasnens B Tabi.
11.1, 30ech e mpuBeNeHa BeNHYHHA yryia (a3oBOTO Mepexofa B KBaszu-
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YCTOHYMBOM COCTOSIHUM @, ONPENENCHHAs 110 TPACKTOPHSIM HATPYKCHHA,
Benuuuna S,/ oy, nonydyeHsas mo (11.5), conepxkwures B tabn. 11.1.
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Puc. 11.20. Onpeaenexune koahpuuMEHTa HAYATBHOIO COCTOSIHUSI
Jutst nplaesaroro necka «Tia Juana»: QSSL— auHUS KBa3HYCTOWYHBOIO COCTOSHUS,
[CL— n1HHsA M30TPONHOM KOHCONMaaUuh;, W.S. — METO/ BOJHOMN CelMMEHTALIUH,
D.D. — MeToAa cyx0ii OArOTOBKH

C apyro#t cTopoHbl, MUHUMAJIBHOE 3HAYE€HHE KacaTeIbHOrO Harpsxe-
HH MOXHO ONpeJeluTh MO KPHUBBIM «HaNpshKeHUe—AedopMalms» (cM.
puc. 11.16, 11.17). D10 3Ha4EHHE COOTBETCTBYET BEIMYHHE JCBHATOpPA Ha-
NpsSKEHUH g B KBa3UyCTOHUMBOM coctosHuu QSS H ucnonp3yercs B ypas-
HeHuu (11.2) as BBIMMCIEHUA OCTATOYHOHM Mpo4HOCTH Sy [0 monmyden-
HBIM PE3YyJIbTaTaM IIOCTPOEHB! FpaHKH 3aBUCIMOCTH OCTATOYHOM MTPOYHO-
CTH S, OT 0OXUMAIOLIEr0 HAaNpPsKEHUs OpH yTloTHeHnu (puc. 11.22). Ha
prc. 11.23 npexacrapneHsl AaHHbIE A3 MeleBaToro necka «Lagunillas». U3
PHCYHKOB BHJHO, YTO OCTATOYHAs NPOYHOCTh B KBa3UYCTOHUYMBOM COCTOSA-
Hur QSS Bo3pacTaeT NPONOPLHMOHATIBHO HAYAbHOMY OOKHMAIOIIEMY Ha-
OPsDKEHUIO. DTO MO3BOJIET [1PEJ/ICTABUTh COOTHOIIEHHE MEXIY S, H Gy
NpuOAM3HTENBHO NPAMOM JIMHMEH, KaK MOKa3aHO Ha pucyHKax. Hakion
OpsAMOH JaeT HaM 3Ha4eHHE HOPMAJIM30BAHHOH OCTATOYHOH MPOYHOCTH,
OueBHAHO, YTO MNONYYEHHOE 3Ha4YeHHE S,/ G'9 MJI TMBLIEBATHIX TIECKOB
«Lagunillas» n «Tia Juana» coBmamaer co 3Ha4eHHEM HOPMAIN30BAHHOM
OCTaTOYHOM MPOYHOCTH U3 Taba. 11.1. [locneaHee 3HaYeHHE MOTYUEHO UYe-
pe3 k03 dHLUHEHT HAYaNbHOTO COCTOSHHUA N0 ypaBHeHuio (11.4).

HanHbie ucnbitanuit (cM. puc. 11.22, 11.23) noka3biBaloT, YTO HOpMa-
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JM30BaHHAs OCTATOYHAs MPOYHOCTH PACCMATPHBAEMBIX TPYHTOB H3MEHSET-
Ci B 3aBUCHMOCTH OT TEKCTYpbl, COPMHUPOBAHHON Pa3IMYHBIMH yCJIOBHS-
MH OTJIOXKEHHS.

Taon. 11.1
[MapameTpsl, xapaKTepH3yOlIHe HEAPEHHPOBAHNBIE TPACKTOPHH HATPYKEHHS MECKA,
coflepKaLIer0 TOHKHE 1aCTHIBI
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Puc. 11.21. Onpepenenue ko3¢p@uuneHTa Ha4aabLHOTO COCTOAHUA
JArYHHOTO ObieBaToro necka: QSSL — NHHUA KBA3HYCTOHUMBOIO COCTOSAHM;
[CL — nuHus W30TPONHOrO yrutoTHeHus; SSL — TMHHSA yCTOHYMBOIO COCTOAHHS,
W.S. — MeTox BOAHOH ceauMenTaliuui; D.D. — MeTo cyXxo#l NOAroToBKH

11.7. OLLEHKA OCTATOYHOM ITPOYHOCTH 303

HenpenupoBarHas OCTaTO4HAs IPOYHOCTS Sys, MIla
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Puc. 11.22. 3aBHCHUMOCTbL OCTATOYHO# NPOYHOCTH OT HAYAJIBHOTO
00XXUMAIOLLEro HAMpPsHKEHUs IS nbuieBaToro necka «Tia Juana»

11.7. OueHKa 0CTATOYHOH NPOYHOCTH

OOLIEen3BECTHO, YTO NMPOYHOCTh IPYHTOB, Pa3KHKEHHBIX B TPOLIECCE 3€M-
NeTpAceHus, He Beerga HyseBasi. OTIMYHAS OT HYJIS IPOYHOCTb IPyHTA MOOU-
JIM3YETCsl MPH CKOJBKEHUH TPYHTOBOR MAacChl BHH3 MO OTKOCY MOCHE 3eMile-
TpsiceHns. UToObl NPOBEPHTH YCTOWYHBOCTL Pa3)KMXKEHHBIX IPYHTOBBIX Macc
nocne 3eMIIETpACEHHs, He0OXOAUMO 3HATh MX OCTaTOYHYIO MPOYHOCTh. Kak
M3BECTHO, YCTOWYMBOE COCTOSTHUE YMCTHIX MECKOB 3aBUCHUT OT K03 hHIiHeHTa
HOPUCTOCTH, [UIs OTpeleaeHHe KOTOPoro OTOMpaloT oOpasibl IPyHTa HEHa-
pyweHHoit ctpyktypsl (Poulus et al. 1985a). OtMeruM, uto Maneiiiiee u3me-
HEHHE KO3(HUIMEHTa IOPUCTOCTH CHIILHO BIHMSAET HAa HEJPEHHPOBAHHYIO OC-
TaTOYHYIO NPOYHOCTb. 1103TOMY OLlEHKa OCTaTOYHOM MPOYHOCTH C NPUEM-
JIEMOH JIOCTOBEPHOCTHIO — OYEHBb CloKHas 3aaava. C Jpyrod CTOpPOHBI, B
paborax Baziar, Dobry, 1991 ormeuanoch, 4To GOJBIIMHCTBO TPYHTOB Ha
MJomagKe U3 AUTIOBHAIBGHBIX HIIH HAMBIBHBIX 3alexeil, T0IBEPraBInXCs
Pa3KMIKEHMIO B MIPOLIECCE 3EMIIETPACEHHH, COCTOAT U3 TECKa, cojiepkauie-
ro ot 10 no 80% nbuieBaTHIX YacTvll, /1 Takoro TWHA TPYyHTA HET HE0O-
XOAMMOCTH TOYHO ONpeenaTh k03¢ HUHEHT MOPUCTOCTH in situ.
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HespenupoBanHas OCTaTO4Has MPOYHOCTD Sys, MIla
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Dobry (1991) pazpaboran anbTepHaTUBHBIH crnoco0 MOATOTOBKH 00-
pasloB —METO/I MOCIOMHON CeAUMEHTAIMH 101 BOJOH, NO3BOJIAIOMIAM 10-
JYyYuTh 00pa3mbl ¢ TAKUMH XKe KOIDGDULIMEHTAMHU [TOPUCTOCTH, KaK B I10JIe-
BbIX ycnoBusax. B CLIA npu uccrnenoBaHuM pa3pyLIEHUiT HIDKHEH namObl
B Can PepHaH0 B pe3yabTaTe 3eMiaerpacenns 1971 r. npoBoaunu cepuio
HEPEHUPOBAHHBIX TPEXOCHBIX WCHBITAHHH 0O0pa3iioB MBLIEBATOrO TNecKa,
MOArOTOBJIEHHBIX 3TUM METOAOM. Pe3ynbTaTsl ONBITOB MOKAa3alH, 4TO Me-
Ky OCTATOYHON MPOYHOCTHIO M PPEeKTUBHBIM OOKUMAIOIINM HanpsiKe-
HMEM cyluecTByeT 3aBucumoctb S,,=0,12 ¢'o. Dobry (1991) npemnoxun
JUIS OLEHKH OCTATOMHOM MPOYHOCTH HCMOJB30BATh TAKYH) JIHHEHHYIO 3a-
BHCUMOCTh BMECTO TIIATEIBHOTO ofpefeneHrs kodduilHeHTa mopUucTo-
cTH Ha mowmanke. Ha puc. 11.24 npuBeaeHa 3aBUCHMOCTE S,i/G’y OT YnCIa
MJIaCTHYHOCTH TPYHTA.

Omxo0bi 0bozawenust pyovl — 3TO OCOOBI BHJ INBUICBATOrO IIE€CKA,
cnocoOHOro K pPamKMKEeHHIO, [Jii KOTOPOTO BBIMHCACHHE OCTATOYHOU
OPOYHOCTH UMEET BaXKHOE 3HAYEHHUE, TAK KaK 3TO CBA3AHO C OMpeAe/ICHHEM
CTENEeHH YCTOWYHBOCTH MOC/e 3eMieTpsceHus. I uccneaoBanus ymior-
HEHHOM XHMIKOH CYCNEH3HH aJTIOMUHHMEBBIX 0TX0A0B (/,=35) B mabopato-
pHH NPOBOJAMIM HcnbiTaHHe KpbulbuaTkod (Poulus et al, 1985b). Kpbinb-
yatka auamerpoM 2,0 cM M BbicoTol 4,0 CM Bpallanack CO CKOPOCThIO,
JIOCTATOYHOMN U1 OTy4eHHs] HEAPEHUPOBAHHOTO CIIBUra. Pe3ynbTathl HCIIBI-
TaHu#i fanmu otHoteHue S, = 0,0226',. MOKHO TIPEANONOKUT, YTO VIS 3aIe-
W, CPOPMUPOBAHHON NyTEM HOPMAIBHOTO YTUIOTHEHHS XMIKOH CYCIIEH3HH,
snauenue Ky =0,5. CnenoBarensHo, 13 oTHoluenns ¢y = (1+2 Kp) o', / 3 3Ha-
4yeHue o' = 2 ¢'/3. [loaToMy HOpManu3oBaHHAs OCTATOYHAS NMPOYHOCTD
MoXxeT ObiTb nomydeHa u3 ypaBHeHus S, = 0,033 o'y, xak mokaszano Ha
puc. 11.24. [TonoOHble HCTBITaHMS KpbUIbYaTKOM mmpoBoauwiau Castro u
Troncoso (1989) Ha o6pasuax nUIaMOB W3 OMBITHBIX wWYPHOB, Pacrosio-
KEHHBIX Ha Tpex Iulomaakax naam0 xBocroxpanwinill B Yumu (cm.
puc. 11.24). Hopmanu3oBaHHas OCTaTOYHAs MPOYHOCTh, TMOJIY4EHHAs Ha
puc. 11.22 u 11.23 pnsa nbuieBateix neckoB «Lagunillasy u «Tia Juana» u
MpUBEACHHA Takke Ha puc. 11.24, uMeeT TEHACHIMIO K YMEHBIIEHHUIO C
YBEJIMUYEHUEM YHUCIA [NIACTUYHOCTH TPYHTOB. B 00iieM, XapakTepHUCTHKH
KOHCOIMIALMK HENb3 OAHO3HAYHO OMPENENUTh I MECKOB, COMEPIALIUX
TOHKHE JaCTHIIBI OT HYJIEBOI 10 HU3KOH CTENEHHU 1acTHuHOoCcTH. CorjlacHo
pesynpTaTaM HWcmbITaHMH TieckoB «Tia Juana» u «Lagunillasy (cwm.
puc. 11.15, 11.18), xapakTepHUCTHKH KOHCONMAALMH OOJIBIIE 3aBHCAT OT
YCIIOBHH MOATOTOBKH W YIJIOTHEHUS IpyHTOB. M3-3a HajiMuMsi MHOrOYHC-
JICHHBIX KPUBBIX YTUTOTHEHHS, CBOMCTBEHHBIX TEKCTypaM, cGopMHpOBaH-
HbIM Pa3/IM4HBIMH METOAAMH OTAOXEHHSA, KBa3MYCTOHYMBOE COCTOAHHE
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JAHHOTO IPYHTa HEBO3MOXKHO OMPEACIHTh €IMHCTBEHHBIM criocoboM. OG-
paTuM BHMMaHHe Ha GonblIOi pa3bpoc 3HAYEHMH HOPMAIM30BaHHOM OCTa-
TOYHOM MPOYHOCTH Ha pUc. 11.24, B 0COGEHHOCTH ISl TPYHTOB C HEGOMB-
HIAM YUCJIOM IUIaCTHYHOCTH.

11.8. Bo3aeiicTBHE TEKCTYPHI HA OCTATOYHYI0 HPOYHOCTH

JleopMallMOHHBIE XapaKTEPUCTHKH necka « Toyouray, paCCMOTPEHHBIE
B pa3a. 11.4, GbUIM MOMyYeHB! U3 HCMBITAHUE 06pa3LoB, cGOPMHPOBAHHBIX
METOZIOM BJIaXHOMH MOArOTOBKH. AHanu3 paGoThl TakMX 00pa3sLOB BaXeH
1S MIOHMMAHHS TIOBECHHS NIECKOB C IIMPOKUM Mana3oHoM Kodpduinen-
Ta nopucrocti. OHAKO TEKCTypa 06pa3loB, NOMy4YEHHBIX 3TUM METOO0M,
HE OTPaXKaeT BCE COCTOSAHUS MECKOB B [10JIEBHIX yCIoBUsX. [ToaToMy uene-
co0Gpa3HO MCCIe0BaTh MOBEIEHNE 00Pa3LOB, MOATOTOBIEHHBIX APYTHMHU
METOJaMH.

Tlo pe3ysbTaTaM HCNBITAHHI Ha HEAPEHHPOBAHHOE TPEXOCHOE CXKATHE
00pa3ioB, cHOPMHUPOBAHHBIX METOJOM CYXOH IMOArOTOBKH, NMOCTPOEH Ipa-
dux 3aBucHMOCTH Kod(dnuMenTa MOPHUCTOCTH OT 3(dEeKTHBHOTO 00XKHU-
MalOUIEr0 HAMPSKCHWS B HAaYaJlbHOM M KBa3HYCTOHYMBOM COCTOSHHSIX
(puc. 11.25). OGsnacTb, OTMEUEHHAs TOYKaMH, TOKa3pIBAET AHANA30H Ha-
YANLHOrO COCTOSHUS OOPa3LioB, MOJTYYEHHBIX METOAOM BIIAXHOH MOATro-
TOBKH (JaHHBIH AMANa3oH TPUBOAMTCA MO JaHHBIM puc. 11.11). Dti 06-
pa3Lbl KOHTPAKTUPYIOT NP [IPUIOKEHHH KacaTeNbHbIX HanpsokeHui. Jlu-
HUs KBasMycToiumporo coctosuus QSSL Ha puc. 11.25 ana oGpasuos,
MOArOTOBJIIEHHBIX BIAXHBIM METOAOM, TaKKe MOCTPOEHA 1O [JaHHLIM
puc. 11.11. OTMeTHM, YTO TIPH HCHBITAHUM 00Pa3LoB, c(OPMUPOBAHHBIX
METOIOM CYXOH IOArOTOBKH, KOHTPAKI{Hs HAbI0IaeTcs TOAbKO NpPH Mak-
CHMAJIbHO PHIXJIOM COCTOSIHUHM 0Opa3ua. Ecnu Tako# oOpaseu cHayana a0
HEKOTOPO#i CTENeHH YIIOTHUTh, TO TIPU HEAPEHUPOBAHHOM CIIBUT€ OH Ha-
YypHaeT AunaTHpoBaTh. Clief0BaTENbHO, JIMHUA HAYalbHOrO YIUIOTHEHHS
(ICL), COOTBETCTBYIOLIAs COCTOAHUIO MAKCHMAJILHOH PBIXJIOCTH, ACHCTBH-
TeNbHO COBMANAET C Ha4anbHOM NemapkaiuoHHOH nuHuer (IDL), kak no-
Ka3aHo Ha puc. 11.25.

Jlnig MIAoCTpandy BO3IEHCTBUSA TEKCTYPhl XapaKTepHble JIHHUM CO-
CTOSHMA IPyHTa nepeHecensl ¢ puc. 11.25 Ha puc. 11.26. Ilpenmonoxum,
4T0 00pasiibl, CYOPMUPOBAHHBIE BIAXKHBIM M CYXHM METOMAMH, NOArOTOB-
JIeHbl B MAKCHMAIIbHO PBIXJIOM COCTOSHHMH M YIUIOTHEHB! 10 KO3 dHULIHEH-
TOB nopuctocTh e = 0,88 (Touku A; u A, Ha puc. 11.26).
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Puc. 11.25. Jlunnu navansnoro ynnotsenns (ICL) v kBasuycroitunsoro
cocrosanus (QSSL) anst MaKCHMaNbHO PBIXJIBIX MECYAHBIX 06pa3LOB,
c(pOpMHPOBAHHBIX MeTOAAMH BOJHOMN cequmenTaruu (MP)

1 cyxoii nogrotosku (DD): IDL — HauanbHas neMapkaloHHas JIMHUS

EcrecTBenno, o6pasew, chopMHPOBAHHBIN BIAXHBIM METOIOM, OJDKEH
ObITh YMJIOTHEH 0 00KMMAIOLIErO HANPSIKEHHS, MPEBBILIAIOIIETO O0KH-
Maiollee HanpsbkeHue odpasua, chOPMUPOBAHHOTO METOOM CYXOH ITOAro-
TOBKH. TloC/ie HepEHHPOBAHHOTO CABHra KAXABIN 00pasell MepexomuT B
KBa3WYCTOWYHBOE COCTOAHHUE (TOYKH B, u B, Ha puc. 11.26) ¢ Mmuauman.-
HO#M MPOYHOCTBIO. BhICOKas ocTaTouHas Mpo4HOCTH 00pasia, chopMUpo-
BaHHOIO BJI2)XHBIM METOAOM, OOYCIIOBJIEHa TEeM, 4TO ero 3(h¢eKTHBHOE
00XMMaloLIee HANpsXKEHHE B KBa3HyCTOWUMBOM cocTosHun (QSS) Bbiule,
4eM IpH CYXOi MOAroToBKe B TOUKE B;. OHAKO TOPU3OHTAIBHOE PacCTos-
HHUe Mexay A ¥ B, B norapupmMudeckon imkaiue ropasno 6oapLie, 4eM Me-
K1y A2 u B,. TIoCKOJIBKY 3TOT MHTEpBAN paccMaTpUBaeTcs Kak KodghduIm-
€HT HayaJbHOro COCTOAHMS, onpenensembiil o (11.4), ero 3Hauenne nns
00pa3uoB, chHOPMUPOBAHHBIX BJAKHBIM U CyXHM METOOAMH, COCTaBJISET
COOTBETCTBEHHO /. = 10 u r, = 2,0. CnefoBarenbHO, 3HaYEHHE HOPMAIU3H-
POBaHHOW OCTATOYHOW MPOYHOCTH, BeIUMcIeHHOE 1o (11.5), nns obpasua,
MOJIyYEHHOTO METOAOM CYXOH NOATOTOBKM, B 5 pa3 Oosbuie, 4eM A 06-
pasiua BAaXHOH MOATOTOBKH.

OTMETHM, YTO AEHCTBUTENBHO BaXXHOH B JAHHOM UCCHEIOBAHUH SIBJIS-
€TCS He caMa OCTaTO4Has NMPOYHOCTh, @ €e HOPMaJIU30BaHHAas BEJIMYHHA. B
uesioM, 3HayeHus M u cos &, (11.5) ocTaloTcs NMOCTOAHHBIMU HE3aBHCUMO
OT TEKCTYPBI, M10ITOMY HOpPMa/IM30BaHHAs OCTaTO4HAs MPOYHOCTb Orpeae-
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nsercs K03 (GUIMEHTOM HAYaJbHOTO COCTOSAHMA. Takum 00pa3om, Haxe
TIpx paBHBIX KO3(Q(ULMEHTAX IOPHCTOCTH HOPMAJHM30BaHHAsA OCTAaTOYHAsA
NpO4HOCTh 06pasiia, cGOPMHUPOBAHHOTO BIAXKHBEIM METOJOM, 3HAUUTENBHO
MeHbIle, YeM o0pasla, MOJy4eHHOTO METOIOM CyXOH MOArOTOBKH. JTO
OOBACHAETCA BIMSHHEM TEKCTYPhl, OOYCIOBJICHHOH METOJAMHU YKJAaIKH
NpH NOArOTOBKE 00Pa3LOB.
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Puc. 11.26. [TpumMep HCNOIBb30BAHUS BEIMYKHEI 7 A1 MAKCUMAlILHO PBIXJIOro
necka ICL (MP): IDL - HauanbpHas feMapkaudoHHas nuaus; ICL — auunus
M30TpONHOM koHcomuaanun; QSSL — MUHUA KBa3HyCTONUUBOTO COCTOAHHS;
MP — metoz BoaHOM cequMenTaunu; DD — MeTon cyXoid oJArOTOBKH

JI71s1 u3yueHHs BIUSHUS TEKCTYPHI CPABHUM IIOBEJEHHUE JBYX 00paslIos,
MIOArOTOBJIEHHBIX pa3HBIMU MeTodaMu. OOpasibl noaABepraau HelpeHHpo-
BAaHHOMY C/IBHTY C Ha49aJbHBIX COCTOSHUH 42 M A3 (cM. puc. 11.26). O6pa-
3ell, CGOPMHUPOBAHHBIN BIAXKHBIM METOOM, M3HAYAJILHO YIUIOTHEH /10 He-
KOTOPO#M CTENeHH, MOITOMY KOHCOJIHMIAlMs BO3MOXKHA TOJBKO MOCJE Ha-
yanpHOH AemapkanmonHo# nuHuMM (IDL). Tlocne capura obpasel umeer
MHHHMAJIbHYIO NPOYHOCTh B KBa3UyCTOWYUBOM COCTOSHHH (TO4Ka B3). OG-
pasell, cGOPMHPOBAHHBI CYXHM METOJOM, HaUHHas C TOYKH 4, [OABepra-
€TCs HeJIPEHUPOBAHHOMY CABHIY U JHOCTHIaeT KBasHyCTOWYHMBOTO COCTOA-
HUA B TOuke B,. OTMETHM, YTO OMUCAHHBIE 00pa3Lbl UMEKT OAWHAKOBBIE
K0P (HUUMEHTHl Ha4aabHOro cocTosHus (r. = 2,0). CnepoBatenbHO, He-
CMOTpS Ha pa3Hble 3HaUeHHUs KOI()PUIIMEHTOB IOPUCTOCTH H3-3a Pa3JIMIHA
TEKCTYpPhbl PaccMaTpUBaeMBIX 00pa3lOB MX HOPMAM30BaHHAA OCTaTOYHAA
MPOYHOCTH OJMHAKOBA. DTO MOATBEPXKAAET BO3AEHCTBHE TEKCTYPbl Ha MO~
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Be/ICHHE TIECKa.

Bo3aeicTBrE TEKCTYpBl HENb3s OLEHHTH KOJIWYECTBEHHO, OCHOBLIBASCH
Ha NapaMeTpax, KOTOPBIE HCNONB3YIOTCS CETOAHS B MHXKEHEPHOH MpakTH-
ke. JKenarenbHO IPOBOAMTE J1abOpaTOpPHBIE UCIBITAHUS 00pPa3iloB, NMOAro-
TOBJIEHHBIX METOZIOM, HMUTHPYIOLIKM MOJEBbIE YCIOBUA. MeTooM Biax-
HOH MOATOTOBKY MOXHO MOJIETIMPOBATH MPOLIECC 3alIOTHEHHA HCKYCCTBEH-
HBIX HECUYaHBIX HACHIIEH NpocaduBalolleiicsa Bonoi. MeTon BOOHOM cenu-
MEHTallM{ MMO3BOJIAET UMUTHPOBATH YCIIOBHS OTJIOXKEHUS B HAMBIBHEIX Ha-
CBIMAX M PEYHBIX MECKaX, MOABEPTIIMXCA CEIUMEHTALHH Mo BOI0i. Me-
TOJ| CyXOH HOATOTOBKH BOCIIPOM3BOAUT YCJIOBHS 3aJIETaHHS B 3aCYLUTHBBIX
30Hax, OpOLLAEMBIX BOMIO.

OueBUAHO, YTO HAEAIBHBIH CIIOCO0 OLEHKH OCTATOYHOM MPOYHOCTH —
uccieaoBaHUEe B JIA0OPAaTOPHBIX YCIOBHAX OOPa3LioB ¢ HEHAPYIUEHHOH
cTpykTypoil. Ho 0TOOp BBICOKOKAa4Y€CTBEHHBIX 00Pa3IOB ¢ HEHAPYIIEHHOH
CTPYKTYpPO¥ M3 MeCYaHOH 3ajexu IoJ BOJOH — JOBOIBHO JOpOras mpoie-
Aypa. B HacTosee BpeMs B 3TOM HalpaBJI€HHMH BEIYTCS HCCIEI0BAHHA.
Kak nmokasaHo Bblllie, Ha4aJlbHOE COCTOSIHHE INECKa, MPOABISIONIETO KOH-
TPaKUMIO WK JWJIATAHCHIO TIPH CABHIE, MOXET ObITh AU depeHIMpoBaHO
C MOMOLIbLIO HaualbHOM AemapkaunonHoi muHuu (IDL). Ecin necok noa-
BEpraeTcs HeAPEHUPOBAaHHOMY CABMIY MpPH HAYABLHOM COCTOSHUH BbILLE
IDL na nuarpamme e-log p’, IPOHCXOOHT €ro KOHTPAKLMA, U HA0GOPOT.
[ToaToMy, ecny 4MCTBIH NecyaHblil o0pasewn, chOpMHPOBAHHEIN BIIAXKHBIM
METOAOM, MOABEPracTcs CABHIY B HAYaJbHOM COCTOsHHMM Beilie IDL, 1O
MPOSIBIIAETCA KBa3MyCTOHYMBOE cocTosHue (QSS) ¢ MMHMMaNbHOH MpouY-
HOCTBIO.

TaxuM o6pa3oM, pacrosokeHde HadyalbHOW IeMapKallMOHHON JIMHHH
IDL OTHOCHTENIPHO JTHMHHMU KBa3uycTOHMUuBOro cocrosHus QSSL moxker
paccMaTpUBaThCA KaK KPMTEpHH KOHTPaKLMHM WM JUIATAHCHH IECKa MpH
HEIPEHUPOBAHHOM CHBHIE. DTOT KPUTEPHH CBA3aH ¢ HAYaBHBIM COCTOS-
HHeM rpyHTa. 13 puc. 11.12 Buano, uro muHus IDL pacnonoxeHa cripasa
ot QSSL Ha pacCTOsHUH, paBHOM 2 10 JorapudmMuyeckoii mikane (t. €. r, =
=2,0). OTO 3HAYUT, 4TO [IPY OTHOINEHWH HAYANBLHOTO OGKHMAIOILEro Ha-
NpsHKEHUs K 00)KMMAIOIIEMY HaNpPSKEHHUIO B KBA3HYCTONYUBOM COCTOSHHH
(QSS) r. =p.' / pi' = 2,0 obpaszew, chOPMHPOBAHHBIH BIAKHEIM METOAOM, B
HAYaJIBHOM COCTOSHMH NOABEP)KEH KOHTPAKIHU TPH J1060M KacaTeIbHOM
nanpsbxenud. [loBegenue oOpasua, chOpMHPOBAHHOTO CYXHM METOAOM,
MOXHO Ha3BaTh MOTPAHUYHBIM MEXAY AMIATHPYIOIIUM H KOHTPAKTHPYIO-
MM npu 7, = 2,0. Mtak, He3aBUCHMMO OT TEKCTYPHI IIECKOB, c(hOpPMHUpPOBaH-
HBIX Pa3IMYHBIMH METONAMM, €CIIH IE€CYaHOE OCHOBAHHE KOHTPAKTUPYET
NPH HATPYXXEHHH, €r0 HYXKHO 00XKaTh HANPSHKEHHAMH, M0 MEHBIIEH Mepe
BJBO€ OOJbLIMMH HAaYaJIbHOrO 00XHMAIOIIETO HANPSHKEHHS B KBa3HyCTOM-
yuBOM cocTosHnH QSS.
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11.9. Bansinue Buaa AedopManud HA OCTATOYHYIO NPOYHOCTh

B npenpinylnux pasfienax 3HaueHHs OCTAaTOUHOW MPOYHOCTH, HITH
NPOYHOCTU B KBA3HYCTOHYUBOM cocTOsHUM (QSS) Ob1nM nostyyeHs! U3 He-
NBITaHU Ha TpexocHoe cxaTue. ONHako BO3HHKAET BONpoc, OyAyT jd 1o-
Ny4eHBl AHAJOTHYHBIE PE3YJNbTATHl NMPH APYTrHX THNAX HCMBLITAHHA Ha
casur. B Yuausepcuretre Tokuo ObLTH NPOBEIEHBI ABE CEPUU UCMBITAHUN B
HEPEHUPOBAHHBIX YCIOBHUSIX: Ha TPEXOCHOE CXATHE M TPEXOCHOE PacTi-
xeHue. B pabote ucnonp3oBanu 06pasibl pa3IUUHBIX MECKOB, CHOPMHUPO-
BaHHbIE METOAOM CyXxOH moarotroBku. OKa3ajocs, YTO Ui JBYX BHIOB
rlecka HOpMallM30BaHHAss OCTATOYHAs MPOYHOCTH B OIBITAX HA TPEXOCHOE
ckarue B 2...7 pa3 6oibllle, YEM B ONBITaX Ha TPEXOCHOE pacTskeHHe. s
JIBYX JIPYTHIX BMJOB NIECKA YMEHBIICHHE OCTATOYHOH ITPOYHOCTH NPH TPeX-
OCHOM DAaCTSH)KEHHH ObUIO ropasfio 3aMerHee. AHAJIOTHYHBIE pPe3y/NbTaThl
nony4ensl B paborax Vaid et al. (1990), Vaid and Thomas (1994). U xots
TOYHOCTh PE3YJILTATOB UCIIBLITAHUH Ha TPEXOCHOE PACTAKEHHE HYKIAETCH
B NPOBEPKE, NPEACTABIAETCA, YTO HOPMAIM30BAHHAA OCTATOYHAas MpoY-
HOCTb B YCJIOBHAX TPEXOCHOTO DPaCTAKEHHMA ropasfo MeHbLIE, YEM IMIpU
COKaTHH.

g vccnenoBaHus OCTaTOMHOM TPOYHOCTH Aedopmalun NnpocToro
CABHTra Mn AedopMaluy KpydeHUs ObLIM NPOBEAEHBI HEIPEHHPOBAHHBIE
MCMBITAHUA HAa KpydeHue. B HHX Hcnonmb3oBanu nofele oOpasubl necka
«Toyoura», cGopMHpOBaHHBIE METOAOM CYXOH MOATOTOBKY, BBICOTOMH
20 cM, ¢ BHewHUM guamMeTpoM 10 cM ¥ BHYTpeHHUM — 6 cM. JluHUA Ha-
yanbHoro ymiaorHenus 1CL ¥ KBa3nyCcToOHUYMBOE COCTOSHHUE, NOJYUYEHHbIE B
OTIbITax, MPEACTaBACHE Ha pruc. 11.27.

Ha rpaduke HaHeceHBl TaK)Xe pe3yJbTaThl HCMBITAHHH HAa TPEXOCHOE
C)KaTHE CIUTOUWIHBIX HMIMHAPUYECKHX 00pasuoB necka «Toyouray», cdop-
MHPOBAHHBIX METOJOM CyxO# moarotoBk. Takum obpasom, nABa BUOa 00-
pa3lUoB ¢ OJUHAKOBOH TEKCTYpOil OBUIM KOHCOIMIHPOBAHBI BIOb OAHOMH
JMHUY YIIOTHEHUS U TIOBEPTHYTHl CABHATY B HEJPEHUPOBaHHBIX YCIOBHAX
npH pasHblx Buaax aetdopmanyn. Kak BuaHo 3 pHe. 11.27, kBa3nycToii-
YMBOE COCTOSHHE MPH CABHIOBBIX HCMBITAHUAX HAa KPYyY€HHE BO3HHKAET
TIPA MEHBIIMX 3PPEKTHBHBIX 00KHUMAIOIIMX HANPAKEHHAX, YEM IIpY HC-
TILITAHHAX HA TpexocHoe cxkatue. CreloBaTesbHO, 3HAYEHUE ¥ TIPY UCIIbI-
TaHHAX Ha KpyueHue OoJibliie, YeM NpH TPeXOCHOM cxatun. IloaroMy 3Ha-
YeHHe HOPMaJIM30BaHHOH OCTaTOYHOH NPOYHOCTH B UCMBITAHUAX HA Kpy-
YeHHEe MEHBINE, YeM B HCIBITAHHUAX Ha TPeXOCHoe Cxatue. CerofHs HeT
€MHOTO MHEHHS O TOM, Kakoil Bua gedopMariy Haubosee TOYHO OTpaKa-
€T noJneBble ycaosus. OIHAKO OLIEHKA OCTATOYHOH MPOYHOCTH IyTEM HC-
MIBITAHUH Ha TPEXOCHOE CXAaTHE, BO3MOKHO, MPUBENET K HECKOJIBKO Gonee
KOHCEPBATHBHOMY POEKTY. :
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Puc. 11.27. 3aBHCHMOCTE KBa3HYCTOHUMBOrO COCTOSHHS OT BHAA AedopMaLuu
(1CL — nunus u3oTponHoH KoHCcoaUIanMH)
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OLEHKA CONMPOTUBJIEHUSA PA3KNUXKXEHUIO 'PYHTA
C IOMOIIBIO 30HAUPOBAHUSA

OTOOp BBICOKOKAa4ECTBEHHBIX O00Opa3lOB ¢ HEHAPYIICHHOH CTPYKTYpOH
Y UCNBITAHUE KX B J1a0OpaTOpUH ABJIAETCA CaMbiM HAJEXHBIM CIOCOOOM
TOYHOH OLIEHKH LIMKIMYecKoil mpoynocru necka. OauHako oTGop NecuaHbIxX
06pa3uoB M3 3ayiexel, PaCIONOKEHHBIX HHXKE YPOBHS I'PYHTOBBIX BOJ, —
JOpOrocTos1Las onepalys, U K Hel peKoMeHyeTcs puberats Mpu Heclle-
JOBAHUN PA3KIKEHHUS PYHTA TONBKO MPH MPOEKTUPOBAHUM OTBETCTBEH-
HbIX coopyxeHui. CrieoBaTeNbHO, YTOOB! OLIEHHTh LHKIHYECKYIO MpOoY-
HOCTb M€CKa, Hy»KHa OoJiee MPOCTas U IKOHOMHUYECKH ONPAaBIaHHAS MpOLE-
aypa. JAnst 3TOro MOXHO HCMOJb30BaTh BEJIMYMHY CONPOTHUBJICHHS MEHET-
pauMu U3 MCNBLITAHMA HA cTaHpapTHoe 3oHAupoBanue SPT wnm morpyxe-
Hue konyca CPT, KOTOpbIE IPUMEHSIOT NPU UCCIICAOBAHUAX MOJEBLIX Xa-
PAKTEPHUCTHK TPYHTOB BO BCeM Mupe. CylIeCTBYIOT JBa BapHaHTa KOppe-
JAUUK COMTPOTUBIIEHMS NMEHETPALIMHY H LUKJINYECKOH TPOYHOCTH IPYHTOB B
NONIEBBIX YCIOBHUSX.

12.1. CooTHOIIEHHS, OCHOBAHHBIE HA NOJIEBLIX MCCIECAOBAHUSAX
12.1.1. Coomnowenus, noayuennsie na ocnoge SPT-ucneimanui

Meton onpeaeneHus OTHOCUTENBHBIX HUKIHYECKUX HAIPSIKEHUM, BbI-
3BIBAIOLIMX Pa3XIKEHUe TIpyHTa, Kak (yHKOuM 3HayeHus N B SPT-
ucneITaHUAX ObUT penoxkeH B pabore Seed et al. (1983) Ha ocHOBEe MHO-
TOYNCIEHHBIX PE3Y/LTATOB MOJEBBIX HCCIENOBAHUIN MecKa, TOTYYeHHBIX
BO BpEMS HENABHMX 3eMIIETPACEHUH. B 3TomM Merone BeMMUYWHY LIMKIHYE-
CKUX HamlpsKeHUW Ha JAHHOH IUIOIAJKE B MPOIEcCce 3eMIIETPACEHHS OIll-
PEAENAIOT 10 ypaBHEHHMIO (2.5), OCHOBAHHOMY Ha 3a(PMKCHPOBAHHOM MM
BEPHO OLCHCHHOH BENMYMHE MAKCHMAJIBHOIO FOPU3OHTAIBHOIO YCKOpe-
Hus. CTposaT rpaduk 3aBUCMMOCTH MONYYEHHOrO OTHOCHTENLHOIO LIMK/IH-
YECKOT0 HaNpsAKEHUS OT BENHUMHLI N U3 SPT-ucnbiTaHuii Ha 3TOH *Ke rJo-
waake. [Ipy HanMuMK MPHU3HAKOB PaBKHKEHHS T'PYHTa Ha MOBEPXHOCTH
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OMBITHBIE TOYKM OTMEYAIOT YEPHBIMU KPYXXKaMH, MPU OTCYTCTBHU TaKUX
NPU3HAKOB — HE3aKpalIeHHBIMH. BRonk HWKHEN I'paHMIBl 30HBI HE3aKpa-
IIEHHBIX KPYXKKOB IMPOBOAAT JIUHUIO. CUHTAETCSA, YTO TOUKH, OTMEYEHHBIE
HE3aKpallIeHHBIME KPYKKaMM BBILIE 3TOW JIMHUH, YKa3bIBAIOT Ha BO3MOX-
HOCTh Pa3XWKEHUs TPYHTA B INIyOOKHX 3arexax, HO 0e3 Kakux-nubo mpH-
3HAKOB Ha [MOBEPXHOCTH. DTa JMHMS Pa3rpaHMIHNBAcT YCIOBUA BO3MOKHO-
ro pa3xWwKeHNs W Hepa3KIKeHus rpyHra. [loaroMy oHa paccmarpuBaeTcs
KaK UCKOMOE COOTHOIIEHHE MEWAY LHUKIUYECKOM MPOYHOCTEI0 HA CABHT U
3HaueHHeM N u3 SPT-ucnweitanuii. Camas nocienHss 3aBHCUMOCTb 3TOTO
THna, noaydedHas Seed et al. (1985) mo AaHHBIM 3eMIIETPACCHUI ¢ MarHu-
TyRo# ~7,5, noka3ana Ha puc. 12.1, rie OTHOCUTENBLHOE UHKINYECKOE Ha-

MIPSKEHUE T,,,/ G, OIPEAETSETCS KaK
T, T a - C,
2 =(0,65"% = (0,651 .p, - —,
GV GV g 0V

(12.1)

rI€ G, O, — COOTBETCTBEHHO IOJIHOE U 3PPEKTHBHOE BEPTHKANBHOE TPH-
POAHOE AABJIEHHE TPYHTA; dmax — MAKCHMAIBHOE YCKOPEHHE; Tiax — MAKCH-
MallbHOE KacaTeNbHOE HANpSOHKEHUE; T, — CPEIHAS aMIUTMTYAa LHKIMYe-
CKOTO HanpsHKeHHs; #y— KOIGGHIUEHT YMEHbIUEHUS HAMIPSHKEHHUS, PaBHBIH
€JWHMIIE Ha HOBEPXHOCTH H YMEHBIUAIOIIMIACA C r1yOHHOM.

CooTHolIeHHE MEXIY cpelHed M mpaBoi uacTamu ypaBHeHus (12.1)
nojy4eHo u3 (2.5), a nogpoOHoe oObsicHeHne npuBeaeHo B pas3a. 13.1. Co-
OTHOILIEHUE MEXY JIEBOH U cpefHEH JacTaMu ypaBHeHusn (12.1) BriBeneHo
sMnupHueckd. KonnyecTBo ynapoB, NONYYEHHOE HAa paccMaTpHBaeMo#
IIOLIAJIKE, SIBJIAETCA a0CHMCCOi COOTBETCTBYIOLIEH TOUKH HA puc. 12.1.

3uaueuune (V) )g Ha puc. 12.1 MokazblBaeT CKOPPEKTHPOBAHHOE KOJHYE-
CTBO YAapOB, KOTOPOE MOIJIO OBITh JOCTUTHYTO B YCAOBUAX dDPEKTHBHOTO
BEPTUKANIBHOTO MPUPOIHOTO IAaBJICHUS FPyHTa B 1 kr/em’ (unu 98 kIla)
TIpH 3HEPTHU MOTPYXKEHHs OypoBOil INTaHrH, paBHOH 60% OT TeopeTude-
CKOro 3HaueHua 3Hepruu cBobonHoro nageHus SPT mosora. IlpakTuka
SPT-uctnmranuit B CIIA, kak NpaBUiIO, MPENNoNaracT HKCMOJIb30BaHUE
9TOTO YPOBHS 3HEPIUH.

Shibata (1981), Tokimatsu u Yoshimi (1983) BeInmonHsun aHAIU3 ABHE-
HUi, HabM0aBIIHXCS B OCHOBHOM Ha AMOHCKHX Tuiomankax (puc. 12.2). B
pabore Seed et al. (1985) mnokazano, uyro sHeprus ymapa B SPT-
UcnbITaHusAX B Slnonuu B cpendeM B 1,2 pasa Gonbuie, yem B CIIIA. Cre-
zJoBatesbHo, oTHomenyie Ny = 0,833(N,)sp MOXKHO HCHOJBL30OBATH ANA TIpe-
obpasoBauns 3HavyeHuit N B SPT-ucnbiTaHuaX ais 3TUX crpad. C yueTom
3TOro nMpeobpasoBanug KpuBas puc. 12.1 nepeneceHa Ha puc. 12.2.

12.1. COOTHOLIEHM I, OCHOBAHHBIE HA MOJIEBbIX UCCJAENOBAHUAX
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Puc. 12.1. CooTHoueHe MeX Yy LUKIAYECKOMN IPOHHOCTHIO
¥ 3HaueHneM N u3 ucnwiranuit SPT (Seed et al. 1985)
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Puc. 12.2. CBoAHBIN rpa(uk OLEHKH UMKINYECKOI MPOUHOCTH MECKOB
B 3aBUCHMOCTH OT HOPMAJTU30BaHHOTO 3HaueHns N u3 SPT-ucneitanuii

B Kurtae npoBogwiId UCCIEIOBAHUA COOTHOLIEHHMH MEXIY COMpPOTHUB-
JIEHHEM Pa3KIKEHUs TIECUAHBIX 3alexeidl u 3HadeHueM N B SPT-
UCNBITAHUAX MO MaTepualaM 3E€MJICTPACEHHH MOCIERHHX JIeT. ITH COOT-
HOLIeHNs ObIIM MPEACTABICHBI YEPE3 KPUTHUECKOE COTTPOTHBRICHUE NTEHET-
pauun N,,; ¥ BKIIOYEHbl B HOPMATUBHBIE TpeOOBaHUS:
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N, = N[1+0,125(Z ~3)—0,05(H —2)], (12.2)

rae Z — rayOMHa paccMaTpHBaeMoro cnios mecka; H — riiyOuHa ypoBHS
IPYHTOBBIX BOJ, M.
Benuuuna N mNoka3biBaeT OTHOCHTENbHOE 3HAaYeHHE N, KOTOpOe MpH-

BeaeHo B Ta0J1. 12.1 kak QYHKIMA CHNbl 3eMIICTPICCHUS.
CooTtHolEHUE MEXAY YCKOPEHUEM (ax. o, BHI3BIBAIOLUM Pa3KUKEHUE
IPYHTa, ¥ 3HaUYeHUeM N, MOKa3aHHBIM HA Tpex ypoBHAX (Tabn. 12.1) mox-

HO BblpaBHTb KakK
a = N+ 20F. (12.3)

B ypasuenuu (12.3) 3HauyeHne N — KOJMUYECTBO yAapoB IPU JaHHOM
BEPTHKAJIBHOM MPUPOIHOM JaBjIEHHH, COOTBETCTBYIOUEM Z =3 M u H=
=2M, 1. e, 6,=57 klla n 6,/ =47 xlla, npu ynensHoM Bece IpyHTOB Y, =
=19 kH/™’. [MozacTaBnsis 314 3navenus B (12.1), momyuaem

am'dx.l‘ — 0,864 Tma’x-/ . (124)
g o,

OTHocUTeNnbHOE 3HadeHWe N MpH BEPTUKANBLHOM MPUPOJHOM JAaBiie-
2
HHHM TpyHTa 0, = 0,47 Kr/M"> MOXHO npeo6Gpa3osats B N, pu 6,' = 1 kr/m’ ¢
MOMOLIBIO ypaBHeHus (12.9):

1,7

= N =145N . (12.5)
c,+0,7

[MoacTanss (12.4) u (12.5) B (12.3), nonyuaem

, Tinass
Gd/, — ma,,\.l — 1 (9’5 Nl + 0,466N12) . (126)
26, ),, o, 1000

3

JlaHHoe BbIpakeHHe NpeCTaBaeHo rpadMuecKy Ha puc. 12.2.

Tabauya 12.1

OTtHocuTeNbHOE KoM4ecTBO yAapoB B SPT-ucnbiTannsax no nopmam KHP

Cuna 3zemierpsacenus (Kurait) Vckopenue, cm/c? N
7 100 6
8 200 10
9 400 16
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12.1.2. Coomnowenue, nonyuentoe na ocnoee CPT-ucneimanui

3a nocneaHee BpeMs OBUIO CAENAHO HECKOJBLKO TIOMBITOK YCTAHOBUTH
CBA3b MEXIY XapaKTepOM IOJIEBBIX ABICHUH H COMPOTHBICHUEM MTOTPYKe-
nuto konyca CPT. Robertson u Campanella (1985) npennoxuin cooTHo-
mweHue (puc. 12.3), B KOTOpOM 3HaYEHUE ¢, MOKA3aHO HA OCH aOCLIMCC Kak
HOPMATM30BAHHOE K OOKHMMAIOIIEMy NABICHUIO B | Kr/M® 3HAUEHHE ¢
ITono6Hoe cooTHOomeHue ObLUTO TaKXke mnpeacTaBiieHo B pabore Seed, Alba
(1986).
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Puc. 12.3. CBoanbiii rpadvk OLEHKH UUKIMYECKOH NPOYHOCTH
1IECKOB Ha OCHOBE HOPMA/IM30BaHHOIO 3Ha4YeHHs ¢ U3 CPT-ucnbiTaHui

Onnako 001acCTh NPUMEHEHHS STHX COOTHONIEHMH OrpaHHYeHa IMpe-
UMYLIECTBEHHO IIecu4aHbIMH rpyHTramu. B pabore Shibata and Teparaska
(1998) onpeneseHO COOTHOLIEHWE MEXIY LHUKIHYECKOH MPOYHOCTHIO M
COMPOTHBJICHUEM NOTPYKEHHUIO KOHYCa C YU€TOM BJIMSHHSA TOHKHX YaCTHIL.
OTH JaHHbIe, NOJy4YEHHBIE U3 aHAIU3a MOJIEBbIX UCMBITAHUM, MPUBEAEHbLI B
¢bopme 3MNUpPHYECKOro KoppensaunoHHoro rpaduka (cM. puc. 12.3).

12.2. COOTHOUIEHUST, OCHOBAHHLIE HA JIABOPATOPHBIX UCTIBITAHUAX 319

12.2. CooTHOIIEHHSA, OCHOBAHHBIC HA J1a00PAaTOPHLIX HCIIBITAHMAX

12.2.1. 3asucumocmov mexcoy omHOCUMENLHOU NAOMHOCMbIO U CORPOMUE-
NleHueM neHempayuu

CoOTHOIIIEHHE MEX/TY LUKINYECKOH MPOYHOCTHIO, ONPENENEHHOH B 1a-
GopaTopuH, U 3HauYeHHEM N H3HAUAJIBHO ONPEIENAIOCh Y€PE3 OTHOCUTEIb-
HyI0 IWIOTHOCTL D,. Tu66¢ 1 Xousti (Gibbs 1 Holtz, 1957) nposenu na6o-
paTopHbIe MCTBITAHUS HA TICHETPALMIO B KaMepe 10/ AaBineHueM. [{na onu-
caHMs pe3yJIbTaToOB 3THX onbIToB Meiiepxod (Meyerhof, 1957) npemnoxun

bopmyny

N
D, =21 [———, 12.7)
o, +0,7
2
rje ¢, BLIpaXkaeTcs B KI/CM”.
Ecau 3uauenvie N w3 SPT-ucneitannii npu 3¢ ($eKTHBHOM BEPTHKANb-
HOM MPHPOAHOM JaBieHuH o, = 1,0 kr/eM® 0603HAUMTH Kak Ny, TO OTHO-

CUTEJIbHAA MJIOTHOCTE ONPEICIISACTCA KakK
D, =16,/N, . (12.8)

[Mpupasuusas (12.7) u (12.8), nonydaem ¢opmyiy, kotopast B Snonuu
LUIMPOKO MCMONB3yeTcs IUif Npeobpa3oBaHUs M3MEPEHHOro 3HayeHus N B
3Ha4eHne N,:

1,7

ol (12.9)
o, +0,7

N, =C,-N, C, =

[Mo3aHee B pe3ybTaTe MHOTOYHCIIEHHBIX HCCIE€IOBAaHHH BEIHYNH N M3
nosesbix SPT-ucnbitannit CkemntoH (Skempton, 1986) Buipazui COOTHO-
(ieHUe B 00ileM Buae:

DY
N:(a+bcj‘)( ] (12.10)
100

i€ a ¥ b — NOCTOsIHHbBIE, 3aBUCSLLIME B OCHOBHOM OT pa3Mepa 4aCTHL IPyHTOB.
DTO MOXXHO BBIPa3HTh Yepe3 3Ha4EHHE N;:

AL (12.11)
(D, /100)*

Ha puc. 12.4 noctpoeH rpapuk 3aBUCHMOCTH 3Ha4eHHUs a+b OT cpeaHe-
ro auamerpa yactul Dso (Skempton, 1986). Ha rpaduke orcyTcTBYIOT fNa-
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OOpaTopHBIE JaHHbIC, HO TNPEACTaBIEHH MOCIEIHHE pe3yibTaThl, IMONy-
yeHHBIC HA IUIOMAAKaX B SINOHMU. Y MBUICBATHIX [ECKOB ¢ COAEPKAHUEM
Gonee 10% TOHKMX 4aCTHI] 3HAYECHHE g+b CYyHIECTBEHHO MEHBLIE, TOITOMY
ABa TpaduKa IPOBEJEHBI Yepe3 ABE TPYMIBI ONMBITHBIX To4YeK. OTMETHM,
yto (opmyna (12.7), BeiBereHHas B paGore Meyerhof (1957), cooTBercT-
BYET cily4aro, koraa a = 16 u b =23, T. e. SABIAIOTCA CPEAHHMH 3HAYCHHS-
MM, XapaKTEePHU3yIOLUIUMH U YUCTHIE, H NBLIEBATHIE NECKHU.

| T T 1 1 | UERERE |
X .
100:- @ : Yucrsiil necok .
ol = (Fc=10°%) B
B o ® :[lbuieBaThblil MECOK [} [0} ;
Tl 80:' (FC>1O°/0) J 8 o :
o ™ .
8 so YncThiit o ® o ]
g i necok o ]
-~ 40 r [TbineBaThii o o j
\ i HeCOK . . N
£ - z’/f/ -

20[_ " H
i . . ]
1 | i ! 1 i 1.1 l 3
0.05 041 0.2 0.3 04 05 1.0

Cpeaunii apameTp vacTui, Dso, MM

Puc. 12.4. I'padux 3asucumocry Ni/(D,/ 100)* = a+b
OT CPEHEro AUaMeTPa YacTHllL

Taxue xe UccAeHOBaHUsA ObUTH POBEACHBI JUIS ONPeAC/ACHUS SMITHPH-
4eCKOFQ COOTHOLIEHUS MEXIY OTHOCHUTEIBHOM FIOTHOCTHIO M 3HAYEHHEM
g. v3 CPT-ucnbiTaHuil B 0011EM BHAEC (Jamolkowski et al., 1985):

D, =—A+Blog(q,/\/d.), (12.12)

IJIe ¢ A G, BBIpAXAlo1Cs B Kr/em’.

Ecnu SImuonkosckuii (Jamolkowski et al., 1985) npeanaraer HecKob-
ko Gonpiire 3HauyeHns, To Tarcyoxa (Tatsuoka et al., 1990) pexomennyer
upuaaMath 4 = 85 u B = 76, cChlnasch Ha PE3yNbTAThl UCIBITAHHH C MC-
MOJIb30BAHHEM KanuOpOBOYHOH kamepbl. [IpH 3THX NOCTOSHHBIX ypaBHE-
aue (12.12) npeobpasyercs cneayoummm obpasoM:
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D, =-85+76logg.,,

1
g4 =Cyq., Cy :T-
GV

12.2.2. Quxnuueckas npounocms, onpedeneHHas no OaHHbIM UCHbIMAHUT
Ha neHempayuio

(12.13)

B nocnennne roasl ObIn MpoBeieH UENbId Pl UHKIHYECKHX TPEXOC-
HBbIX UCTILITAHHA 00Pa3LOB MECHAHBIX IPYHTOB C HEHAPYIUCHHOM CTPYKTY-
poii. B 6osblIHHCTBE cityyaeB 00pasiibl OTOMpAiH U3 AUTFOBHAILHBIX 3a-
JieXKeN ¢ MoMOUIBK TPYOUaThIX IPYHTOHOCOB CIOXKHBIX THIIOB M Ha O.u3-
JIeXKAIMX TUIOLIA/IKAX MPOBOJW/IM MCIBITAHUS HA CTAHJAPTHOE 30HAMPOBA-
Hue SPT Ha pasnuunbix rnybunax. Bein HakomaeH GoNbILON 00beM HaH-
HbIX, YTO NO3BOJIWIO MOJYYHUTH SMIUPUYECKOE OTHOILEHHE A% THITMIHBIX
YHCTBIX NECKOB;

S| 20,0042D, - (12.14)
20,

20

[loacrasnas (12.8) B (12.14), monyyaem COOTHOLICHHE MEXIY LUKIIH-
YECKOHN NMPOYHOCTBLIO U 3HAYEHUEM N [JI8 YUCTBIX MECKOB Ge3 yueTa BiHs-
Hus ToHKMX vactul. ITosxe Tatsuoka et al. (1980) npeanoxun Gonee 06-
LEe COOTHOLIEHHE, B KOTOPOM YUMTBIBAJIOCH BIUSHHE Pa3Mepa YaCTHIL:

Oy 0,35

| = 0,0676,/N, +0,225log,,
0

20 50

2ns 0,04 mm < Dsg < 0,6 M,

(12.15)

Su | 2 0,0676,/N, +0,05 115 0,6 MM < Dsy < 1,5 M,

’
0 /20

rae Dsg — cpeanuil AMaMeTp 4acTHLbL, MM.

®opmyna (12.15) BkarodeHa B HOpMBI 110 TIPOEKTHPOBAHUIO MOCTOB B
Smonnu. Lluknuyeckas npoYHOCTD, HOTYYSHHAS MO JaHHOH (opMyne ams
necka ¢ yactuuamu pasmepom 0,15 n 0,35 mym, npencraerieda Ha puc. 12.2.
Kak crenyer n3 (12.14), 3aBucumocts (12.15) ocHOBaHa Ha AMHEHHOM CO-
OTHOLICHWH MEXy LMKJINYECKOH IPOYHOCTBIO, ONpPEEICHHOMH B J1abopa-
TOPHBIX YCNOBHMSX, U OTHOCUTEIBHOH IUIOTHOCTHIO D,. ClemoBaTeiabHO,
ypaBHeHue (12.15) MOXKHO NPUMEHATH TOJIBKO NMPH OTHOCHTEIBHON ILIOT-
HoCcTH MeHble 70%, Korga UMKIMYECKas IPOYHOCTh TMHEHHO 3aBHCHT OT
OTHOCHTENLHOW MIOTHOCTH (cM. puc. 10.10). YpaBHenue (12.15) cnpasea-
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JIUBO TIpH Koan4decTBe yAapoB B SPT-ucneitanmsx N < 20,

AHaNlOTH4HOE COOTHOLIEHHE [UIA YUCTBIX NMECKOB MOny4YeHo B pabore
Koxymio (Kokusho et al,, 1983 a, b). [IpeanoxeHHoe ¥M COOTHOLICHHE
TaKXKe NPOHJUTIOCTPHPOBAHO Ha pHc. 12.2.

U3 puc. 12.2 Buano, 4TO ABa THNA 3aBHCMMOCTEH, IPUBEACHHbIX BbIllE
(Ha OCHOBE TMOJIEBBIX M Na0OPATOPHBIX HUCTBITAHUI), BRIPaXKAIOT OTHOLIE-
HUS OJHHAKOBOTQ XapakTepa MexAy 3HadyeHHeM N, H CONpOTHBIICHHEM
HeCcUaHBIX 'PYHTOB Pa3kWKeHHI0. Bece kpuBhie Ha puc. 12.2 UMEIOT npH-
MEPHO OIMHAKOBYIO TEHACHLHIO, OTpaXkas 3aBUCHUMOCTb LHKIMYECKOH
npoYHOCTH OT 3HaueHus N; u3 SPT-ucneitanuid. B aeiicTBuTensHOCTH, BCe
KPHBBIE TAIOT NPUONH3UTENBLHO OIMHAKOBOE COOTHOLICHHE B JHana3oHe N,
ot 15 no 20. Ognaxo myis Goiee IIOTHBIX TPYHTOB (rpH N| > 25) 3HaueHHS
LUHKJIMYECKON MPOYHOCTH, MONy4eHHBIE M0 GOpMylle SMOHCKMX HOPM,
MeHbIIe (PaKTHIECKHX, MO3TOMY PEKOMEHAYETCS HCMOJB30BaThL JpYyrue
KpHBbIe. J{ns peixJbIx neckoB ¢ BennyuHon N < 15 Habniogaercs HEKOTO-
pblit pa3bpoc 3Ha4YEHU I NPOTHO3UPYEMOH LIMKAMYECKOH NPOYHOCTH.

12.3. BiusinHe TOHKMX YACTHI] HA IMKJIHYECKYI0 IPOYHOCTh

B GonpuIMHCTBE OMHCaHHBIX COOTHOLUEHWH BJIHSHME TOHKHX YaCTHLl
YYUTHIBAETCH TaK, 4TO PH OJHHAKOBOH LMKIMYECKOH IPOYHOCTH IPYHTOB,
CONPOTHUBJIEHHE MEHETPALMH YMEHBIIAETCS C YBEIHYEHHEM KOJIMYECTBa
TOHKHX 4acTHll. DaKTUYECKH NPH OJMHAKOBOM CONPOTHBICHHUH [EHETPa~
1uH HabMroAAeTCA POCT UKITHIECKOR MPOYHOCTH TPYHTOB 110 MEPE YBEH-
YEeHHUS COAeP)KaHUA TOHKUX dacTull (puc. 12.5). Dta TeHaeHUMS YUUTHIBA-
ercd ¢ [OMOIUBIO MAapaMeTpa, CBA3aHHOTO € MPOCEMBAaHMEM TIpyHTa (Ha-
OpUMEp, COAEPKAHHUE TOHKHX YacTULL I, WK cpearuit aAnametp Dsp).

Kaxxnas kpueas, uzobpakennas Ha puc. 12.1, no mepe yBenuueHus co-
JIEpXKaHHA MENKHX YaCTHL] CMEIIAETCA BJIEBO NPUOIH3UTENBHO Napaieb-
HO cocenei. CneaoBaTeibHO, MOYKHO OTIPENENUTh BENWYHHY 3TOrO CMe-
meHus AN, xak (GyHKLHMIO COAEep:KaHHS TOHKHX 4acTul (cM. puc. 12.5).
3uaueHue AN, HHTepnpeTMpyeTCﬂ KaK yMEHbIUIEHHUE 3HaueHus N, 1d Mbl-
JIEBATBIX I1€CKOB, YTOOBI MONYYUTh TAKYIO K€ LMKIHYECKYIO NMPOYHOCTb,
KaK 4 JUId 4YKCTOro riecka. lIpeAmonoskuM, 4To LMKIHYecKas MpPOYHOCTH
YHCTHIX MECKOB JaHa pyHkuuer f (N1,0), Toraa npupaiienne AN, onpene-
nsgercs Kak

SN, =AN,, F) = f(N,,0). (12.16)
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Ilpupamenue 3Hayenus N -3Hadenne AN,

10

Iuxraeckas WM ocTaTouHas NpOYHOCTS AN}, FL)

YucThiii necok

f(N1,0)

TN

Mecok ¢ Menkumu
4aCTHLAMH

f(N1,Fc)

|
o
l-—-ANt ——ol

Bl D|

N, - AN, N,

Puc. 12.5. Onpenenenue npupatieHus sna4seRus N,
C Y4ETOM BJIMAHUA MENKHX aCTHIL
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Puc. 12.6. Ilpupamenne 3nauenus AN,
B 3aBHCHMOCTH OT COAECPaHHA TOHKHX YacTHIl
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[loacTapmsist 3T0 ycIoBue B IMIOHUPUUECKOE COOTHOIEHHE Trna (12.14),
TIOJIyYHM BeIpakeHue 11a AN,. 3HadueHue AN, MOXXHO OINpeneauTh Hero-
CPEACTBEHHO W3 CeMEHCTBa KPHBEIX (CM., Hampumep, puc. 12.1), nocrpo-
€HHBIX C YYETOM Pa3HOro CONEp)KaHMs TOHKHX yactull. [Ipupaienue AN,
nosny4yeHHoe TakuMm obpasoMm (Seed and De Alba, 1986), o6o3HaueHo Ha
puc. 12.6 4yepHpIMH KpyXKaMmu. KpHBYO, IOCTPOCHHYIO I10 3THM TOYKaM,
MOYKHO MCIIONB30BaTh B NPAKTHYECKMX LieisX. Takoil ke METOA MOXHO
MPUMEHUTE AJIA TIOJIYHEHUS TpupaileHus AN, CBS3aHHOTO C OCTaTOYHOH
npoyHOCTHIO. B 3TOM cityuae AN, o3HauaeT pocT N Iisl necka, coaepxka-
11ero TOHKHE YaCTHIbI, OCTaTOYHAs IPOYHOCTb KOTOPOro AOKHA ObiTh
TAKOM ke, KaK y YHCTOro mnecka. Het HeoOX0MUMOCTH TOBOPHTBL, YTO MPH-
palleHue, CBA3aHHOE C HUKJIMYECKOH NMPO4HOCTBIO, OTJIM4AeTcA OT AN,
CBA3aHHOTO C OCTaTOYHOH MPOYHOCTBIO. Il0 3HAUEHMSM, MPeIOKEHHBIM
Cunom u Xapaepom (Seed u Harder, 1990), 6bu1a moctpoeHa kpuBasi ocTa-
TOYHOW ApoYHOCTH (CM. puc. 12.6), UCHONB30BaHUE KOTOpOil Oyjer pac-
cMOTpeHO Huke. [lomyyeHHbIE TeM K€ crnocoOOM KpUBbIE NpHpaLIeHHs
Ag. (puc. 12.7) MoTyT OBITH UCNIOB30BAHB! AJ1 OLEHKH LIMKJIMYECKOH UK
0CTaTOYHOW TIpoyHOCTH 1o AaHHBIM CPT-ucnbiTanui in situ.

Ty T T T T | T T T 1

50r »: Seed-De Alba 7
L (1986) ] ]

40 ~
- . 4
Ha ocHoBe UHKIHYECKOU
[POYHOCTH
3()[' ____\ 4
- ]
Ha ocHoBe ocTatouHo#H
20+ HPOYHOCTH .

10

Tpupamenne 3Ha4eHuA 44 - AQq

\ Ishihara et al. ]
1991 ]
0
IWREA! [ ] | ] ] ] ] I ]
0 10 20 30 40 50

Conepxanue mMenkux yactuin F., %

Puc. 12.7. llpupaiuenue Aq,, kak HyHKUUS COAePHaHUA TOHKUX YaCTHIL

B ocHOBe MNPUBCACHHOI0 METOAa KOPPEKIHUH JICKHUT IIPEATIONOKEHUE O
TOM, YTO AJA Y4€Ta BAMIHWA TOHKHUX YaCTHL HCO6XOIH/IMO 3HAaTh HUX CO-
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JaepkaHue M cpelHuil auamerp. OIHAKO TIpaHYJOMETPHYECKHH cocCTaB
IPYHTOB MOXET ObITb HE €IMHCTBEHHbIM (AKTOPOM, BIMHIOIIUM HA IHK-
JIMYECKYIO MTPOYHOCTh. YHCIO NIACTHYHOCTH MEJIKUX YacTHIl SBJsieTcs (u-
3uyecku Gojiee BaXXHBIM NapaMeTpoOM, BIUAIOMIUM Ha MPOYHOCTH, MOOHIIH-
30BaHHYIO TIPH UMKJINYECKOH Harpy3ke. IIpu ydeTe 3TOro BIMAHHA B 3aBU-
CHMOCTH HHUKJIHNYECKOH NMPOYHOCTH OT CONPOTHBIIEHHS NEHETPALUH HEO0O-
XOLUMO ONpeEeNHTh, KaK IJIACTUIHOCTh TOHKHX YaCTHUL] BIUAET Ha COTPO-
THUBNEHHE neHeTpaurd. ONHAKO 3KCIEPUMEHTAIbHBIE NaHHbIE MO 3TOMY
BOIPOCY OTCYTCTBY!OT.

TToatomy B HacToflIee BpeMs €IHHCTBEHHO BO3MOXKHEIA BBIXOJ COCTO-
UT B TOM, YTOObl CHayana C NMOMOLIBK) PAaCCMOTPEHHBIX BBIIE METOIOB
OLEHUTh LUMKIWYECKYI0 NPOYHOCTH IPyHTA in situ, rae BAUSHHE TOHKHX
4aCTHL YYHTBIBAETCA HUCXOHs M3 IIOKa3aTeseil NPOCEHUBAaHHMSA, a 3aTEM MO-
AuUUUpOBaTL €€ B COOTBETCTBUM C OTHOLICHHEM, MPHBEJEHHBIM Ha
puc. 10.15. Tlpn vcnonp3oBaHWM 3TOrO OTHOLIEHUS Leeco0Opa3sHO HOp-
MaJIM30BaTh LHMKIMYECKYIO MPOYHOCTh IPyHTA 000N IUIACTUYHOCTH M0
OTHOLICHHUIO K UMKJIHYECKOH MPOYHOCTH NPH HEBBICOKOM YHUCIIE TIACTHY-
Hoctu (MeHbwwe 10). Kpusas, MmoguduumupoBaHHas Takum o0pasoM, H30-
OpaxxeHa Ha puc. 12.8. C y4eToM U3N0KEHHOTO ONpee/eHHe IIUKIHYECKOH
NPOYHOCTH TPYHTA CBOAMTCS K CIEOYIONIEMY:

1. Ilpu nomow SPT- u CPT-ucnpiTanuii MONYyYalOT COMPOTHBIICHHE
MIEHETPALMH N| MIH ¢, ONPENEIA0T CONEPHKAHUE TOHKUX YACTHIl F, HIIH
cpelHUH nauametp dacTHi Dso IS pacCMaTpUBAEMBIX TPYHTOB Ha pPasHBIX
riyOuHax Ha nanHo# nnomazke. [Ipy HEOGXOAMMOCTH ONPENEsIOT YHCIO
NJIACTUYHOCTH PaKiMK TOHKWX YaCTHIL.

2. lluknuyeckyto MPOYHOCTb YUCTBIX MECKOB C COAEP)KAHUEM MEIKHUX
yacTyl MeHblle 5% onpenenstoT no rpadukam (cm. puc. 12.2, 12.3). Ecau
CO/IEPXKAaHUE TOHKMX YaCTUL B PacCMaTPHUBAEMOM TPYHTE OpeBbliinaeT 5%,
TO U3MEPEHHOE 3HaueHue N, HIH g, CIAEeAYeT YBEIHUYHUThL C HCTONB30BAHU-
eM rpaduka Ha puc. 12.6 u 12.7. 3atem no rpacduxam (cm. puc. 12.2, 12.3)
ONpPEeJENAOT LUKIMYECKYIO IPOYHOCTh. ECIM YMCIO NNacTUYHOCTH /, TOH-
KuX yactuy Oosslie 10, TO HHKIHYECKYIO IIPOYHOCTH KOPPEKTUPYIOT C II0-
Mompko puc. 12.8. OmbIT NOKa3bIBaCT, YTO YUCAO MNACTUYHOCTH OOJBLIMH-
CTBA NECYAHbIX IPYHTOB U3 AIIIOBUAJIBHBIX 3aJIeXeH MM HCKYCCTBEHHBIX
Hacelniell MeHpme 15. CrnenoBaTenbHO, KOPPEKIMS JIHIIL HE3HAYUTEIBHO
U3MEHSET 3HaYCHUE LUKINYECKON IPOYHOCTH.
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Puc. 12.8. Moaudnkauus unkin4eckoi npouHOCTH
C Y4ETOM UYMCia MIaCTHYHOCTH

12.4. CooTHoweHMs1 AJisi TPABEAUCTLIX [PYHTOB

OnHa u3 npobneM, BO3HUKAIOLIMX TMPH HCMBITAHUAX HA 30HAMpOBaHHE
I'paBeINCTBIX TPYHTOB, CBA3aHA C TEM, YTO COMPOTHBIIEHHE 30HAHPOBAHUIO
CHJIBHO 3aBHCHMT OT TPaHyJIOMETpPHYECKOro coctaBa. Jlpyras TpyaHOCTb
3aKJI04aeTCd B TOM, 4TO DPa3Mep OOBIUHBIX MCIBITATENbHLIX 30HIOB U
CTAHOAPTHAS 3HEPrUsl MOTPYKEHHUs 30HAA HEJOCTATOUHBI AJIS OLEHKH Bbl-
COKOT'O NMEHETPAlMOHHOTO CONPOTHBIIEHHs rpaBeNucTbiXx rpyHTOB. [loaTo-
MY CTaHIAPTHBIM METOX MCIBITAHUS MOKET HE AaBaTh HAJEKHBIX PE3ylib-
TaTOB B I'PYHTAX € JIOKaJIBHOH KOHUEHTpaLHMeH KpynHbIX yactuu. [ins pe-
IIEHHSA 3THX MpobieM MCMONb3YIOT Pa3iIWYHbIE CrEUMalbHbIE IWHAMUYE-
CKHE TEHETPAIMOHHBIE HCMBITAHUA, B YACTHOCTH, MCHbITAHUE 30HAOM
Oonplioro AuamMeTpa M UcHbiTaHve Ha OypeHue Bekkepa. ConocrasieHune
3THX HOBBIX METOAOB 30HAHpoBaHus ¢ SPT npuseaexo B tabn. 12.2.

HcnviTanne Ha 6ypenue Bexkepa (Becker drill test, BDT) ¢ ucnonb3o-
BaHueM monorta bekkepa paspaborano B Kaname. Xapaep u Cun (Harder u
Seed, 1986) mpoBenn ucciaenoBaHus TOMO METOAA, CTAHIAPTH3MPOBAIU
€ro U CPaBHIIM IOJYHEHHBIEC PE3yNbTAaThl ¢ KOJIMYECTBOM yaapoB B SPT-
HCTIBITAaHUAX. METOI NPUMEHAH TAKXe IPH H3YYEHHUH Pa3KHKEHHUS IPYH-
Ta MO BpeMs 3emierpsaceHus B ropax «Borah peak» (Andrus & Youd,
1987).
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Tabauya 12.2
CpaBHeHHe MeTOJ0B IHHAMHYECKOT0 30HAHPOBAHHA
H MCHBbITaTebHOro o6opynosanns (Tokimatsu, 1988)

[MenerpatonHoe "
MeToa HcnbITaHuSA CrannapTHoe 30411po- HCTIITAHHE 30HIAOM Byposoi monor
BaHHe SPT Bexkepa
Gonboro AnaMeTpa
Meron norpykeHus Bec masjatotiero rpysa Bec nanatouero rpysa JuzenbHblii MOIOT
Bec 63,5 kr 100 kr
BoicoTa nageHus 76,4 cm 150 cm
SHeprus yjaapa 48,5 krm 150 xrm 35...664 krm
ny6una norpyxeHus 30 cm 30 cMm 30 cm
Buewnnii anametp 5,1 cm 73 m 16,8 cm
roiioBkH Oypa
Buytpennuii iuamerp 35cm 5,0m 3aMKHYTHIiH
ronoBku 6ypa

Jpyras MeToauka — MEeHETPALHOHHOE HCIBITAHUE 30HIOM OONBIIOro
aunamerpa (LPT), npennoxennas Kaiito (Kaito et al., 1971), mmpoko npu-
MeHsieTcs B SIMOHUM ONHOBPEMEHHO C OLIGHKOI BEPOATHOIO PadKHMEHHUS
rpaBUIfHBIX T'PYHTOB.

Mowmna (Yoshida et al., 1988) nposen naGopaTopHble U MOJEBbIE HC-
nbiTaHus ¢ ucnoab3oBanueM SPT u LPT o0opynoBanus Ha rpaBelHCTBIX
rpyHTax € pa3iM4HbIM TrpaHyJIOMETPUUECKHMM cocTaBoM. B mponecce uc-
NBITAHHI ONpENEnSIN COOTHOMIEHHUS MEXIy KOJH4YEeCTBOM yjapoB B SPT-
UCNBbITAHUAX TPaBENHCTLIX FPYHTOB N, KOiIU4ecTBOM yAapoB B LPT N, u
TaKUMU [1apaMeTpaMu TPYHTA, KaK IJIOTHOCTb U CKOPOCTh PACHpOCTpaHe-
HUs cABUTOBOH BONHBL. O6061WMB 311 M Apyrue gaHHble, TokuMmarcy (To-
kimatsu, 1988) mokazan, 4ro oTHoleHHue N,/N| CHIBHO 3aBUCUT OT CpeaHe-
ro pasmepa 4actiu rpaBMs (puc. 12.9). 3HaueHHs NMEHETPALMOHHOIO CO-
npotussieHuss B SPT-ucnbiTanuax Beiwie, yeM B LPT-ucneitanusx, uto,
BHMMO, BLI3BAHO HalM4YWeM yactul Gosbuioro pasmepa. Mcxons w3 3toro
Tokumarcy (Tokimatsu, 1988) mpemnoxun ko3 PUIHEHTB KOppeTsiLuu
Cse 1 Cip nnst KonudecTBa yaapoB N, u Ny (puc. 12.10). TlonyuyeHHeie 3Ha-
YeHUsI MOXKHO MCHOML30BAThH AJS Npeo0pa3oBaHUsl U3MEPEHHOrO KOJHYe-
cTBa ynapoB (N, win N;) B konudecTBo yaapos N B SPT-ucnelTanusx nec-
koB. Llens mpeo6pa3oBaHuil 3aKTroyasiaCh B yCTPAaHEHHH BIUSHUS pa3Mepa
YaCcTHI Ha COMPOTHBICHUE PaKHKEHUIO.
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Puc. 12.10. KoadduuueHT koppensiuy cOnpoTUBICHUS
neHerpauuu rpaBenuctbix rpyHToB (Tokimatsu, 1988)

C y4eToM pe3ysibTaToB HEAPEHHUPOBAHHBIX TPEXOCHBIX UCIBITAHHUN 00-
pa3iioB, OTOOPAaHHBIX METO/OM 3aMOPaXUBaHMS, U IOKA3ATEIEH IEHETpa-
1mu Ny uinn Ny, B HAacTOsIILEe BPeMs YCTAHABIHMBAETCS COOTHOLIEHHE MEXIY
MeHETPALIMOHHBIM CONPOTHBICHHEM M HEJAPEHHPOBAHHON LIUKIUYECKOH
MPOYHOCTBIO in Situ /IS TPaBENMCTLIX TPYHTOB. DTO COOTHOLIEHHE TIOXOXKE
Ha rpad)MKH, MOCTPOEHHBIC JUIsl OLICHKH BEPOSATHOTO Pa3KHKEHMs INecua-
HbIX rpyHTOB. Ha puc. 12.11 u300paxkeHo TUITHYHOE COOTHOLIEHUE MEXIY
HeJIPEHUPOBAHHON HMKIUYECKON MPOYHOCTHIO M 3HAUEHHEM V), MOJIyUYeH-
HbIM JIJISl pa3jIM4YHBIX PaBEIMCTBIX I'PpyHTOB. Ha pucyHke mpeacTaBiieHb!
TaKKe AaHHble VommMu (Yoshimi et al.,1984), oCHOBaHHBIE UCIBITAHUIX
3aMOPOKEHHOTO TPYHTA, W JaHHbIE, TIOJNYYEHHBIE B PE3YJIbTaTe UCIIBITAHHH
BoccTaHoBIeHHBIX 00pasor (Kokusho et al., 1985). Hecmotpa Ha orpauu-
YEHHOE KOJIMYECTBO TOJNYYEHHBIX JAAHHBIX M HUX pa30poc, OYEBHIHO, YTO
MpH OJMHAKOBHEIX 3Ha4e€HHUAX N| MPOYHOCTb PABEIUCTOro rpyHra, Gesyc-
NOBHO, MEHBIIIE IPOYHOCTH TIECHAHOTO.
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Puc. 12.11. 3aBUCHMOCTb LMKIHYECKOH NPOHHOCTH
FPaBeUCTBIX FPYHTOB OT 3HadeHus N, u3 SPT no pesynsraTam
UCMbITaHHi 06palLOB C HEHAPYILEHHON CTPYKTYpPOH
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Ha puc. 12.12 n300paskeHO Takoe e COOTHOLUEHUE MEXOY HEApeHHU-
POBAaHHOH TNPOYHOCTHI0 M HOPMATM30BaHHBIMU 3HAYEHUSAMH KOJIMYECTBA
yaapoB (N;); Juis NeHETPANMOHHOTO MCIBITAHUA 30HAOM OOJBLIOro Jua-
merpa (LPT) npu BeprukanbHoMm 3(QQeKTHBHOM TPUPOJHOM NaBIECHHH
rpyHra B | Kr/cM’. IIpu orcyrcTBuM naHusix LPT nmposoaunu npeo6paso-
BaHHeE 3HaueHuil N u3 SPT-ucoeiTaHuil Ha OCHOBE SMIMPUIECKHX OTHOLIE-
Huii. Pe3ynerarel, noayucHHble npu LPT-UCHBITAaHHAX HA pa3jinyHBIX BH-
Jax TpaBHs M HecKax, Jy4Ile COTJIacCyITcA MEXAY CoO0l, YeM pe3ynbTaThl
SPT-ucnpiTaHui. 310 MOXET O3Ha4aTh, YTO KOJAMYECTBO ynapos B LPT-
UCIIBITAHUAX N, MeHee UyBCTBHUTEJIBHO K YBEJIMUEHHMIO pa3Mepa 4acTull,
yem 3HaueHue N B SPT, u, cnegosarennbHo, O0JIbIIE NOAXOANT A/ OLIEHKH
NEHETPALIMOHHOTO COMPOTHUBIIEHHUA T'PABEJIUCTBIX TPYHTOB,
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Puc. 12.12. 3aBuCUMOCTb UKITMYECKOIT TPOYHOCTH OT BETHUYHHBI
LPT (N)1 Ansi rpaBeTHCTBIX TPYHTOB 10 PE3Y/IbTaTaM MCHIbITAHHH
o0pa3LoB C HeHapylWEHHOH CTPYKTYpOH
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B npanpHeiimem Tokumarcy (Tokimatsu, 1988) mokasan, Kak MOXHO
HOJYYHTh 3HaYeHHe N Ul TPaBENUCThIX TPYHTOB, HE 3aBUCAIIEE OT BIIMsA-
HAS pa3Mepa 3€peH, C MOMOIIBIO OTHOINEHMS, H300paKEHHOro Ha
puc. 12.10. Ecnn Takyw ke mpouesypy NMPOBECTH A7is TpaBus (CM. pHC.
12.11), To pasHuIa Mexay pe3y/lbTaTaMH, MMOJYy4EeHHBIMH Ul NECKOB M
rpaBUeB, CYIIECTBEHHO yMeHbIIMTCA. CrienoBaTeNibHO, 1 IECKOB U Irpa-
BMEB MOXXHO NPUMEHATH (haKTHIECKH OJJHHAKOBLIE COOTHOLICHHUS.
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Puc. 12.13. 3aBHCHMOCTb OTHOCHTEIbHBIX HUKIIMYECKHX HApshkeHU# oT (V)0
B SPT ju1g rpaBUiiHbIX [PYHTOB (10 PE3yIbTATaM AHANIA3A CIIyYaeB Pa3KIKEeHNs
rpyHToB) (Andrus & Youd, 1989): FC — conepxaHue MENKUX YacTHL

Iopo6uele cooTHOUIeHHs ObinK nonyyeHsl B CLLIA npu usydeHun pas-
KWKEHHS TPaBENMCTOrO TpyHTa B pe3yibTaTe 3emieTpsiceHus «Borah
Peak» B 1984 r. (Andrus & Youd, 1989). Ha puc. 12.13 u3o6paxen rpagmk
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3aBUCHUMOCTH OTHOCHTEJIBHOI'O LIMKJIHYECKOTO HAIMPSIKEHHS T,/ O, OT MO-
AM(PULMPOBAHHOTO CONIPOTHBIICHUS neHeTpaunu (N))s. B n1annom npume-
pe mo pe3yabTaTaM TIHATENBHBIX [OJEBBIX WCCIACAOBAHMI HA MJOILAIKaX
Whiskey Springs u Pence Ranch otoxkenus C u C; 0THECEHBI K BBICOKO-
YYBCTBUTE/ILHEIM K paskmxennto. OTioxeHue D xapakTepu3yeTcsi HU3KOMH
BEPOATHOCTBIO PazKUXKEHUs IpyHTa Ha 00ewx miomankax. B cooreerct-
BUH C OTMEYEHHBIMH PA3IHYHAMH MOXKHO TMPE/IIONIONKHTh CYUIECTBOBAHUE
NOTrpaHMUYHON KpUBOH (MMyHKTHP Ha puc. 12.13). Dra kpuBas, pasaensgiomas
Pa3KMKAEMBIN U HEPA3KUIKAEMBIH TPYHTBI, IOCTPOCHA C YYETOM BJIMSHUS
TOHKHX YacTHIl, COACP)KAHUE KOTOPBIX COCTaBiseT Ha niowanke Whiskey
Springs ~20%, a na Pence Ranch — ~2%. ConocraBus 3Ty KpuBYIO, COOT-
BETCTBYIOLLLY IO 3€MIIETPICEHHIO M =7,3, ¢ KPUBBIMH, NpeaToKeHHbIMU CH-
noMm (Seed et al., 1985) nna nbuIeBaTsIX NECKOB MPU 3eMieTpiceHun M =
=7,5, MOJKHO TpPEeNNOIOKHUTb, YTO COMPOTUBIEHHE [PABUA PAIKHIKEHHIO
BBIILIE, UEM Yy TIECKA.

TaxuM 06pa3oM, Cys IO Pe3yJIbTaTaM MCILITAHHI 3aMOPOXKEHHBIX 00-
Pa3slUoB rpyHTa ¢ HEHAPYLWIEHHOH CTPYKTYPOH, a TaKkxkKe UCCNelOBaHUi cily-
YacB PA3KIKEHUS, HEIPEHWPOBaHHAf LHUKJIHYECKas MPOYHOCTh TpaBesiu-
CTBIX IPYHTOB MPHONM3UTENBHO PaBHA HITH OOJIbLIE, YEM Y IECKOB.
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13
AHAJIN3 NPOLIECCA PA3XKM)XEHUA

BennuMHy HUKITHYECKOro KACATENBLHOrO HAINpXKEHHs B 1000 TOdke
1o rOPH30HTAILHOM MOBEPXHOCTBIO IPYHTA BO BPEMs 3€MIIETPACEHHS NIPH
NoAX0Ae CHU3Y CABMIOBOH BOJHBI MOXHO ONPENE/IUTH C MOMOIIBIO J1OCTa-
TOYHO HPOCTOro Merona, npemioxennoro Cuaom n Unpuccom (Seed &
Idriss, 1971). Ecin npeAnosnoxuTh, 4T0 KOJOHHA IPyHTa NepeMelactcs
FOPH30HTANIBHO 10 BCeit MTyOHHE z (CM. pHC. 2.4), @ diax IPUHATE 32 IHKO-
BOE 3HAYEHHE TOPH3OHTANLHOIO YCKOPEHHS Ha NOBEPXHOCTH TPYHTA, TO
MaKCUMaJIbHOE KacaTedbHOE HANPIKEHHUE Tmax, ACHCTBYIOINEE HA OCHOBA-
HU€ CPYHTOBOMH KONOHHBI, Oyaer

— Dinax
Tmax

“Fat Vet Z, 13.1)

rae y, — YAenbHbIH BeC 'pyHTa; g — YCKOPEHUE CBOOOLHOTO MANEHHUS; ¥y —
K03 PULUHEHT yMEHBIUCHHS HaNpsHKeHUH, Jomyckaromuil aedopmupye-
MOCTb IPYHTOBOM KOJIOHHBI, BEJINYHHA KOTOPOTO MEHBILE €IUHHUIIBI.

Cup u Unpucce (Seed & Idriss, 1971) npeacraBuiy 3Ha4€HHUeE 7y B Ipa-
¢duueckoii hopme, MBacaku (Iwasaki et al, 1978) pekoMeHa0BasI HCIIOB30-~
BaTh IMIHpuyeckyw dopmyiy (13.1), rae z usmepsierca B Metpax. Pasne-
nuB Kaxayo 4acthb (13.1) Ha ¢ dexTrBHOE BEPTUKAIBHOE HAIPSHKEHHE Gy,
NOJIy4UM MOAU(PHUIMPOBAHHYIO GOPMYITy

(&)
tmax ___amax g v (132)

7
g g G,
Tle G, = Y,Z — MOJIHOE BEPTHKAILHOE HaNpKEHHUE.

YpaBuenue (13.2) wWHpoko Ucnoab3yeTcs A OnpelesieHus BENHYHHB
KacaTeNbHOro HanpsHkeHUs, BO3HMKAIOILETO B 3/IEMEHTE IPYHTa BO BpeMs
semneTpacenus. OnHuM u3 npeumymects (13.1) asisercs To, yTo Ak O~
peleeHHs] KacaTenbHOTO HAMpPSKEHHS, BBI3BAHHOTO CEHCMHYECKOH Ha-
TPY3KOH, IefCTBYIOIIEH B TOPH3OHTAIBHOH IUIOCKOCTH B TONILE TPYHTA,
MOXKHO MPUMEHATH GONbLIOH 00beM HAKOIUIEHHOH MHGOPMAlHH O rOpH-
30HTATHPHOM YCKOPEHHH, 3aQHKCHPOBAHHOM Ha MOBEPXHOCTH IPYHTA.

AHanmn3 npouecca padkKUKEHHS MOXKET OCYILECTBIATBCA MyTEM CpaB-
HEHHS KacaTebHOr0 HaNps)KEHHs, BLI3BAHHOTO CEHCMHUYECKOH Harpy3ko#,
M KacaTeNbHOro HanmpsKeHHs, HeoOX0AHMOro Ui Havana pa3KHKEHHS
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FPYHTa, WK YPOBHS aMILUIMTYAbl Ke()OpMALMU CABUIA, KOTOPBIH cUUTaeTCs
HEMPUEMJIEMbIM 111 POeKTUpOBaHUA. OOBIYHO KPUTEPUEM OTpEICIEeHHS
UMKJIKYECKON MPOYHOCTH SBIAETCS BO3HHUKHOBeHHE 5%-HOH OceBOU ne-
dbopMauMi JBOHHOW aMIUINTY b, @ TAKXKE YBEIUYCHHE JAABJIEHUs NIOPOBOH
BoaBl 40 100%, kak onucaHo Bbiwe. Mcnose3ys ypaBHeHue (13.2), MoxHO
BBIYKCNHUTD MIPUIOKEHHOE LIHKITMYECKOe HarpsKeHKe, a MPOYHOCTh IPyHTa
MOKET OBITh OfpeeNieHa JFOOBIM U3 METOI0B, OMUCAHHBIX B NPEAbILYLINX
pasnenax. Ecny BBIpa3zuTh OTHOCHTENBHYIO BEJIMUHMHY MNPUKIAAbIBAEMbBIX
HAIPSKCHUH Yepe3 OTHOCHUTEILHOE 3KBUBAJICHTHOE HaNpsKeHne T,/6"y, TO
COOTBETCTBYIOIIYIO MPOYHOCTb HEOOXOAWMO NPENCTABUTH 4epe3 OTHOCH-
TeJIbHOE YKBUBAJIICHTHOE HAINPSHKEHUE T,,)/0'y (cM. ypaBHenue (12.1), Ilo-
ITOMY MOTEHIMATBHOE Pa3KHIKEHHE CIOs NeCKa OLEHUBAETCs yepe3 Koag-
(puLMeHT 3amaca F

t /o 1.0
max, ¢ v . Cavt v

E = T = P (13.3)
rma,\‘ GV TZIV GV

OTMETHM, 4TO TPH HKCNOJIB30BAHUH OTHOCHTEJbHBIX MAKCHUMaJIbHbIX
HAN DKBUBAJIEHTHBIX HaNpsDKEHHH KO3 QUUMEHT 3araca OCTaeTCH HEeW3-
mMeHHbIM. Ecii ko3t duuuenT 3anaca MeHbLIE UM PABEH €AWHHLIE, TPOUC-
XOAMT Pa3KHKEHUE, B OCTAJIbHBIX CIY4asX OHO OTCYTCTBYET.

[IpuBeneM HECKOIBKO CyYaeB W3 MPAKTUKH CTPOWUTENLCTBA, OMUCHI-
BAIOIIUX OPUMECHUMOCTh M3JIOXKEHHOH METOAHMKH OLEHKHM padkuxeHus. 16
uioHs 1964 r. B npedexrype Hunrara B SnoHuu npor3oLIIO CUIbHEILEe
3eMJICTpsICeHHE, HAaHECIIee 3HAUYNTEIIbHBIH yIepO rOpoACKHM NOCTPOHKaM.
B paiione pek llIlnHanO U AraHo, rae IWHPOKO PacnpoCTPaHEHbl NIECHaHbIE
IPYHTHI,