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Ha pe3ynbratax gu3nueckoro MoAeaupoBaHUs MOKa3aHO, YTO BIMSHUE IIEPOXOBATOCTH I'pa-
HUIIBl HA €€ OTPa)kaTeJIbHYI0 CIIOCOOHOCTh 3aBHCUT OT COOTHOILEHUS XapaKTEpHOIo pa3Mepa Iie-
POXOBAaTOCTH M JUIMHBI BOJHEL 111epoXoBaTOCTh rpaHUI] BeleT K YMEHBIIECHUIO 3PPEKTUBHBIX KO-
3G GUIIEHTOB OTpaXCHHS Ha JOKPUTHUYECKUX U K X BO3PACTAHHIO HA 3aKPUTUYECKUX YTJIaX T1aje-
Hud. M3MeHeHue a3uMyTa IUIOCKOCTH IaJEHUs [0 OTHOLICHUIO K HAaIIPaBICHUIO LIEPOXOBATOCTH
3aMETHO BJIMAET Ha KOO(PPHUIHUEHTH! OTPAXKEHUS TOJIBKO Ha 3aKPUTUUECKUX yTIIaxX MaJleHHs.

KiroueBble ci1oBa: 11epoxoBaTbie TPaHUIIbl, OTPAXKEHHUE YIPYTHX BOJH, (pU3nUeckoe Moje-
JUpPOBaHUE.
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The results of physical modeling show that the influence of boundary roughness on its reflectivity
depends on the ratio of roughness characteristic dimension and wavelength. The boundary roughness
leads to a decrease in the effective reflection coefficients at subcritical and to their increase at supercriti-
cal angles of incidence. A change in the azimuth of the plane of incidence with respect to the roughness
direction appreciably affects the reflection coefficients only at supercritical angles.

Key words: rough boundaries, reflection of elastic waves, physical modeling.

203



[IlepoxoBaTbIMU TpaHMIAMHA B CEUCMHUKE IPHUHITO HA3BIBATH CEHUCMHUYECKHE
IPaHULIbI, Y KOTOPBIX pauyc KPUBU3HBI HEPOBHOCTEM JIMOO pa3Mep ydyacTKa HEOIHO-
POAHOCTEN yIPYTrHuX CBOWCTB COM3MEPUMBI C JJIMHOM BOJHBEI [1]. BosHbI, OoTpakeH-
HbIE OT TaKUX PAHUII, 10 CYTH, SIBJISIOTCS CYNEPHO3UIIMe BOIH, TudparupoBaHHBIX
Ha HEOJHOPOJIHOCTSIX TPAHULIbI, BCIEACTBUE Yero KOA((DUIIMEHTHI OTPAKEHUS HE MO-
I'yT OBITh ONMKCAaHbl AHAIUTUYECKH, 32 UCKIIOUEHUEM OT/AENbHBIX ciydaeB. [loaTomy
JUTSL BBISIBJICHUS HEKOTOPBIX OOIIMX 3aKOHOMEPHOCTEH OTPa)KEHUS CEMCMHYECKUX
BOJIH OT IIEPOXOBATHIX I'paHull 3HPEKTUBHBIM UHCTPYMEHTOB MOTYT OKa3aTbCsl IKC-
NEPUMEHTAIbHBIE METO/IBI.

B HayuHOI nuTepaType MUMEITCS MPUMEPHI SKCIIEPUMEHTAIbHBIX HCCIEA0Ba-
HUW BIUSHUS IEPOXOBATOCTH IPAHUI] HA OTPAXKEHUE OT HUX YIPYTrux BOJIH. B yacT-
HOCTH, OITyOJIMKOBaH psifi paboT, B KOTOPBIX U3ydaics 3h(PexT oOpaTHOTO CMEIIeHUS
YABTPA3BYKOBOI'O ITy4YKa, OTPAKEHHOTO OT TPaHULbI C NEPUOJUYECKUMH HEPOBHO-
ctsamu [5—7, 9]. I3BeCTHBI Tak)Xe SKCIEPUMEHTHI 110 U3YUYEHHIO OTPAXKEHHS YIPYTUX
BOJIH OT ILIEPOXOBATHIX IPaHUIL ISl CiIy4yas HOpMalbHOro najaeHus [3, §].

B TO ke Bpems sl HEKOTOPBIX CEMCMUYECKUX TEXHOJIOTHH, B YACTHOCTH, UC-
NOJIB3YIOIIMX pa3znuyHble Mogudukanuu AVO-aHanu3a, MOTYT MPEACTABIATh UHTE-
pEC dKCIEPUMEHTANIbHBIE JIAaHHBIE O TOM, KaK IIEPOXOBATOCTh T'PAHULL BIUSIET HA d(-
dbexkTuBHBIC (KaxyImuecs) KOAG(UIIMEHTHl OTpa)X€HUs TPU HAKJIOHHOM I1aJICHUH.
B nannoit pabote Ha HU3MYECKUX MOJIEISAX UCCIEAOBAHO OTPAKEHUE YHPYTUX BOJIH
IIPY UX HAKIIOHHOM TaJICHUU Ha IIEPOXOBATHIE IPAHUIIBI, (POpMa MOBEPXHOCTH KOTO-
PBIX MPSMOJIMHEHA B OJJTHOM U MEPUOJMYHA BO BCEX OCTAIbHBIX a3UMYyTaJbHbIX Ha-
npaBJieHUIX. B nanpHElemM Takyto mepoxoBaTocTh Oy/1eM Ha3bIBaTh JIMHEWHOM.

DKCIEPUMEHTHl MPOBOJAMIIUCH HA YCTAHOBKE, KOTOpash paHee HMCIOJIb30BAJIACh
JUIS MOJICIIMPOBAHUSL OTPAKEHUSI YIPYTUX BOJIH OT TPAHUI] BOABI C MOMIOLIAOIIMMU
[2] u anuzoTponHbiMU [4] cpenamu (puc. 1). B ycTaHOBKe Mbe30KEpaMUUYECKUE HC-
TOYHUK U MPUEMHHUK YJIbTPa3BYKOBBIX HMITYJILCOB MOTYT BpalllaThCsl KaXKIbId Ha
CBOEM HE3aBUCHUMOM pbluare (pUKCHPOBAHHOMN JJIMHBI BOKPYT BOOOpa)kaeMoOW OCH,
POXOSAIIEH MO BEpXHEW rpaHuile uccieayemoro obpasmna. Takum obpazom, cym-
MapHas JUIMHA JIy4deil nmajaroumeil 1 OTpaKeHHOUW OT oOpaslia BOJIH BCEra OCTAeTCs
HEU3MEHHOM, B IAHHOM CJIy4ae OHa paBHa 135 MM. DTO MO3BOJISIET KOMIIEHCUPOBATh
BJIMSIHUE T€OMETPUYECKOIO PACXOXKIAEHUS HA JUHAMHUYECKHE XAPAKTEPUCTUKHU PETrU-
CTPUPYEMBIX UMITYJIbCOB. KpoMe TOro, B TakOi KOHCTPYKUMHA UCTOYHUK U TPUEMHHUK
BCErJa OPUEHTUPOBAHBI OJUHAKOBO OTHOCHUTENIBHO JIyY€ld, COOTBETCTBEHHO, I1aJ1a10-
el U OTPAXKEHHOW BOJIH, YTO UCKJIIOYAET BIMSHUE UX AMArpaMM HaIlpaBJICHHOCTH
Ha pe3yJIbTaThl U3MEPECHUM.

[Tpu mpeoOnanaromieit yactore aaruukoB (1,7 MI') qmHa BONHBI B BOJE CO-
craByigeT okoyio 0,9 MM, Tak YTO pacCTOSIHUE OT MCTOYHHMKA JI0 OTpa)Karouled Io-
BEPXHOCTH MPEBBIIACT JIJIMHY BOJHBI OoJiee ueM B 70 pa3. DTO MO3BOJSET CUUTATH
GpOHT majmaroIield Ha TPAHUITy BOJHBI KBA3UILUIOCKUM W TPOBOJUTH CPaBHEHUE JKC-
NEPUMEHTATBHBIX KOX(D(DUIIMEHTOB OTPAXKECHHS C TCOPETUUCCKUMH IS TIIIOCKUX
BOJIH. J[JIs1 SKpaHUpOBAaHUS NPSMOUM BOJIHBI MEXY JaTYMKAMHU MOMEMIANACh TOHKas
IUTACTHHA MEHOoIIacTa. Bes KOHCTPYKLMS BMECTE ¢ 00pa3lioM Ha BpeMs SKCIEPUMEH-
TOB ITIOMEIAJIACh B EMKOCTh C BOJIOK.
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JaTtyurku

Puc. 1. DxcnepuMeHTanbHas yCTaHOBKA

[Ipu mpoBeneHUU SKCHEPUMEHTOB OOpa3el] yCTaHaBJIMBAJICA TaK, YTOOBI €ro
BEpXHsIS IPaHula ObLIa TOPU30HTANIbHA, & PhIYArk ¢ KICTOYHUKOM M IPUEMHUKOM TpU
KaXXI0M U3MEPEHUU (PUKCUPOBAIUCH MOJI OJUHAKOBBIMU YIJIAMH CUMMETPUYHO OT-
HOCUTEJIBHO BEPTHUKAIBHOM IUIOCKOCTH, MPOXOMAIIEN Yepe3 OCh WX BpamieHus. Ta-
KM 00pa3oM, 3TU YIUIbl ObUIM PaBHBI YIITy MaJC€HUS HA TPAHMILy BOJBI C 00pasLoMm,
a TOJOXKEHUE IIEHTPOB IUIOMIA0K OTPAKEHUS JJI BCEX YIJIOB MaJCHUS OBLIO HEU3-
MEHHBIM. B 3KkcniepuMeHTax yroJs najaeHus u3MeHsuicsa B npenenax or 10 no 80 rpa-
nycoB. Perucrpanus OTpakeHHBIX OT IIEPOXOBATHIX TI'PAHULl BOJH MPOU3BOJIUIACH
[OJ1 Pa3HbIMU a3UMYTaJIbHbIMHU yriiaMu — 0° (B10OJIb HallpaBJIEHUs JUHEHHON 1Iepo-
XOBaTOCTH), 45° 1 90° (mornepek MepoxoBaTOCTH).

M cToyHMK M3ilydan ynpyrue BOJIHBI IIPY MOJ1a4€ Ha HETO OT F€HepaTopa ImpsiMo-
YTOJBHBIX 3JEKTPUUYECKUX UMITYJIbCOB aMIUIUTYy 10l 60 BosbT. IlpuemMHuk npeoOpa-
30BBIBAJl OTPAKEHHBIE OT IPaHUIbl BOJla-00pa3el] yIpyrue BOJHBI B JJIEKTPUUECKHE
UMIIYJIbChl, KOTOPbIE PErMCTPUPOBAIUCH LUPPOBBIM ocLUuIorpad)oM U 3aluchbiBa-
JIMCh B MaMATh KOMIIBIOTEpA JUIsl MOCHIEYIOIIeH 00pabOoTKH.

Kpome Toro, mepes HayaqoMm SKCIIEPUMEHTOB Oblla MPOBEAECHA pPEruCTpaLus
MpsIMOM BOJIHBI TTpU YOpaHHOM 00pasiie u pacKpbITUU pbruaroB Ha 180°, To ecTh Ha
TOM K€ pacCTOSIHUM 135 MM, 4TO M pacCTOSTHUE BAOJIb JIyYer NMPSIMOU U OTPaKEHHOU
BOJIH MPU pa3HbIX yriax najaeHus. [Ipu oOpaboTke oLMPpPOBAHHBIX AAHHBIX MO HM-
nyJibcaMm npsiMoi (0e3 oOpas3na) U OTPaKEHHBIX MPHU Pa3HBIX yriax MajeHusi BOJH
ONPENEISUINCh UX aMIUIUTY/Abl, KAK Pa3HOCTH IMEPBBIX JIBYX IKCTPEMYMOB KaXJ0Ir0
CUTHAJIA.

Monynu K03 PUIMEHTOB OTPaKEHUs ISl KaXK0r0 yria NaJeHHsl pacCUUThIBA-
JIMCh KAaK OTHOLUEHUS aMIUIUTYJ OTPaXCHHOW M mpsAMoi BoaH. CTporo rosops, s
IIEPOXOBATHIX TPAHUI] TaKue KOIPGUIIMEHTHI OTPAKEHUS TPaBHIIbHEE HA3BIBATh (-
(PEKTUBHBIMHU WIIM KaXYLIUMUCS, OCKOJBKY «OTPa)KEHHBIE» OT LIEPOXOBATBHIX I'pa-
HUL[ BOJIHBI HA CaMOM JeJIe SIBJIAFOTCSI PE3yJIbTATOM HAJOKEHHsS MHOXECTBA BOJIH,
IU(pparupoBaHHBIX HA HEOJAHOPOAHOCTSAX IpaHull. B manmpHeiimem OyaeM UMETh 3TO
B BUJly, HCIIOJIb3YSl, TEM HE MEHEE, TEPMUHOJIOTHIO JUISl I1aJKUX IPaHuUL.
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B kaudectBe MaTepuana s 0oOpas3oB MCMONb30BaJICs Tuiekcuraac. /s moce-
IYIOIIEr0 CPaBHEHMSI C pE3yJIbTaTaMM, MOJYYEHHBIMU JJI1 LIEPOXOBATBIX T'PaHMII,
pelIBapUTEIbHO OBbUT MPOBEJAEH 3KCHEPUMEHT C IJIaJKOW (3epKalibHON) IpaHMIIeH
BoJAa-IJIeKcuraac. JJst 3Toro ciyyas Takke Oblla pacCudTaHa TEOpeTHYecKas 3aBU-
CUMOCTb MOJIYJII KO3(ppUIMEeHTa OTpaKeHUs C YYETOM IMOIJIOMIAIOIIMX CBOMCTB
IUIEKCUTIIaca, KOTOpasl TakXKe HCIOJIb30BANACh JJIsi CPABHEHUSI C DKCIEPUMEHTANb-
HBIMH pe3yJIbTaTaMU.

OO0pasipl ¢ IMHEHHO-IIEPOXOBATHIMU IPAHUIIAMH M3TOTABIMBAIUCH Ha (pe3ep-
HOoM ctanke ¢ YUIIY (uuciaoBbIM MporpaMMHBIM yIipaBjieHueM). bbplio moaroToBiaeHo
HECKOJIBKO 00pa3LoB C MIEPOXOBATHIMU MOBEPXHOCTSIMHU C TPEYTrOJIbHBIMU IPOpuUIIs-
MU ceueHHil (puc. 2). XapakTepHble pa3Mephl LIEPOXOBATOCTEH (IIar MEXI1y COCel-
HUMH «CKJIaJIKaMW») BapbUpoBaiIuch oT 0,25 MM 110 2 MM, TO €CThb OTHOUIEHUE ATUX
pa3MepOB K JJIMHE BOJHBI B BOJIE MEHSIOCH B ipeaenax 0,28-2,2.

i

a) 0)

Puc. 2. Cxemarnueckoe n300pakeHHe LIePOXOBATON IrPaHULIbI
C TPEYroJbHBIM IIpoduiieM ceueHus (a) U oOLuid BU OJTHON U3 Mojenei (6)

DKClepUMEHTANIbHbIE 3aBUCUMOCTH MOAYJIEH KO3((ULHUEHTOB OTPaXXEHUs OT
yria najieHus JUIsl MIepOXOBaThIX T'PAHUL] C TPEYTOJIbHBIM MPO(UiIeM CeUeHUs, a TaK-
e OT IIaJKOM (3epKajibHOM) TpaHUIlbl BOJA-IUIEKCUTJIaC B CPABHEHUH C TEOpETHUYe-
CKOM 3aBHCHMOCTBIO JUIA IVIAJAKOM TPaHULBl 3TUX MATEPUAIIOB IIPEACTaBICHBI
Ha puc. 3. Pe3ynbrarel NpUBENEHBI Ul XAPAKTEPHBIX Pa3MEPOB IIEPOXOBATOCTEMN
0,25 mm, 0,5 mm u 1 mm. OTpakeHus OT I'pPaHULBI C XapaKTEPHBIM Pa3MepoM 2 MM
NPaKTHYECKHA OTCYTCTBOBAJIHM, IIOATOMY TpaduK AJIs 3TOTO CIydasi He IPUBOIUTCS.

[Io pe3ysbratam 3KCIIEPUMEHTOB MOYKHO CAENATh CIEAYIOIINE BBIBOJbI. XapaK-
TE€p U CTENEHb BIIMUSIHMS IIEPOXOBATOCTH TI'PAHUIBI HA €€ OTPa)KaTeIbHYK CIOCO0-
HOCTb 3aBUCAT OT COOTHOILICHMS JIJIMHBI BOJIHBI U XapaKTEPHOrO pa3Mepa LIepoxoBa-
TOCTH. B HCCIEeIOBaHHBIX CllydasX LIEPOXOBATOCTb I'PaHUL] BEIET, KaK IPABUIIO,
K YMEHBIICHUIO KO3(Q(PUIMEHTOB OTPAKEHUS HA JOKPUTUYECKUX YIJIaX NaJeHUs
U K X BO3PACTaHUIO HA 3aKPUTUYECKUX YIVIaX IO CPABHEHMIO C 3€PKAJILHOM IPaHMLICH.
Ha OnM3KuX K KpUTUYECKUM YTJIaxX MaJeHUs IPU MaJlbIX XapaKTEpHBIX pazMepax Liepo-
XOBaTOCTU TPaHUIIBl €€ OTpakarollas CHOCOOHOCTh TAKXKE MOXKET YBEJIMYUBATHCS.
B nammx skcmepuMeHTax 3To HaOdronanoch Ui XapakrepHoro pasmepa 0,25 mw,
TO €CTh MPH €ro OTHOIICHUH K JJTMHE BOJIHBI nopsiaka 0,28.
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Puc. 3. 3aBucumoctu K03(hPUIIMEHTOB OTpaKEHUS OT yTIila NaAeHUs
Ha TPaHULIbI C XapaKTEPHBIMU pa3MEPAMH TPEYTOIbHOM IEPOXOBATOCTH
0,25 mm, 0,5 MM 1 1 MM 1 asumyToB 0° (a), 45° (b) u 90° (¢)

[Tpu xapakTepHBIX pa3Mepax MEePOXOBATOCTH OOJBINE JUTMHBI BOJTHBI OTPAKEH-
HbIE BOJIHBI TPAKTUUECKU HE HAOJIOJAI0TCS, 32 UCKIIIOUeHUuEeM Oosbiux (6osee 60°)
YTJIOB TajieHus. VI3MeHeHne a3uMyTa IJIOCKOCTH TaJCHUS 110 OTHOIIICHHUIO K HaIpaB-
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JICHUIO JIMHEHHOW IIepOXOBATOCTH MPU €€ (PUKCHPOBAHHOM XapaKTEPHOM pa3Mepe
cmabo BIMSET Ha OTPAKATEITHHYIO CITIOCOOHOCTh TPAHUITHI HA JOKPUTHUECKHUX yTiaxX.
Ha 3akpuTrueckux yriiax yBeiaudeHUE a3uMyTa BEJIET K Bo3pacTaHUIO K03 uiueH-
TOB OTPaXKEHUSI OTHOCUTEIHLHO KOA(D(PUIIUEHTOB JIs I1aJKON MOBEPXHOCTH.

Paboma evinonnena npu noooepoicxke npoekma @HU Ne 0331-2019-0009 «/[u-
HaMUYeCKUll aHanu3 CelucmMuieckux OaHHulX Ol NOCMPOEHUs Pearucmuitblx Mooe-
Jietl 2e0102UYecKoll cpedbl HaA OCHOBE MAMEMAMUYEcKo20 U QU3ULEcKo20 MOOeaupo-
BAHULY.
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