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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
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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.
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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
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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-
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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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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
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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
- X TN

NNV VA A

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-
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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.
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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.
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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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T
t AG“ e
Tola _/YtYay Tal-oe——_ A— o L]
zq—f( 2 ) ¢ i D=
f
]
' CkeneTHas
KpuBas
~Ya 0 ;
: Ya Y Y
i N
E T= (Y W
! 1-Ta. =Y
L ey m -

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)
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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)

”



52 ONUCAHUE HAMNPSOKEHHO-JE®@OPMHUPOBAHHOT'O COCTOAHUSA T'PYHTA

AHaJoruiHoe pacCyXKaCHUC BCPHO U 1 SKCIOHEHUHAITLHOM MOJIETH.
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Kosdumuent nemnduposanus D, %
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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-
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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

(LS 4L b8l L L L L L LL LS L L LI LLEL LI LLLLLL L LLL L

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
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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.

CrMcok JnTepaTyphbl

De Alba, P. and Baldwin, K.C. (1991). Use of bender elements in soil dynam-
ics experiments. Recent Advances in Instrumentation, Data Acquistion and Test-
ing in Soil Dynamics, Geotechnical Special Publication No. 29, ASCE, pp. 86-
101.

CITMCOK JIMTEPATYPbI 77

Drnevich, V.P. (1972). Undrained cyclic shear of saturated sand. Journal of
Soil Mechanics and Foundations Division, ASCE, 98, SMS, pp. 807-25.

Dyvik, R. and Madshus, C. (1985). Lab measurements of Gmax using bender
clements. Proceedings ASCE Annual Convention, Advances in the Art of Testing
Soils under Cyclic Conditions, Detroit, pp. 186-96.

Goto, S., Tatsuoka, F., Shibuya, S., Kim, Y.S., and Sato, T. (1991). A simple
gauge for local small strain measurements in the laboratory. Soils and Foundations
(D), pp. 169-80.

Hall, JR. and Richart, F.E. (1963). Dissipation of elastic wave energy in
granular soils. Journal of Soil Mechanics and Foundations Division, ASCE, 89,
SM6, pp. 27-56.

Hardin, B.O. (1965). The nature of damping in sands. Journal of Soil Mechan-
ics and Foundations Division, ASCE, 91, SMI, pp. 63-97.

Ishihara, K. and Yamazaki, F. (1980). Cyclic simple shear tests on saturated
sand in multidirectional loading. Soils and Foundations, 20 (1), pp. 45-59.

Ishihara, K. and Towhata, 1. (1983). Sand response to cyclic rotation of princi-
pal stress directions as induced by wave loads. Soils and Foundations, 23(4), pp.
11-26.

Kokusho, T. (1980). Cyclic triaxial test of dynamic soil properties for wide
strain range. Soils and Foundations, 20(2), pp. 45-60.

Kuribayashi, E., Iwasaki, T., Tatsuoka, F., and Horiuchi, S. (1974). Dynamic
deformation characteristics of soils—measurements by the resonant column test
device. Report of the Public Works Research Institute, Japan, No. 912 (in Japa-
nese).

Richart, F.E., Hall, J.R., and Woods, R.D. (1970). Vibration of soils and foun-
dations. Prentice Hall.

Shannon, W.L., Yamane, G., and Dietrich, R.J. (1959). Dynamic triaxial tests
on sand. Proceedings of the st Panamerican Conference on Soil Mechanics and
Foundation Engineering, Mexico City, Vol. 1, pp. 473-86.

Tatsuoka, F. and Shibuya, S. (1991). Deformation characteristics of soils and
rocks from field and laboratory tests. Proceedings of the 9th Asian Regional
Conference on Soil Mechanics and Foundation Engineering, Bangkok, Vol. 2, pp.
101-77.

Towhata, 1. and Ishihara, K. (1985). Undrained strength of sand undergoing
cyclic rotation of principal stress axes. Soils and Foundations, 25(2), pp. 135747.

Viggiani, G. (1991). Dynamic measurements of small strain stiffness of fine
grained soils in the triaxial apparatus. Experimental Characterization and Model-
ling of Soils and Soft Rocks, Proceedings of the Workshop in Napoli, pp. 75-97.



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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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
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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.
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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":
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/= 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
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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.
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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).
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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

0 1000 2000

IEBANRENS SRR R LA LN
- l Cranbhas obcanHas Tpyba 5

[nowaaxa —

y MocTa E

yepes 3aInB m
e ——

25

50

V, (casuropas
BOJIHA)

75¢ / -
= 5 ¥, (P-BonHa) .
< B /—
=4 =
=
\g; -
= 100:'

1251

1501

17R—lllllllllll|lllllll|lllIllllll [FESAREE N

1000 2000 3000 4000

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)
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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)



100ITOJIEBBIE UCCIIEAOBAHUSA 'PYHTOB ITYTEM HABJIOJEHHMA 3A PACITPOCTPAHEHWEM BOJIH

3anuceiBatolLee

obopyaoBaHue

AN
p
Heroununk
koneGanui
Ipremnux i Tpuem-
l HUK 2
TRY AVAY AN TRYXTRY k FTAYAVX
t
LlenTpanbhas
TTMHUS
e ————r‘

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

5.6. CTIEKTPAJIBHBIM AHAJIU3 TIOBEPXHOCTHBIX BOJIH (SAWS) 101

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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Puc. 5.23. UnnocTpauus METOAA NPSMOro MOAEIMPOBAHHS,
npumensemoro a1 SASW-ananuza (Stokoe et al., 1994)
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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)

6.1. MOAYJIH CABUT A 109

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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l T T llllll‘ 1 T TTTH 1 LB RARL T LR LAY

o Chmkatnuifin, - gyer, - Silver -Seed(1971)

" TpyHT
Y Dr=45%, ” ’
5 o lMecox . e =0.46 » Drnevich (1967) b
«Owiva e=0.62 , v
1.0 a u e =0.55 , 1
O o Mnotsmit , Hardin-Richart
- - 4 Ksapu w (1963)
= —
jasd
(3]
§ - | ! a
o)
S » o
@)
05

p//§ - 2 Eﬁ). .
R — |

- ] ] ] .
= @Cpennsas senuunta  €=20.60~0-88 (Kuribayashi et al.1975) —

no 4 neckam

“Olecox «Toyouran e =0.64 (Kokusho.1980) B

| YT AT R ETET RS

107 1078 1074 107 1072
Ammutyaa aedopmMaiuy capura ya , %

Puc. 6.2. BausHue aMutuTyab! AeopMaliy Ha MoKazaTelb CTeNneHH (1)
00KMMAIOLLErO HAMPSKEHUSA

T T T T Y T T T T

— Go=22021=E (g)2

- Gom1052L gy | ]

300 Te

Jledopmarus casura & 107

200

100

Havanensrit Monyse casura Go, MIla
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Koadduumnent mopucrocty e

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-
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HOH (yHKUMEH O0KUMAIOLIET0 HANPSKEHHS NMPH HOPMAILHOM YILUIOTHE-
auu (puc. 6.5).

Marcuson-

— 450(4{‘1—‘:’2(05} Wahls

kPa kPa{ (1972)

» + 1| Hardin-

\ ---3300%7‘5)(03)7 Black

« \\ kPa kPa | (1968)

= Humphries

= 30 35000-13000€e | -Wahls

- kPa {1968)
]
[=-3
=
=
Qg
=
(9

2 20+ -
>
=1
=]
=
ple~]
]
=
o

8 10F ~
&
josy

. 1 1 1 Il 1 A 1 1 ) 1 1
12 14 16 18 20 22 24

Koadduuuent nopucrocty e

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-
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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.

1 1 T T T T T T
a Beurount  LL =120
261 Pl= 60 .
v - 1A 7
= Kaonnuur + LL=66 41 -
E 16} a Pl =35 B 24 Hopmansnoe
g - YNAOTHEHNE 7
g | 1 22F .
: 1.4} A MepeynaotHenne . i |
T
) | Hopmansroe i . R,
£ yITOTHEHUE 1 20k MNMepeynornenne _
é 12t ¢ s i 4
& - B -
S 1.8} m
= 1.0 1 ) 1 1 L 1 { ) i ¢ B8 |
= 6 161 4
= 200 TlepeynioTHeHue 1 I | ) I SIS !
& - .
150 4 SoF 1
g %9 / g aof © .
% 100 1 30F TMepeynnoruetue 7
5 70: 1 20+ , .
= 50} Hopmanshoe 1 15k 8 |
] - C YNIOTHEHNE E
E 30 4 1 " 3
z A . HopmanbsHoe -
§ 201 1 6 N NIOTHEHHE ]
= ’ ]
et A
10 ] 1 1 1 1 A1 i 1 k] ! I 1 ! 1 L 1 1
o ot 02 03 04 05 06 07 08 01 02 03 04 05 06 07 08
3ddexTnBHOE 0bKNMaIOLIEE HANPsDKEHHE Oy , MIla D dexTrBHOE 0GKUMAIOUICE HANPAXKEHHE Op , Mlla
Puc. 6.6. Bausinue nepeynyioTHEHHS Ha MO- Puc. 6.7. Binsaxue nepeynyioTHeHHA HA
AYJIH CABHUIa HU3IKOIUIACTUYHBIX INVTHH [IPU MOAYyJIb CABHATA TIPHU ﬂe(bOpMalIHﬂX ManoH

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
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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.

T T T T T T
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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
L I'paBenuCTbIE TPYHTBI (yn J'IOTHeHHb]C) i

o6pa3upl
o’o=100 kIla

300
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(Tanaka et al., 1985)
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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)

6.1. MOAYJIK CABUT' A 127
1.0 1 ¥ 1 LI ) l T 1 L} LN B B A I T ¥ L} LI e DR A
3 [Tnowanxa 7 T
o —_—
=~ 0.8 -
5
S R -
5
=
§‘ 0.6 ]
O
. )
g i €max — 3 §
2 e—
= 0.4 ]
£+
k4 L -
S €min —» Y
0.2} —
1 i 11 1111 l 1 l 11 1 t11 I l [l 11
1.0 10 100 1000

Koaddunuuent ogHopoanoctu U, = Dgy/D)q

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-



128 MOAYJH CABUTA TIPH JE®OPMALIUAX MAJIOM AMITIIUTY bl

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.,
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Puc. 6.22. Bnusnue BpemeHn BO3AEHCTBHS Ha MOAYJIb CABHIa
npu aepopmaunsx manoi amnantyast (Anderson & Stokoe, 1977)



132

MOZOYJIA CABUT A [TPH JEPOPMALIUAX MAJION AMIUTUTY AbI

AGof61900

Crenenn Bo3pacTanus Moayns AGy/Giooo

I RS T T —
i T © : Kaosmuurt «Ball» w ]
30 [ : I'uHa n3 MeKCHKAaHCKOro 3ainka
- A : BeHTOHMTHAs KBApLEBas MyKa .
W : I'nuua Ford A : [mmna .
i ¢ : Tnuua Leda 1 Eaton i
i © Aﬁ @ : [uHa Leda 2 @ : Chevy
- o] @ : Tuna Detroit clay i
- ®: T'nuna
20 o Ostiglia -
i © : Kim- 7
»© Novak R
I LL v (1981) ]
i I °
10} * * o0 :
=3 . -f
n ~ l
-
| [
0 el L llllllll- P 41||1|-
Cpenuuit qnameTp yactun Dsp, MM
Puc. 6.23. JlonroBpeMeHHOE yBEJIHUECHHE MOY/IA CBHUTa
B 3aBMCHMOCTH OT CPEIHETO JHaMeTpa MNIMHNUCTAIX YaCcTHLL
LA S S TR B B A N B B B
0.35}- -
A
o =003 [Tp
030 a
025 -
020 -
015[- ° o v o Marcuson et al.(1972)
/ o %9 O Atifi et al.{1973)
%% v u Trudeau et al.(1974)
0101 ¢ v o Anderson et al.(1975)
v ® Zen et al.(1978)
%o & Kokusho °:t°::l‘ (21998825) ) Puc. 6.24. 3aBUCHMOCTB
005~ o v Umehara - T CTeleHy YBEIHUeHUs
MOAY/IS CABHIa
T S I D T U T R A B 0T YHKCJ1a TUIaCTUYHOCTH
|
00 20 a0 & 80 100 120

Yucno MIacTHYHOCTH Ip

(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
nosiessix u naGoparopueix ucnsitaumii (Yasuda & Yamaguchi, 1985)
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Puc. 6.29. CpaBHenne BentnUKH MOYIEi CBHIa, MOTYYEHHBIX B [I0JIEBBIX
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Puc. 6.30. CpaBHeHHe Be/IHYHH MOIY/IEl CABHTA, NONYUYEHHBIX B [OJIEBbIX
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1 naboparopHbix HenbiTanusx (Kokusho, 1987)

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

6.4, BBIYUCJEHUE MOJYJIA CABHI'A T10 TOJIEBBIM UCIBITAHUAM HA 30HAWPOBAHUE 14

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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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



144 MOZY U CABUTA IIPY JEGOPMAHUAX MAJIOW AMIUIATY JIbl

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).

1 I 1 L

Tecok «Toyoura» _

-
o
'
'

o
&
i

£

OtHomeHue Monyneit casura G/Gy
o o
, =2

0 — L ! I I
108 10° 10* 1072 1072
Ammutyna nehopMmannu casura vy, %

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

f T T T

0.25[ h
IMecok «Toyoura»
0204

045

0101

Koa¢bduuuent nemnduposanus D

1 1 1 1
1078 1075 1074 1073 1072
Ammutyna nedopmannu caBura vy,, %o

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

[Tecok «Toyoura»

1.0

08t 7

06f TpexocHoe A
HEJIPEeHHPOBAHHOE

[UKJIHYECKOE
HCIBITAHHE
€=0.636~0.651
N=10

0.4

02

OtHxomredne Moaynei casura G/Gy

0 1
1076 1075 1074 1073 102
AmmunTyza 1eopManiy CABUra Y, %
Puc. 7.3. Bausanue o0KUMAarOIUMX HAOps)KEHUH Ha MOAYJIb CABHra,
sasucsiyi ot aedopmanmu (Kokusho, 1980)

T T T

Q 025- Tlecox -
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B - Al
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2 020F h
=9
=
=
E 0151 TpexocHoe T
E HEAPEHUPOBAHHOE
= UHKIHYECKOE
2 o10- HCTIBITAHHE b
g € =0-636~0-651
o+ =
b=t N=10 |
g 005
=

1 1 I
10-6 10-5 1074 1073 1072
Ammutyna fedopManuy CABHIA ¥, %
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, =0C,tg0, (7.1)

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, = (065)". (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).


































































































































































































































































































































































