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M3y4eHa aBononys UMITyJILCHOTO BO3MYILIEHUS B HEJIMHENHOM cpefie, CBOIICTBa KOTOPOI HEOOPaTUMO U3-
MEHSIIOTCSI TIPU IPOXOKACHNH BOJTHBI. [Tomy4eHbl ypaBHEHNS, OMHUCHIBAIOIIIE TPOLIECC PAaCPOCTPaHEHUSI.
IToka3aHo, 4TO HcKaxKeHue (popMbI CUTHAJIA U JUHAMUKA €T0 MTOJIEBbIX U SHEPTreTUYECKUX XapaKTePUCTUK
CYIIECTBEHHO OTIMYAIOTCS OT X MOBEJCHHUS B OOBIYHBIX HEJIMHEHHBIX Cpefax. BrInucaHbl HOBbIE HEINN-
HelHbIE YpaBHEHUs, OMMCHIBAIOINE UMIYJIBC B CPEfie C peJlaKkcalyell ee HelIMHEeNHBIX CBONCTB. BBeeHo
KOHEYHOE “BpeMs 3ala3IbIBaHus ISl HEOOPaTUMBIX IPOIECCOB B ONpefiesionee ypapBaenne. Paccunra-
Ha (popMa UMIyJIbCa, OTPAKEHHOTO OT T'PAHUIIBI MEX/y OOBIYHON U HEJIMHENHO HaCleCTBEHHOII cpefia-
Mmu. [Tokazano, 4To npy (pUKCHPOBAHHON CBSI3M MEKAY MMKOBBIM JIaBJICHHEM B Ma/JafOIEM UMITYJIbCE U OT-
HOIIIEHUEM JIMHENHBIX MUMIIEAaHCOB ABYX CpeJl MPOMCXOAUT MOJHOE MPOXOXKJEHNE 3aHEro (PpOHTa MM-
MyJbca B YIUIOTHsieMyIO cpeny. OOCyXaeHbl BO3MOMKHBbIE NPIIIOXKEHHS PE3YJIbTaTOB K aKTyaJbHBIM

3aiavdaM CTpOUTEIIbCTBA.

1. BBENEHUE

MeTobl HEJIMHERHOR aKyCTUKU UCIOJB3YIOTCS B
CTPOMTEIBCTBE I IUATHOCTUKHA MaTEPHANIOB, KOH-
CTPYKUMIi 1 coOpyzKeHui ¢ Hadana 80-x rogos. Puszn-
YECKHE OCHOBBI 3TUX METONOB [1] mpuMeHnuTEIbHO K
00BEKTAaM IPOMBIIIEHHOTO U TPAaKJaHCKOTO CTPO-
WTENBCTBA ONMMCaHbI B paboTax [2—4]. K Hacrosmemy
BpEeMEHH NPOBeJieHa INarHOCTUKA JIECITKOB MOCTOB,
aBTOJOPOXKHBIX 3CTaKaJ, TEIJIOBBIX 3JIEKTPOCTaH-
LU, TOA3EMHBIX COOPYKEHHI U apXUTEKTYPHO-UC-
TOpUYECKHUX MaMSATHUKOB B ropofax Poccun u O6imsK-
HETO 3apyO0esKbsl.

CnepyeTr OTMETHUTb, YTO CUJIbHAS HEIMHENHOCTb,
CBS3aHHAs C HAJIMYUEM CTPYKTYPHBIX HEOJHOPOHO-
cTell cpefibl U BHYTPEHHUX Ae(PEKTOB, B OJHUX CllyYa-
SIX TOSIBJISIIIACH BCJIENCTBHE BHE3AITHOIO BHEITHETO
BO3JIeCTBHS (Kak 9TO ObLIO NMPH AMArHOCTHKE 37a-
Huit B 30He CIUTAKCKOTO 3eMJICTPSICEHUSI) U B pPe-
3yJAbTATE €CTECTBEHHOI'O CTApPEHUsl KOHCTPYKLHUU,
YTO UMEJIO MECTO IIPU AUATHOCTUKE COCTOSIHUS KJlajl-
KU (PYHAAMEHTOB apXUTEKTYPHO-UCTOPUUYECKUX Ma-
MSITHUKOB. B Ipyrux ciydasx, npu 1a60paTOpHbIX U
CTEH/JOBBIX UCIBITAHUSIX, AHAJIOTMYHAsL CUTYyalllsl CO-
3/laBajlach ILIEJICHANPABIEHHO MyTEeM CUJIOBOTO Ha-
Cpy>KEHUsI MOfieIel KOHCTPYKIHH, BIIOTh 10 KPUTH-
YECKHX pa3pyLIAOIINX HAIPS KECHUN.

Kpome Toro, HenuHeiiHble sBlIeHUSI HaOIIOfa-
JIUCh MPU TEXHONOTMYECKOM KOHTPOJE CTPOUTENb-

HO-MOHTAaXHBIX paboT, HapUMep, MPU IPOU3BOACT-
BE ¥ MOHTaXe Pa3lInYHbIX TUIOB CBAl M UX ANHAMU-
YECKUX UCTIBITAHUSIX.

HauGonee ocTpo aTa mpobieMa BO3HHKIIA NpHU
CTPOMTEJBCTBE 3CTAKaJ, MOCKOBCKOIO TPETHETO
TPaHCIOPTHOT'O KOJbIA, TAe OOJBIIMHCTBO OMNOP
OBIJIO TIPEACTABICHO CBaWHBIMU POCTBEpPKAMU U3
OypoHaOMBHBIX cBall. Takue cBau UMEJU AJIUHY A0
40-50 metpoB u puametp fo 1.5 meTpos. C fpyroit
CTOPOHBI, CBal MHAYCTPHAIBLHOTO M3TOTOBJIEHHS (B
oTiinure OT OYypOHAOWMBHBIX) UMEIOT 3HAYUTEIBLHO
MEHbIIINE pa3Mepbl U TPeOYIOT NMPUMEHEHUs yhaap-
HOH 1M BUOpALIMOHHO HArpy3KU JIJIsI UX yCTAaHOBKH.

BypoHaGOuBHas cBast N3roTaBIMBAECTCA HEMOCPEN-
CTBEHHO Ha CTPOUTENBHOMN IIJIOMIafKe MyTEeM BBITOJI-
HEHUSI HECKOJIBKUX NOCIENOBaTENbHBIX OINEpalyil:
OypeHHE CKBa>KMHbI, YCTAHOBKA apMaTypHOI'O Kap-
Kaca, OETOHMpPOBaHUE, KOHTPONIb CINIOIIHOCTH Oe-
TOHHOTO CTBOJIA, AMHAMUYECKIE UCIBITAHUS CHIIOBO-
r'o B3aUMOJICIICTBHS CBAau U IPyHTa.

IIpy U3roTOBIECHUU CBAaU BO3MOXKHO IOSBICHUE
pa3HOro popa f1edeKToB, TaKuX, KaK YaCTUYHOE 00-
pYILIECHHE IPYHTA B CKBaXXHHY, U3MEHEHHE €€ reoMe-
TPUYECKUX Pa3MEpPOB, HEONHOPOJHOCTL OETOHA U3-
3a BPEMEHHBIX pa3pbIBOB MEXHY 3TallaMid OE€TOHU-
poBaHus CKBaXXuHbI. [103TOMY UCIIBITAHUS CBA TIPO-
BOJSIT C LIEJBIO OLEHKM MX HeCyllel CioCOOHOCTH;
OIIPEAENAIOT KaK BEJIMYMHBI CKUMAIOIUX HaIpsKe-
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HUIl Ha KOHTAKTe HUXKHETO TOpPLia CBau U IPYHTA, TaK
U KayecTBO CIEIJIEHUsT OETOHHOIO CTBOJIA CBaW C
FPYHTOM II0 OOKOBOM IIOBEPXHOCTH.

Y4auThIBasg OTHOCUTENHHO OOJBIION fHaMeTp Oy-
pOHAOMBHBIX CBail U UX JJIMHY, HeleJaecooOpa3HO
NPOBOANTHL CTATUUYECKOE HArpy>KeHHe HCIbIThIBae-
MOi CBau IYTEM YBEJIMYEHUSI BHEIIHEH CUIIOBOM Ha-
TPY3KH U U3MepeHns feopMau 10 KpUTUIECKOTO
3HAa4YEHUs], TaK KaK 3TO TPeOYyeT COOPYKEHUs CrieLH-
allbHON I'POMO3JKON KOHCTPYKIUH, YCTPOICTBA aH-
KEpHBIX CBall U MJIUTEIHLHOTO BPEMEHU UCHBITAHUS.
Bmecto sTOro Aisi OLEHKM HeCylleidl CIOCOOHOCTH
0onbIIIX OYpOHAOMBHBIX CBail 3a pyOE’KOM U B OTE-
YECTBEHHOM CTPOMTEIHCTBE IIMPOKO UCHOINB3YEeTCs
MeTop nuHamuyeckux ucnbiTanuii TNO [5, 6].

Cymectso meTofa TNO 3akitovaeTcs B IEpUOIU-
YECKOM Y[IapHOM Harpy>KeHHWU BEPXHETO (OTKPBITO-
ro) TOplia cBau yTeM cOpachlBaHUs IO HAIIPABJISIO-
el IITaHre rpysa, ygap KOTOporo Bo30yXfjaeT B
CBae UMIYJIbC AaBieHus (puc. 1).

Bonna pacnpocTpaHsieTcsl BHU3, YaCTHYHO OTpa-
>KaeTcs OT TPaHMIBI HIDKHUI TOpEl CBal — TPYHT,
BBI3bIBasg HEOOpPATHMOE CMEIlleHHe CBaW KakK B pe-
3yJbTaTe YINIOTHEHUS TPYHTA, TaK U BCIEICTBUE CTH-
MYJHPOBAHHOI'O YAAPOM “IPOCKab3bIBaHUs 00XKa-
TOIl GOKOBOW MOBEPXHOCTH. Peructpupyst ato cme-
LIEHUE B 3aBUCHMOCTH OT BBICOTHI NajieHUs rpysa,
€ro Macchbl M 4MCiIa YAApHBIX HArPY>KEHUI, CYyAsT O

PYIOEHKO, POBCMAH

HeCyIIel CocOOHOCTH CBay MO CXKUMAIOIIM HaNpsi-
SKEHUSM B 30HE “TOPEL-TPYHT .

IMpn guaamMmyecknx ucnbiTaHuSAX MeTonoM TNO
Ha BEPXHEM TOpILE M Ipujeraroumei OOKOBOH Io-
BEPXHOCTH CBaM yCTaHABIMBAIOTCSI AAaTUYUKH yCKOpe-
HUS U pedopManun. Permcrpupyrorcsi mapaMeTpbl
CUTHAJIOB, OTPA>KEHHBIX OT I'PAHUIIbI HIDKHUN TOpel-
TPYHT ¥ OT HEOJHOPOJIHOCTeH B 00beMe GeToHa. Ma-
TeMaTu4yeckasi Mojielib OOpabOTKHU Pe3yJbTaTOB Oa-
3UpyeTcs Ha JIMHEHHOM BOJIHOBOM YPaBHEHMU JJIS
pacnpocTpaHeHHs] IMITyJILCOB B cBae. B 4ncieHHOM
aJTOPUTME CBasl 3aMEHSIETCS LETIOYKON JUCKPETHBIX
BS3KOYIPYTUX 3JIEMEHTOB; IPaHULa C TPYHTOM TakK-
K€ MOJIEIINPYETCS] COCPENOTOUYEHHBIM 3JIEMEHTOM,
MONYCKAIOUINM, OJHAKO, HEJIMHEHHOE YHpYyro-miac-
TUYECKOE MOBEJICHUE.

HecmoTpss Ha mmpokoe NpUMEHEHHE MEeTOofa
TNO, cBa3anHOE ¢ yIOOCTBOM /ISl CTPOUTEINEH, ero
HEOCTaTKH NMPEACTaBISIIOTCS OUeBUHBIMU. DTO OT-
HOCHTCS KaK K MaTeMaTUIECKOA MOJIEJIN, ONIChIBa-
FOLLEH BOJIHBI B cBae (YpaBHEHUS TOJKHBI ObITh HE-
JIMHEWHBIMHU), TaK U K HEJIUHEHHON CUCTEME OCHOBA-
HUE CBau-TPYHT (ee cJleAyeT paccMaTpuBaTh Kak
pacnpenenennyto). Pazymeercs, popMynupoBka HO-
BBIX MHXXEHEPHO-CTPOUTEIBHBIX U KOMIBIOTEPHBIX
pelieHull BLIXOAUT 3a paMKU HacTosei cratbu. Of-
HAKO, OTTANIKMBAsACh OT KOHKPETHOM 3a/1a4ll, aBTOPbI
paccMaTpuUBaroT 37iech 0osiee 001IHe MPoOIeMbl, KO-
TOpbIE MOTYT MMETh CaMOCTOSITENILHOE 3HAauYeHUE
KaK JJIsl HECKOJIbKUX NPUKJIAAHBIX 3aiay, TaK U AJIs
(pu3NKY HETUHENHBIX BOJIH.

2. UMITYJIbCHBIM CUTHAI B CPEJIE
C T'MCTEPE31COM

K HacrosieMy BpeMeHH OCHOBBI TEOPUU PaCIIpPO-
CTpaHEHUs] HEJIMHENHBIX BOJIH B Cpeflax ¢ TUCTEePE3n-
COM 3aBUCHUMOCTH ‘“‘HampspKeHue — pecdopmanus’”
Pa3BUThI HEJOCTATOYHO, YTO CBSI3aHO C TPYAHOCTSIMU
pellleHnsl COOTBETCTBYIOIIMX 3aia4y. B paBHO# Mepe
9TO OTHOCUTCS M K HEJIMHEHHON aKyCTUKE Tucrepe-
3UCHBIX cpef [7].

IToaTOMy HEOOXORMMO pa3BUTh TEOPHUIO PaACIpPO-
CTpaHEHUs BOJIH B CpefiaX ¢ HeoOpaTUMbIMU fiepop-
MalusIMH, 3aBUCSIIMMUA OT IPEbICTOPUU IIPOLECCOB
Harpy>keHus W pasrpy3Ku. 3aMeTHM, 4TO Mpobiema
B3auUMO/IEIICTBUS CBau U TPYHTOBOI'O OCHOBAHUS — la-
JIEKO HE €IMHCTBEHHas, Ifie TpeOyeTcs YyYUTbIBATh
rucrepesnc. [loxoxue npo6raeMbl BO3HUKAIOT B 10-
PO>KHOM CTPOMTENBLCTBE IIPH BUOPOYAAPHOM YIIJIOT-
HEHUM OCHOBaHMs II0JI0THA IIepe]| YKIafKol acaib-
TOBOTO NOKPBITHS, IPU JUATHOCTUKE MOCTOB, AMEIO-
MUX JUIATEIBHBIA CPOK  JKCIUIyaTanuud (4TO
IPUBOAUT K IOSIBJIEHUIO OOJIBIIOTO KOJIUYECTBA Jie-
(pexTOB U K Mporudam MpoOJIETHBIX cTpoeHwmit). Ecre-
CTBEHHO, PellleHNe “TUCTEPE3UCHBIX 3alad OXBaThl-
BAaET BaxKHbIE NPOOJIEMb]l MHKXEHEPHOU CEHICMUKU H
CEMCMOAKYCTHKH.
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Mopnens rHCTEpEe3nCHON cpefpl, HCNoJb3yeMast
HIDXKE JJ151 ONIMCAHUS HEJIMHETHOT'O MMITYJICHOT'O CHT-
Haja, WUIocTpupoBaHa puc. 2. B mponecce pocra
[aBJEHUS] MIOTHOCTb CpPElbl M3MEHSETCS CIEeNyIo-
UM 00pa3oM:

_pPg__¢g a ap'
%l— PE 5 >0 (1)
Clp

3nech € — HEMWHENHBIN TapaMeTp Cpenbl, Py, C; — UC-
XOOHbIEC 3HAYCHUA NJIOTHOCTHU I‘pYHTa n CKOpOCTI/I
3ByKa B HeM. [Ipu pasrpy3ke mpuparieHust I0THOC-
TH P' ¥ MaBJeHWS P CBSI3aHbI JUHEWHONW 3aBUCHMOC-
ThIO, HO CBOMCTBAa CPEMbl U3MEHEHBI IPEABIAYIUM
MPOIIECCOM HATPYKEHUSI W OMNPEJeSTIOTCS MaKCH-

MaJIbHOJ TIPUIIOKEHHOI HATPY3KO# P, [8]:

|2
_p -D &€Pn Op'
- , <0. ()
%l Clpl Clllpl ot

Ipu p' = py, hopmyasl (1) u (2) faroT coBnagaroye
3HaueHus. Kak ciegyet u3 (2), Ipu CHATUU HArPy3KU
B CpeJie BO3HMKAET OCTaTO4Has AepopManus P,es =

= epn/cipy).

Bygem cuutaTh, 4TO (hu3nUecKasi HEIUHEUHOCTD
Cpenbl, IPUCYTCTBYIOWIAs B ONPENEISAIOIINX YpaBHE-
Husx (1), (2), ropa3fgo OoJblle reOMETPUIECKON He-
JUHEHHOCTH YpaBHEHUI ABIKEeHN [9], KOTOpbIE IpH
9TOM MOXHO JIMHEApU30BaTh U CBECTH K OJHOMY
YPaBHEHUIO

2 2

dp _dp
2 T a2

0x ot
ITycTs BOsTHA pacnpocTpaHseTcs BROIb OCH X, KO-
TOopasi Ha puc. 1 coBnajaeT ¢ ocbto cBau. Cunras He-
JIMHENHOCTH CIaboi U, HONb3YSICh METOJOM MENJICH-
HO m3MeHsroterocs npodwmrs [10], momyanm u3 (3),
(1) ypaBHeHHue AJIsl HapacTalOIIEro yyacTka BOJHBI

TaBJICHUS:

3)

o _ e 00 o
0X Clplp ot’ ot >0. (4)

AHaHOFI/I‘IHO, IJIs1 BOJIHBI pa3rpy3Ku UMEEM

op' _ & ap’
PGHIGHI/ISI QTUX ypaBHCHI/Iﬁ NMCKOT BUJ
o & o op
p= Ot S 520 ©)
p' —¢Et+ p(x)de (M<O @)
2 I m o1 '
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0.5 X=0
[ o5 1.0 UT
1.5
Puc. 3.

3pecsk P, P, — Mpou3BOILHBIE (DYHKINY CBOUX apTy-
MeHTOB. Pemmenus (6) u (7) cnegyeT “ClIUTBL” B TOUKE
T(X), B KOTOPO# laBII€HUE JOCTUTAET MAKCUMAJIbHO-

ro 3uaueHust P'(X, T,) = Pm(X), a mpousBoHas 0p/0T
MEHSIET 3HaK.

PaccmoTpum Hanbosee MpoOCTYIO MOAENb UMITYJIb-
ca B BUJIE CHMMETPHUYHOT'O OIUHOYHOTO BO3MYIIIEHHS
TpeyroJyibHOI (popMbI (KpuBasi, oTBevaromas X =0 Ha
puc. 3). Konkpetnsiii Bup ¢pyakuit @, P, onpepe-
JsieTcsl 10 YCIIOBUIO Ha rpanule X = 0; ans paccMart-
pUBaeMoOro UMIyibca peuenus (6) u (7) InpuHAMAaIOT
COOTBETCTBEHHO BUJ

e AN R
Po Tl— EPoX  Po T ClplTO

3

Cip.T

ITpupaBuuBas pynkumu (8) B TOUKE MaKCUMyMa, 110-
JYyYAM Tapy YpaBHEHWH [JIs JABYX HEM3BECTHBIX
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Puc. 4.

byHRUMI Ty(X) 1 Pry, (X). OHI CBOATCS K PENIAEMOMY

nudpepeHIaNbHOMY YPAaBHEHUIO MEPBOTO MOPSIA-
Ka, OTKYyJla C y4eTOM I'PaHUYHBIX YCIOBUH IOJyYaeM

Pm(X) _ 1 _ Tw(X) _ 1 X0
o =5 const, T " 2%[ XSD' 9
3neck u najee
3
cip,T
= 2P (10)
€Po

— 9TO XapaKTepHasl HeJIMHelHasl NTINHA WU pac-
cTosinue obpa3zoBaHus pa3psisa [10].

3amMeTum, uTo pe3yabTart (9) cipaBeuB B 06a-
cti pacctostHail ) < X < Xg, TO €CTh IO TOTO, KaK B
npoduie IMITyJIbca 06pa3yeTcs yiapHblil (DpOHT.

B oGnactu X > X Hy>KHO BOCIOJIb30BAaThCS YpaB-
HEHHEM JIBUXKEHUs (PPOHTA B CONPOBOXKAAIOIICH CHC-
TeMe KOOpPJWHAT, M3BECTHHIM W3 TEOPHH CIabbIX
yAapHBIX BOJH (cM., HanpuMmep, [11]):

dt,(X) s .,
= F(%). (11)
X 2cfp1p (x)

Teneps HYKHO TIOJIOKUATH BO BTOPOH 13 hopMylt (8)

P = Pm(X), T = T(X), npoaudepeHIUpOBaTh MOIY-
YEHHOE COOTHOUIIEHUE 10 X M BOCIOJIB30BaThCS YpaB-
HeHueM (11) [ MCKIIOYEHHS OHOM M3 NEepeMeH-
HBbIX. Pelras HalileHHOE ypaBHEHHWE C OYEBUJHBIMU
YCIIOBUSIMH CIIMBKHY C peIeHusIMA (9) Tpu X = X, 1O-
JTy4uM Tpojoikenue gopmyn (9) Ha 0671acTh X > X

Pm(X) _ 1_  [X=Xg
o, 20PO X D
(12)
Trn(X) — _1— 1 D_X_XSD
T 2[ PO SD}'

POBCMAH

BupHo, 4TO Ha OONBIINX PACCTOSIHUAX X = X “‘IU-
KOBOe€” faBJieHre Ha ()pPOHTE yIapHON BOJIHBI YMEHb-
maeTcs U cTpeMuTcs K Hymaro. OfHako MpU 3TOM
(poHT “ocTaHaBNIMBAETCA: OH HE MOXET CABHUHYTb-
cs Buepeq Ootiee, ueM Ha T(o0) =—-0.5. B atom cocro-
UT CYIIECTBEHHOE OTJINYHUE B TIOBEICHUN UMITyJIbca B
TUCTEPE3UCHON Cpefiec OT OOBIYHOIO “‘HEJTMHEHHOrO
pacmbiBanus’” [10, 11], npuBopsiero K HeorpaHu-
YEHHOMY POCTY JJIUTEIbHOCTH UMITYJIbCca IIPU coXpa-
HAIOUENCS IO (TO €CTh KOJWYECTBE ABUXKE-
Hus). Kak nokazano Hixe (puc. 4), B HOBEJCHUH UM-
MyJIbca €CTh MHOTO U IPYTUX OTJIMYHIA OT N3BECTHBIX
pe3yabTaTOB 71 HEIMHENHOTO UMIIYJIbCa B CPEfie C
anreOpanyeckuM YpaBHEHHEM cOCTOgHUS (0e3 “Ha-
CJIEICTBEHHBLIX "~ CBOMCTB).

Bce xapakTepuCTHKHM MMITYJILCHOTO CHUTHajla Ha
puc.4 HOpMUPOBAHbI Ha CBOE MaKCHMaJlbHOE 3Haye-
Hue npu X = 0.

Kpusble S m §; wnnocTpupyroT 3aBHUCUMOCTD
IUTOLAAM UMITYJIbCA

<)

SDI p'(x, T)dt

OT pacCTOSIHUS, IPOWEHHOIO B OOBIYHOM U TUCTE-
pe3ucHoit cpefax. Ecim B 00bI4HOM cpefie KoIn4decT-
BO JIBUKEHUSI COXpaHAeTcs U S= CONst kak [10, TaK u
nocjae o0pa3oBaHUs 3a3pblBa, TO B T'HCTEPE3UCHOM
cpene S HaumHaeT yOBIBaTh Cpa3y, yXXe Ha CKOJb
YTOTHO MaJIbIX PACCTOSTHUSAX X.

DHeprus UMIyJIbca

00

E DJ’ p'?(x, T)dt

B OOBIYHOM Cpefie COXpaHseTcs B 061acTu o 06pa3o-
BaHUS pa3pblBa, a 3aTeM yObIBAET U3-3a HEJIUHENHO-
ro 3aTyXaHus BOJIHbIL. B rucrepesucnoii cpesie By Ha-
YMHAeT yObIBaTh Cpa3y, IOCKOIbKY SHEPTHUsSl pacxo-
AyeTcs Ha CO3/laHuEe OCTAaTOYHBIX AedopManuil

(KpHBas Py (X) Ha puc. 4), a MOCIE 0Opa30BaHUs pas-
pbIBa — ellje ¥ Ha AMCCUIAIHIO.

CKOpOCTh pacnpoCTpaHEHHsl 3ajHero (poHTa
BOJIHBI paBHA

Vi = Cl[l"' %%Q(X)}
C1P1

rae Q=1 npu X < Xs 1 Q = exXp(—(X — Xg)/2Xs) mpu X > Xe.
OHa mpeBbIIIAET CKOPOCTH 3ByKa C;, IOCKOJBKY
(poHT 6eXuT No cpefie, yKe YIUIOTHEHHOH BOJTHOMN
Harpy3ky, ¥ MOCTOSIHHA 10 HOSIBJIEHUsI pa3phiBa (B
obnactu X < Xg). Ha paccrosiHusix X > X; CKOpOCTb V,
yOBbIBaeT, aCUMITOTUYECKU MPUOIMXKASCh K CKOpO-
CTH 3BYyKa C;.

CkopocThb nepeHero (poHTa Vg COBIAAAET C V,
pH X < X, HO MOCJIE TOrO, Kak 00pa3yeTcsl pa3phiB,

AKYCTUYECKHMM KYPHAJI Tom 50 Ne 6 2004
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€ro CKOpPOCTb YMEHBIIAETCSl CKAYKOM U 3aTeM Hauu-
HaeT yObIBaTh 11O 3aKOHY

VS - C1|:1+_

po 0X— Xﬂi|
4Clp

T 0

ITockonbKy Vg< Vi, 3agHAN (PPOHT CTPEMUTCS 1O~
THATh NEPEAHMIl, a UMIYJbC — “‘cXnonHyThecs . Hop-
MUpOBaHHbIE MPUpPAIIEHNs K CKOPOCTH pacnpocTpa-
HEHUsI IepeIHero U 3aJHEro (PPOHTOB M300pasKeHbl
IITPUXOBBIMH KpuBbIME AV 11 AV, Ha puc. 4.

3. CUTHAII B CPEJIE C PEITAKCUPYIOUIEN
HEJIMHEMHOCTBIO

Kak u3BecTHO, TpyHT 4yBCTBUTEJIEH K CKOPOCTH
necopmanun u 06IafaeT PEOJTOTHUYECKUMHU CBOMCT-
Bamu [12]. ITponecchl nepeMenieHuss 1 YaCTUYHOTO
pa3pylieHus 3epeH, oOpa30BaHMS MHKPOIIOTOKOB
>KUJKOCTU B IOPAxX MPOUCXOASAT C HEKOTOPBIMHU Xa-
pakTEepHbBIMU BpeMEHaMU, OTIMYAIOIIMMUCS, BOOO-
11Ie TOBOPSL, OT AJIUTEILHOCTY UMITYJIbCHOT'O CUTHATIA.
B ornnune oT akycTHueckoil penakcanun MaHpueab-
mrama-Jleonrosuua [10, 13], 3mecs BHyTpeHHHUE NPO-
LIECChI B CpEfIe SIBISIFOTCS HE TOJBKO 3ala3[bIBAOIIN-
MU, HO ¥ HEOOpATUMBIMHU; KPOME TOTO, OHU SBHO He-
JINHEHHBI.

Penakcanust MoxXeT OBITH CyIIEeCTBEHHON Kak st
HapacTarollero, Tak U AJjs Hafaroliero JaBJICHUS.
OpHako HUXE pacCMOTpPEHA YIPOIIEeHHAs! MOJIENb, B
KOTOPOH PEJaKCUPYIOLIEH CYUTAETCS JIUIIb BOJIHA
pasrpy3ku. Takum oOpa3zoMm, 3[ech TPOU3BOAUTCS
YTOYHEHWE PE3yJIbTATOB II. 2.

Ilycte ¢poHT mMEeT O4YeHb Malylo MIIUTENb-
HOCTB, B IIpefieiaX KOTOPO BHYTPEHHUE IIPOLECCHI
“3aMOpOXKEHBI”, U pa3rpy3Ka UfeT 110 TOMY XKe IIyTH
(1) (kpuBas Ha puc. 1), YTO U HarpyXeHUe Cpefpbl.
Hanporus, o4eHp MemJIeHHas pasrpy3ka HAET IIO
npsiMoii (2) (ToHKas JuHUA Ha puc. 1). B mpomexy-
TOYHOM 00J1aCTH CKOPOCTEN fe(POPMUPOBAHHS MOXK-
HO 3aIACaTh JUHAMIYECKOE COOTHOIICHHE
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rae Tg — XapakTepHOe BpeMsl pejlakcanuy. 3/1ech 3a-

BHCHMOCTB P 4 (') MaeTcst hopmymnoit (1), a Pyou (P) —
dopmynoii (2). U3 (13) nomyyaeTcs ciegyromiee omn-
penensioniee ypaBHeHME:
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Tlopcrasnss (14) B (3) ¥ MONB3YSICh METOIOM MEJI-
JIEHHO U3MEHSIOMIETOCS MPOMUIIS, TPUAEM K HHTETPO-
nucdepeHanIbHOMY 3BONIOIUMOHHOMY YPaBHEHUIO
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Kak uzBectHo [10], B ciiyyae 3KCHOHEHIIUATIBLHOTO
sapa ypaBaeHus tumna (15) cBopsTes Kk pudpepeHu-
aJbHBIM YPaBHEHUSIM CIEeIyIOLIEro BUa:
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Ypasuaenue (16) oTauyaeTcs OT U3BECTHOTO 3BO-
MoIoHHOT0 ypaBHeHus [10] mis oObIYHON penak-
CUpYIOLIEN Cpefibl CBOEH MpPaBOM 4acTbhiO, KOTOpas
TeNephb HENMHENHA.

JInst ymo6CTBa 3anicy NOCIeAYIOMMX (POpMyII Ie-
peiifeM K 0e3pa3MepHbIM IEPEMEHHBIM
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r7ie HeJIMHENHOE pacCTOsIHUE XgJaeTCsl COOTHOIIIEHH-
eM (10). YpaBuenue (16) B nepemenHbIx (17) npumet
BU[
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B mpepensHOM ciiydae ManbIX BPEMEH pejlakca-
uuu (T/Tg > 1) (“cunbHOE” TPOSIBJIEHUE THCTEPE3N-

ca) ypaBHeHue (18) ynmporaercs
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B npyrom npenensHOM citydae GONBIINX BpeMeEH
penakcanuu (T/Tg <€ 1) oOmee ypaBaenue (18) Tak-
Ke yNpOoIIaeTcs:

P P _ T o
% P = ZTP - 2Pa(@Pl.

Tenepb MOXeET ObITh MPOU3BEJEH pacueT (pOpPMbI
uMIybca. 1715 3TOro Heo6XOAUMO PENIUTh YpaBHE-
Hue (18) (mwnmm ero ympoienusie Bepcuu (19), (20))
pu Tpoun3BoJIbHOM pyHKIMH P, (2), a 3aTeM “crimTs”
B Touke npoduisi P = P(2), 6 = 6,(2) nonyueHnoe
pelleHne ¢ pelrieHneM ypaBHeHus (4), onucheIBaoLe-
ro nepegHuil PpoHT UMITYJIbCa, ONPEEIINB OfHOBPE-

(20)
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MeHHO yHKunn P(2), 6,(2) 3 yciaoBuil ClimBaHusI.
3ty npouenypy mis Tz — 0 yaanoch npopenarts B
n. 2. OgHako y4yeT KOHEUYHOCTH BPEMEHH pejlakca-
LM 3HAYUTENBHO €€ YCIOKHSIET.

Ypasuenus (18) u (19) umeroT TOUHOE pelICHUE B
BHJI€ IMHEHHON BO BpeMeHH (PYHKIUU
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ONHKCBHIBAIOLICH 3a{HII (PPOHT UMIYJILCHOTO CHTHA-
na. ComBas (21) ¢ nepegHuM (GPOHTOM, 3aJJaHHBIM
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nepsoit popmynoi (8): P = 0/(1 — z), onpenennm mna-
paMeTpsbl

.
P (2) = %—?Rlngl—%,

- (22)
0.(2) = %(1—z)—$(1—z)|n§1—%

Henuneiinasa Tpancgopmanus curaajia B o0JacTu
1o oOpa3oBaHus pa3pblBa H300paXKeHa Ha pHUC. 5 I
OTHOIIIEHNS] BPEMEHHU pellaKCcallid K AJIUTEIbHOCTH
ummynbea Tg/T = 0.2. CiomHble KpUBbIE COOTBETCT-
BYIOT BOJIHOBBIM IpocuisiM Ha paccTosiHusIX 1 2= 0,
0.4, 0.8. 1511 cpaBHEHUS IUTPUXOBBIMYU KPUBBIMHU I10-
Ka3aH 3afiHANl (PPOHT B OTCYTCTBUE 3ala3[bIBaHUS
(Tr=0). Bunmao, 4TO 3ama3npIBaHNe TPUBOJUT K “3a-
TSATUBAHUIO CHTHAlla ¥ HEKOTOPOMY YBEIMYECHHIO
ero Mmakcumyma. CoOTBETCTBEHHO, KOJTMYECTBO JIBH-
>KCHHS U 9HEPTHUs BOJIHBI YOBIBAIOT MEJJICHHEE.

4. BBAUMOJIEVICTBUE NMITYJIbCA
C 'PAHULIEN

PaccmoTpuM Temeph OTpaXKe€HHE HMMITYJIbCHOTO
CHTHajla OT I'paHMIIbI pasfeiia cBas—TpyHT (puc. 1).
YunuTeiBasg TONBKO (PU3MYECKYIO HEJIUHEHHOCTH
IrPYHTa ¥ IPUPABHUBAs aKyCTUYECKUE HABJICHUS U
CKOPOCTH B Cpefiax o 00e CTOPOHBI OT IpaHulibl X =0,

IIOJIYy4YUM CBs3b MEXKY NaBJICHUSIMUA B IaJarOIIIEM p;_

M OTPAXEHHOM P_ MMITyJIbCAX

A(pi—p-) = (P + |0'_)[1—%(|0‘++ p'_)] (23)
C1P1
Cxema BbIBOfia popMyJIbI (23) cTaHfapTHA, OFHAKO
IIPY 3TOM KCIOJIB30BAaHO HENMHENHOE ypaBHeHue (1),
CIpaBeJINBOE JIJIsl HapacTarolero ponTa (0p/dt > 0).
3pmeck A = p,C,/PyCy — OTHOIICHNE JIMHEHHBIX UMIIe-
[AHCOB.

ITonaras B popmyne (23)
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IMpoduns OTpaskeHHOTO UMIYJIbca M300paKeH
Ha puc. 6 s 3navenus A = 0.9. Popma naparomero
UMIyJIbCa, KaK U paHee, IPUHAMANACh TPEYrOIbHOM
BO Bpemenu. Ero nepennnit pponr M, =20M1.0; M, =

= (28/Ci P1) Pm»> 0 < 6 < 0.5. Kpusble Ha puc. 6 oTBe-
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YaKOT Pa3IMYHbIM 3HaUYeHusIM TapameTpa 1021, =1,
2,4,6,8, 10, 12, yka3aHHBIM P COOTBETCTBYIOIINX
KpuBBIX. 1714 3Ha4eHnit 6e3pa3mMepHoro Bpemenu 0 <
< 0 < 0.5 uMIyaBC CTPOMIICS C MOMOIIBIO PEIICHUS
(24). Ons1 0.5 < B < 1, B COOTBETCTBUY C YpaBHECHUEM
COCTOSIHUS (2), pa3rpy3Ka NpOUCXOuia o JUHEHHO-
MYy 3aKOHY.

Ipu manbix 3Hauenusx 10°M,, npoduas orpa-
SKEHHOTO MMITyJIbca MOBTOPSIET (DOPMY MafaroIiero;
mockodbky A = 0.9 < 1 (oTpazkeHne MPOUCXOAUT OT
MeHee “IIJIOTHON cpefibl), ero MOJSPHOCTDH U3MEHe-
Ha. C yBenmuenunem mapamerpa 10°[1,, mpoucxogur
HEJIMHEMHOE WCKaXKeHUEe OTPaXKEHHOro CHUrHaia,
CBsI3aHHOE C YIUIOTHeHHeM TpyHTa. Ilpu 3HaueHuun
9TOro napaMerpa, pasHoMm 10, pasnnune B UMIEaH-
cax ABYX cpefl KOMIEHCUPYETCs HEMMHENHBIM YIITIOT-
HEHUEM; TPaHMIla CTAHOBUTCS MMOJTHOCTHIO “Ipo3pad-
HOI” 17151 3agHero ppoHTa. B o6nactu 3Ha4YeHnit 6e3-
pa3mepHoro Bpemenun 0.5 < 0 < 1 orpaxkenue
OTCYTCTBYET (cM. puc. 6). [1pu emje 60ABIINX THKO-
BbIX nmaBienusx 1071, B ompepesieHHbII MOMEHT
BPEMEHU IPYHT CTAaHOBHUTCS OoOJjiee NIOTHBIM, YEM
CBasd, U YaCTh OTPaKEHHOTO UMNYyJIbca MpUoOpeTaeT
Ty %Xe (MOIOKUTEIBbHYIO) TOJISPHOCTD, YTO 1 Hafat0-
LU HA TPAHULY CUTHAJL.

OnucaHHOE $BIIEHHE ‘‘CaMOIIPOCBETIICHHS IPH
HE CIIUIIKOM BbICOKUX MMKOBBIX [JABJIECHUSIX JOJKHO
HaOIIOfATHCS B cpefiax ¢ OOIBIINMYU 3HAYSHUSIMU KO-
apuneHTa akycTuueckoil HeIMHEHHOCTH € U NpU
OTHOILIEHUH /A, HEMHOT'O MEHBIIIEM €[[UHUIIBI.

B mpouecce umcnbiTaHusi cBail oTHomeHue A =
= P;C;/PyCy MOXKHO H3MEPUTH IKCHEPHUMEHTAIBHO,
MPOBOJS PETUCTPALMIO OTPA’KEHHOIO MMITyJibca Ha
CBOOOIHOM (BEpXHEM) KOHIIE CBaW B JIMHEWHOM pe-

XUMe (TO €CTh NPU MaJbIX Pp,, OTBEYAIOIIUX HeE-
OOJBIINM BbICOTaM COpachbIBaHUS TPy3a).

ITepexons K U3MEpPEHNSIM B HETMHENHOM PEKUME,
MO>KHO HaOII0faTh Mpolecc HeOObIIOro 3arayome-
HUS CBaWl NPU KaXKJIOM yfape, CBSI3aHHOrO ¢ HeoOpa-
THMBIM YIUIOTHEHUEM CpEJIbI.

CMmellleHUe cBau IpU NPOU3BOJIBLHOM 3HaueHuu A
MOXET OBbITh OLIEHEHO KaK

020 € 2

5= qdd2A0_E 2 (25)
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3nech d — AmaMeTp cBau, O — KOHCTaHTa MOPSIKa
enuannbl. [TuKoBOE flaBJieHNE B MMITYJIbCE, BO3OYXK-
JIEHHOM B CBae, OlleHuBaeTcs o popmyiie [14]

. _ E |gh

M coN 2
rae E — monyns I0Hra matepnana cam, h — Beicora
cOpaceIiBaHUs rpy3a. Kak HETpynHO mokasaTb, IpH
BBICOTaxX MopsAgka 1 M KonebaTenabHass CKOPOCTh U
MaKCHMAJIBHOE [JOBJIIEHHE B CBA€ COCTABIISAIOT BEJIU-
yuHbI Topsiaka 5 M/Cu 108 IMa. [lyis guamMeTpa cBau Mo-

AKYCTUYECKUM KYPHAJ Ne 6

ToM 50 2004

831

psnka 50-80 cM cMmelieHre BHU3 NPH yAape JOIKHO
COCTaBHTh BENMUYMHY Mopsaka cM. ONHOBpEMEHHbIE
U3MEpPEeHUs OTPaKeHHOTO0 UMITYJIbca 1 HeOOpaTUMOTO
CMEIIICHNsI CBau MPH Pa3HbIX BbIcOoTax h majenus rpy-
3a (POPMHUPYIOT MACCHB 3KCIEPUMEHTAJbHBIX JaH-
HBIX, JOCTATOYHBIX [JIs1 KAY€CTBEHHOT'O pellleHus 00-
paTHON 3afjauu — OLEHKH CBOICTB IPYHTA IOJ CBAEN
U ee Hecyllel cmocoOHOCTH. JTa 3ajava SIBISETCS
YUCTO WHKEHEPHOI; ee aHalln3 U BhIpaboTKa peKo-
MEHAAUMIl [ CTpOUTENel BBIXOASAT 3a paMKH Ha-
CTOSIIIEH CTaThH.

5. BAKITIIOYEHUE

B paboTe n3y4eHo pacnpoCcTpaHEHUE UMITYIbCHO-
ro BO3MYIIIEHUS B HEJIMHEWHON Cpefie, CBOMCTBA KO-
TOPOIl HEOOPATUMO U3MEHSIFOTCS MOCTIE MPOXOKIE-
HUS BOJHBIL. [loyyeHbl ypaBHEHHS, ONUCHIBAIOIIE
Npolecc HEJMHENHOro pacnpocTtpaHenus. [Tokasa-
HO, 4TO, B OTJIMYKE OT OOBIYHOI HEIMHENHOH cpefbl,
KOJIMYECTBO JBUXKEHUS U 3HEprus yObIBAIOT JaxKe B
TO# 06nacTu, rie yaapHbId (poHT elle He chopMu-
poBajcs, MOCKOJBKY MOJ MACUCTBUEM NEPETHErO
(ppoHTa IPOUCXOANT yIIIOTHEHHE Cpefbl. IMIynbe-
HbIl CHTHAJl YKOPAyWBAEeTCS MO [JIUTEILHOCTU U
CHJIBHO 3aTyxaeT. [lepennuii ppoHT cMelaeTcs BIe-
pen B COIPOBOX/AOIINX BOJHY KOOpAUHATAX JIUIIb
Ha KOHEYHOE pacCTOsHUE.

ITony4yeHbl HOBbIEC HEJIMHEWHBIE YPABHEHUS, OIIU-
CBhIBAIOIIUE UMIYJIbC B CpEfle C peylakcalueil ee He-
JUHENHBIX U HeOoOpaTUMBIX cBOUCTB. Hanmume Ko-
HEYHOT'O BPEMEHM 3ama3[ibIBaHusl B ONPEEIISIONIEM
ypaBHEHUN NPUBOAMUT K “3aTATMBAHMIO CHTHaja U
3aMe[JICHUIO TYCCUMIAaTUBHBIX TPOLECCOB.

Paccunrana ¢opma ummnynbca, OTpaskeHHOTO OT
IpaHMLbl MEXKAY OOBIYHON M HEJIMHEHHO-HACIECT-
BeHHOU cpefamu. [lokazaHo, 4yTO npu (pUKCHPOBaH-
HOW CBSI3U MEXKNYy MMKOBBLIM TaBJICHUEM B ITaJatOIIIEM
UMIYJIbCE W OTHOUICHUEM JIMHEHWHBIX UMIIEJaHCOB
IABYX CpeJl IPOUCXOAUT MOIHOE IPOXOKACHUE 3aHe-
ro (hpoHTa UMITYJIbCa B YINIOTHSIEMYIO Cpefly.

OO0cy>KeHbl BO3MOXXHbIE IPUIIOXKEHHS Pe3yJIbTa-
TOB K HEKOTOPBIM aKTYyaJIbHBIM 3aJJadyaM TPaHCIIOPT-
HOT'O CTPOUTEIILCTBA.

PaboTa gyactuuHo nopgpepxkaHa rpantom PAH n
IIpOrpaMMoi NOMIeP>KKHU BEAYIINX HAYYHBIX IIIKOJL, a
taxxke [THUMC.

CITMCOK JIMTEPATYPbI

1. Rudenko O.V. Nonlinear methods in acoustic diagnos-
tics. Russian Journal of Nondestructive Testing. 1993.
V. 29. Ne 8. P. 583-588.

2. Pob6cman B.A. HenuneltHast TpaHCc(OpManyst IIyMoO-
BBIX CIIEKTPOB IpH aKyCTHYECKOH AuarHocTuke Oe-
TOHHBIX KOHCTpyKIUH. AKycT. XypH. 1991. T. 37.
Bom. 5. C. 1038-1040.

3. Pobcmarn B.A. HakomeHne 1 XaOTHIECKOE Pa3BUTHE
HEJIMHENHBIX aKyCTUYECKHUX MPOLECCOB NPU JMHAMU-



832

PYIEHKO, POBCMAH

YECKOM Harpy>KEeHUH Fe0IOrMYECKUX CTPYKTYP. AKYCT. 8. Pabomnos K).H. DneMeHTbl HACIEICTBEHHON MeXa-
KypH. 1993. T. 39. Bpm. 2. C. 333-349. HUKU TBepAbIX Tea. M.: Hayka, 1977.
Pobcman B.A. Tpanchopmanus akyctudeckux cnekT- 9. Hedberg C.A., Rudenko O.V. Pulse response of nonlin-
POB B HEOJTHOPOJIHBIX TBEPIBIX CPEfjax IPH HEJNHEH- ear layer. J. Acoust. Soc. Am. 2001. V. 110. Ne 5 (pt.1).
HOM Aedpopmari. AKycT. KypH. 1992. T. 38. Brim. 1. P. 2340-2350.
C. 129-143. . . ) 10. Pyoenxo O.B., Coayan C.H. TeopeTnuecKkne OCHOBBI
TNO report - TNO-DLT Dynamic Load Testing Signal HenuHelHol akycTuku. M.: Hayka, 1975.
Matching, Users Manual, 1985-1996. o

. o - . . 11. I'ypbamos C.H., Pyoenko O.B. HennnetHast aKyCTH-
Middendorp P., Reiding F.J. Determination of Disconti- Ka B 3aauax. M.: Uz, MTY, 1990.
nuities in Piles by TNO Integrity Testing and Signal 2 H " BK B
Matching Techniques. Third International Conference : 06““’;’22 Nt 10%‘03“6 ajiati TCOpHUH MIacTird-
on the Application of Stress Wave Theory to Piles. Otta- Hoctd. M.: Mup, 1978.
wa, Canada, 25-27 May, 1988. 13. Jlanoay J1./., Jugpuwuy E.M. Tmagponmaammka. M.:
Ostrovsky L.A., Johnson P.A. Dynamic nonlinear elas- Hayxa, 1986.
ticity of geomaterials. La Rivista del Nuovo Cimento.  14. I1anosko S.I'. BBeieHne B TEOPUIO MEXaHHUECKOTO
2001.V.24. Ne 7. P. 1-47. ynapa. M.: Hayka, 1977.

Summary

Of the paper by O.V.Rudenko and V.A.Robsman “Nonlinear processes
in media with acoustic hysteresis and problems of dynamic interaction
between piles and earth foundation”

The evolution of the pulse disturbance in nonlinear medium changingirreversibly its propertiesduring thewave
propagation is studied. Equations describing the propagation process are derived. Distortion of thewave profile
and dynamics of its both field and energy characteristics are shown to be essentially different from their behav-
ior in usual nonlinear media. New nonlinear equations describing the pulse in medium with the relaxation of
itsnonlinear and irreversible properties are derived. Thefinite “dead time” isintroduced into determining equa-
tion. The form of pulse reflected from the boundary between the usual and the nonlinear hereditary mediumis
calculated. It is shown, that the tail front of the pulse completely transmits to the sealing medium if the definite
connection between the peak pressure and the ratio of impedances of both mediatakes place. Possible applica-
tion of results to the topical problems of transport building is discussed.
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