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AnHoTanms. B Hacrosiieli paboTe OMUCHIBAETCS TeXHOJIOTHS MO/e/TMPOBAHUST BOTHOBBIX
roJiel [l TpeXMepHBIX He Iapasvle/lbHO-CIOMCTBIX Cpefl, OCHOBaHHas Ha NPHUMeHeHUU
JyueBOro meroza. HeTpuBuanbHs 3a/jaua Cae)XeHUs TPAeKTOPDUM Jiyuel, KaK OTpakKeHHBIX,
Tak ¥ 0OMEHHBIX BOJIH, OT UCTOUHMKA B3DbIBA K CEICMOTIPUEMHUKY B 00beMe pellieHa ImyTeM
BBe/leHUs [T0BePXHOCTHBIX UCTOYHUKOB /11 K&XKI0M I'PaHULibl CKOPOCTHOM Mogenu. Kaxzabii
TIOBEPXHOCTHBIN MCTOUHMK TIpe/iCTaByisieT co00l (hyHKLMIO HarpaB/ieHUsI JIyda, MOTMaBILero B
JlAHHYIO TOYKY I'PaHMLbl U3 TOYKU B3pbIBa (WM NpueMHUKa). [IyTeMm nmonapHOro cpaBHeHus
JAHHBIX (YHKLMI, 3a/laHHBIX Ha CeTKe, Ha MOBEPXHOCTH Ka)K/Ol rpaHULIbl y/1aeTCs BbISIBUTh
TOYKU COOBITHI (OTpa)kKeHWsI/TIpe/IoM/IeHUsT — B 3aBUCHMOCTH OT THIIA pacCUMThIBaeMOM
BOJIHBI) Y MPOCJIeAUTD JIyY, 3aBeJJOMO MOMNaJarolivid U3 MyHKTa B3pbiBa B IIYHKT IpUeMa C
M3BeCTHOM TOYHOCThIO. [lomyuyeHHass MHQOpMaLUsi UCIOAb3yeTcs /il (OPMHUPOBAHUSA

rozorpa)oB 1 pe3y/bTUPYIOLIEr0 BOJIHOBOTO I1OJIS.

Abstract. This work describes technology of elastic waves field computation for 3D non-
parallel layered models. The technology is based on ray-method application. The idea is to
separate calculations of the ray trajectories from source and receiver to the bound, instead of

monitoring ray-trajectory directly from source to receiver. For each pair of source-receiver, at



each border, surface sources (grid-defined functions of ray-in angle) are calculated and
compared to define the incident (reflection or refraction) points. This information allows to
select and trace the rays, coming to the receiver with defined accuracy, and therefore to form

the wave field.

1. Beepenue

[Tpu o6paboTKe M aHanM3e CEHCMMUECKUX [AaHHBIX BCe yYallle BCTPEYAIOTCS CHUTYaIUH,
KOrZla OJHOMEpHBbIX W (WIM) [ABYMEPHBIX CKOPOCTHBIX MOZeJield TeO0JI0OTUYeCKON Cpefbl
CTaHOBUTCS HEJOCTAaTOYHO ISl ee KOPPeKTOHOI'0 OMMCaHus U ucciefoBaHus. Vcnosib3oBaHue
JKe TpexMepHbIX MO/ie/iell COMPOBOKJAeTCs U3BECTHBIMU CJIOXKHOCTAMU. Ecnu s psiga
Trapasiie/IbHO CJIOMCTBIX MOJie/iel 3ajlada pacueTa BOJTHOBOTO TIOIST MOXKET OBITh pellieHa B
SIBHOM BU/Ie, TO MPU Aa/IbHeWIIeM YC/I0XKHEHUM KaK reOMeTPUM CJI0eB, TakK U pacripefie/ieHUst
CKOpPOCTed B Te0JOTMYeCKHUX TelaX, IpPUMEeHeHUe W/WIM TIoJlydyeHue aHaJIUTUUeCKOro
pelleHrst CTaHOBUTCS [OBOJIBHO TPYJOEMKHM, a UHOrJa U BOBCe HEBO3MOXXHBbIM. BBeneHue
JKe YMpOIeHU B MOJie/ib He BCerja OnpaBAaHO, TaK KaK MOXXeT He TOJIbKO CYIeCTBEHHO
WCKa3UTh pe3y/bTaT, HO U MIPOCTO UCK/IIOUUTL UHTEpecytolie ero parmMeHTsl. [IpumMeHeHe
KOHEUHO-Pa3HOCTHBIX METO/IOB pacueTa I03BOJIIeT B 3TOM C/yuyae MOJYUYUTh TMOTHBIA U
KOPPEKTHBbIM pe3y/bTaT, OJHAKO HAaK/IaJblBaeT CBOM OrpaHUUEHHs, TIpeXXJe BCero Ha
BLIUMC/IUTE/IbHBIE UM BpEMeHHble pecypchbl. B maHHOW pabore TmpeamnpuHATAa TIOMBITKA
pa3pabOTKH OTHOCUTEILHO TMOKOM TeXHOJIOTHH, TTO3BOJISIONIEN PEeIUTh MPSIMYI0 3a/jauy Jist
MoZiesied IIMPOKOr0 Kjacca, C TpaHULIAMM pasfesa, OrpaHUYeHHBIMU TOJIBKO YC/IOBUEM
OJHO3HAYHOCTH B BepPTHUKA/bHOM HarpaB/eHWU. TexHOJIOrusi OCHOBaHa Ha WCII0JIb30BaAHUU

nyueBoro metoza [1,2].



2. Cxema meToja

CnexxeHre TpaeKTOPUM Jlyya HamnpsMyl0 OT WCTOYHMKA K TNPUEMHUKY (WM WHBIMU
CI0BaMy  “TIDUCTpeN”) B TpeXMepHbIX CKOPDOCTHBIX MOJZe/IsIX — HeTpUBMa/bHas 3ajauva.
OcobeHHO ecri MOJeNTb COZEPXKUT HerlapasjiesbHble CIO0W, ¥ HaC WHTEPECYIOT He TOJIbKO
NpsiMble, HO M OTpakeHHble (WM Jaxke KpaTHble) BOJHBL. [lpescTaBieHHBIM MeETO[,
OCHOBBIBAETCS Ha pas/ie/IeHuH JTyYeBbIX TPaeKTOPUM Ha /IBe YaCTH: OT[e/IbHO OT UCTOYHUKA U
OT IpUeMHMKAa [0 LeJIeBOM TpaHMLbl. BMecTo moc/iefoBaTe/bHOrO IyCKa W aHaavs3a
TPaeKTOPUM JTyuel HeroCpeJCTBeHHO U3 IyHKTa B3pbiBa (fanee I1B) B myHKT npuema (manee
[1IT), Bcs MOBEPXHOCTH LieJIeBOM rpaHuLbl oOcTpenvBaeTcs aydamu u3 I1B u II1. Ilpu 3Tom
TIOMCK TPaeKTOPWHM Jyda, OTBEYAIOIIero peasbHOMY COOBITHIO Ha TpaHHUlle, CBOAUTCS K
aHanu3y uHpopMaruu 00 yrjax BXo/ja B TPaHUL]Y JIyuel, MyIIeHHbIX U3 COOTBETCTBYIOIINX
TOUeK. YTIPOIlleHHass CXeMa BbIUMC/AeHUH wu300pakeHa Ha Puc.l. [Insg peanusaruu
TeXHOJIOTHH OB pa3paboTaH cepBUC TI0 paboTe C MOBEPXHOCTSIMH, OCHOBAaHHBIN Ha TIOHSITHU
MOBEPXHOCTHOTO UCTOYHHUKa [3].

Kaxxzass rpanuija CKOpOCTHOW MOJie/ii TIpe/ICTaBsieTCsl B BUJE MaTeMaTUYeCKU 3aJaHHOU
TIOBEPXHOCTH, TIOKPHITOM PaBHOMEPHOH MpPSMOYTOJBHOM ceTKOW. B xoze obOcTpesna paHHOM
1[e/IeBOM T'DaHMIIbI B KaXKZOW siueiike COOTBETCTBYIOIIeM CeTKU coxpaHsieTcsi MHGopMalys o
BpPeMeHHU XO07a TI0 JIydy U HarpaB/ieHWH JIyua, TOTIaBILero B JaHHYHO siueiiky. Takum obpa3om
¢dopmMUpyeTcsi BbILIEYTIOMSIHYTbI T[TOBEPXHOCTHBIM MCTOUHUK, SIBJSIOIIANCT (DyHKLMeH,
3a/laHHOM Ha CeTKe Ha IOBEPXHOCTU lje/leBOM IpaHuLpl. [l KaXJOoM TpaHULbl MOJeIn
pacuuThIBaeTCs: HAOOp TaKMX MOBEPXHOCTHBIX MCTOYHUKOB, COOTBETCTBYIOIIMX BceM [IB u
BceM [1I1 BbIOpaHHO# cHCTeMBbl HAO/TIOAEeHUS.

Ha BTOpoM 5Tane BbiunciaeHur (Puc.l.), MOBepXHOCTHbIE MUCTOUHUKHU (CETKU) KaKIOM
rpaHuLipl Moziesiv OoT Kakgou napsl [111-I1TB cpaBHUBarOTCS Ha MpeJjMeT BBITIOJIHEHUS YC/IOBUS

OTpakeHus1/TipesioM/ieHrs (B 3aBUCMMOCTH OT TUIAa paCCYMTHIBAEMOU BO/IHBI). SIUelKu CeTKH,



B KOTODPBIX BBITIOJIHAIOCH COObITHE, ()OPMUPYIOT MacCHB CTPYKTYP, KaKAas W3 KOTOPBIX
COOTBETCTBYeT /Iyuy, 3aBeloMo nonajaroiieMy u3 tekyiero [1B B Texyuuii I1I1 ¢ u3BectHOU
TOYHOCTBI0. CTOUT OTMETUTbH, UTO B C/Iyyae KPHMBOJIMHEWHOU I'DaHULibl TAKUX SUeeK MOXKeT
OBbITH HECKO/IbKO, UTO O3HAayaeT Ha/lMuhe B JIaHHOM Tejle MHOKECTBEHHBIX JyUeBBIX MyTeH,
OZJHAaKO He OTpakaeTcs Ha o01eii cxeme BbrumcaeHui. [locsie oObequHeHNs sTUeeK COOBITHIA
st Bcex rpaHul U Bcex mnap [IB-IIT npoucxogut nepexon K nociegHeMy stany (Puc.1.) —
cexxeHue ayueit yxe HerocpeactBeHHO u3 [1B B III1 c uenbto momyunth WHGOPMALKIO O
TPaeKTOpUsIX M TIOJTHOM BpeMeHU Xoga. IIpyu HeoOX0JUMOCTH, Ha 3TOM 3Tarie MPOBOJUTCS
yTOUHEHWe YI70B mycka Jyda (“mpuctpen”), paas 0Oojiee TOYHOTO T[OMAJ@HUS B
celicMOmpueMHUK. B xofe ¢uHampHOTO mycKa Jydeld TIPOU3BOAUTCS yueT OcC/abieHus
aMIUIMTY /bl BOJIHBI 3@ CYeT OTpayKeHUs1/TIpeIOM/IeHUs] Ha IpaHuLiax, pacueT reoOMeTpuYeCcKoro

pacxo’keHus BAO/b TPaeKTOPUH Jiyda, ¥ (OpMHUPOBaHKe BOJIHOBOTO TTOJISI.

3. UmucieHHBIN 3KCNIEPUMEHT

B xoge paboTbl ObLT MpOBe/ieH Psifi TECTOB OMMCAHHOW TE@XHOJOTWM Ha CUHTETUYeCKHX
JAHHBIX. AKIeHT ObIT C/leflaH Ha TIPOBEPKY BO3MOKHOCTH TIPUMEHEHHUs MeTOoZa AJist
HernapasiebHO-C/10MCThIX 1D-3D ckopocTHbIX Mogenel. [IpuMep ofHOM M3 TaKUX MO/Jeneu,
coZieprKalix OJHOpPOJHbIe, U30TPOMHbIe Te0IorTUYecKre Tesa, puBeZieH Ha Puc.2. Cucrtema
Hab/roleHuit coctosiia U3 AByX [IB W BepTUKanbHOW CKBaKWHBI B IIEHTpe Mofend. B
KauecTBe MMITy/IbCa MCTOUHMKA OBbLT MCIIO/b30BaH UMITy/ibC Pukepa [4] c vactoroi 40 I'i.
KosdduiieHTs! 0Tpa’keHUsI/TIpeioM/IeHUs] PacuUTaHbl 10 anmpOKCUMAaLMOHHBIM (opMysiaM
Axu-Puuapzca [5]. PesynbTupytolijue 1osisi npyuBefieHsl Ha Puc.3.

CTOMT OTMETHTh OJHY OCOOEHHOCTb [AaHHOW CXeMbl — TIOJyYeHWe TIOJTHOTO W
KOPPEKTHOTO pe3yJ/ibTaTa B Hell TPaKTUUYeCKHd ITOTHOCTBIO 3aBHCHUT OT YCIEITHOW paboThI

KMHeMaTU4eCKOM  cocTaBjswomier. WM eIWHCTBEHHBIM  UKC/AOBBIM  [apaMeTpoM,



NpeJ/IOKeHHbIM U1 3aJlaHusl  II0JIb30BaresieM, SIBJISIeTCS pa3Mep SYeUMKU  CeTKH
NOBEPXHOCTHOr0 MCTOYHMKA. C OJHOM CTOpPOHBI, 3TO HaK/IaJblBaeT OIpeZeseHHbIe
OrpaHWYeHUsi Ha MCIOJIb30BaHWe TexHosioruu. Ho ¢ apyroi, TakuM 00pa3oM MoJb30BaTeHo
TIpe/lOCTaB/IIeTCS BO3MOXXHOCTb KOHTPOJIMPOBAaTh IPOU3BOJAWTENBHOCTL (BpeMsl) pacyeTos,
KOTOpasi HeroCpeCTBEHHO CBsi3aHa C pa3MepoM STYeMKH CeTKM IMOBEPXHOCTHOIO MCTOYHMKA.
Kpome Toro, npoBeieHHbIe TeCThbl NOKa3aau, YTO KPUTUYHBIM SIB/ISETCS JIMILIb a/leKBaTHbBIN
BBIOOD TIOPsIKa 3TOM BeIMUMHBI: MEHbIINe ee BapHaLMM He OKA3bIBAIOT 3aMeTHOTO BJIMISIHUS
Ha pe3ysbTar (Puc.4.).

B 1ensix mpoBepkyd TEXHONOTHMM OBbLTM Tak)Ke MPOBeJeHbl CPaBHEHHs pe3y/IbTaToB,
TIOJIyYeHHBIX JIyUeBbIM M KOHEYHO-Pa3HOCTHBIM MeTofamu. [IpriMep CKOpOCTHOW Mozenu u
pe3ybTUPYIOLMX BOJTHOBBIX IO/l puBeZieHbl Ha Prc.5 u 6. OTMeTHM, 4To /1S MOyUeHust
OTHOCUTE/IbHO  paspellleHHOro  pe3yJjbTara [pA  3allyCke  KOHEYHO-Pa3HOCTHOIO
MOJIe/TMPOBaHusl, OBLIM yCTAaHOB/IEHBI CeAyIOIIMe 3HaueHWs IlapaMeTpoB: IIar TI0
KOOpAWHaTaM — 2 M., mar 1o BpemeHn — 0.1 mcek. Kpome Toro, morpeboBasoch pacmmpuTh
caMy Mojieflb C Liefibio u30e)kaHusl HeXXeraTe/lbHbIX apTeakToB B Pe3y/IbTHUPYIOLEM TIOJIe,
CBSI3aHHBIX C OTPAKEHUSIMHM OT TPaHUL] 0071aCTH MOJe/MpoBaHusi. OTH (aKTOPhI MPUBETUA K
CyLL|leCTBEBHHOMY YyBeJIMYEHWIO BpeMeHM pacyeTa ([0 IOpsfKa IO CPaBHEHUIO C JIyYeBbIM

MEeTO/IOM).

4. IIpeumyliecTBa U HeAOCTAaTKH MeTOAQ

Cpeau TIpeMMYyILECTB [JAHHOTO MeToJa HeoOXOJUMO TIpeXKAe BCero OTMETUTH
OTHOCHUTEJIbHYI0 THOKOCTb aliropuTMOB. Bo-1epBbIX, NMpU HEOOXOAMMOCTH OHU TIO3BOJISHOT
nojyyatb mons ¥ (Wiu) roporpadsl TO/BKO OMNpefie/ieHHbIX TUIOB BOJIH (TIPOJOJIBHBIX,
OTP&KEHHBIX OT [JaHHOW IpaHuLipl U T.I.), €C/IM Apyrve He NpeJCTaB/sioT vHTepeca. Ilpu

3TOM TeKylllad pea/n3aliyd I103BOJIAET MCII0/Ib30BaTh pPa3/IMUHbIe TUIIBI KCXOAHOI'0 MMITYJ/IbCa



WCTOYHUMKA, KaK CUHTeTHUeCKHe, TaK U MoyueHHbIe U3 peasibHbIX JaHHbIX. YUeT AUHAMUKU B
pe3ysipTHUpYyIOIIeM Tiofe  (ocrabsieHWe  aMIUIMTY[bl TPA  OTPayKeHHH/TIPesIOMJIeHHH,
reoOMeTpUUeCcKOe pACXOXK[eHHe) TakKe abCTparupoBaH, W MOXeT ObITb HCK/TIOUeH, eCc/iu
WHTepecyeT TOJIbKO KMHeMaTHuyecKasi KapTWHA PAaclpoCTPaHeHuUsI BOJTH B MO/IeJIH.

Bo-BTOpBIX, TIpe/CTaB/ieHHass CXema T[03BOJsieT pa30MThb 3ajjauy Ha JIOTUYeCKU
3aBepllleHHble W He3aBUCHUMble 3Tallbl, YTO JieJlaeT ee aZanTUPyeMOM /sl TapasiiebHbIX
BBIUMCJIEHWA W SKOHOMHOW 0 BpeMeHM M pecypcaMm. B-TpeTbux, meToz o00001riaeTcss Ha
C/lyuait Mogieneii ¢ 6osiee C/I0)KHOM TOTIONIOTHUEH U pacIipe/ie/ieHHeM CKopocTei. [1py Hammuuu
cepBUCa /i OMMCAHUS CJ0YKHO TIOCTPOEHHBIX MoJesiell U cyie)keHusi Jiyuell B HUX, caMa
TEXHOJIOTHSI [TOCTPOEHUS TIOBEPXHOCTHBIX UCTOUYHUKOB U Pe3y/IbTUPYIOIIEro 1oJisi He TpebyeT
CWIBHOTO yC/I0KHeHHs. To ke camoe MOXKHO CKas3aTb U O 3aflaue pacyeTra IMojed KpaTHbIX
BOJIH.

YTo KacaeTcs MOTEHIMAIBHBIX HeJJOCTaTKOB METO/Ia, TO K Haubosiee BECOMBIM OTHOCSITCS
Tpe)kJje BCero OrpaHUYeHUs] Ha TOIOJIOTHI0O CKOPOCTHOM MOJieid, CBsi3aHHble C

OIr'PAHWYEHHAMHU JIYUeBOI'O ME€TO/Ja KdK TaKOBOI'O.

CnMcoK pUCyHKOB

1. Cxema BbIUMCJIEHMH, IPOM3BOAUMBIX /11 K&XK/IOU FPaHULIbI CKOPOCTHOU MOJeJIH.

2. Tlpumep cuHTeTHMYeCKOM Hemapasuie/nbHO-caoucTord 3D ckopocTHoM Mozenu. Kapra
CKOPOCTeH Ipe/icTaB/ieHa Ji/isl POJIO/IbHBIX BOJH.

3. Pe3ynbTaT /iyueBOro MoJenupoBaHus Ajsi CKOpoCcTHOW Mozenu (Puc.2.) no asym I1B.
Z-KOMITOHEHTBI COOTBETCTBYIOLMX BO/THOBBIX IOJIEH.

4. DkBUBa/eHTHble (parMeHTbl BOJIHOBBIX I10/Iel, pAaCUMTAHHBIX [JIs1 Pa3/JIUUHBIX
3HAUeHUH pa3Mepa siUeHKH CEeTKH MOBEPXHOCTHOTO UCTOUHHUKA: a — 10m, 6 — 15M, B -

20 M. APY ucnionbp30BaHa Npy 0TOOpaXkKeHUH.



5. [lpumep cuHTeTHMUeCKOM HemnapasuienbHO-ciaoucTord 3D ckopoctHoM mogenu. Kapra
CKOpOCTel Tpe/icTaB/ieHa [i/isi PO/I0/IbHBIX BOJTH.
6. Pe3ynbTaThl MOJenUpOBaHUsS MJid CKOpOcTHOM wmogenu (Puc.5.): a — KOHeuHo-

pa3HOCTHOe, O — TyyeBoe. Z-KOMITOHEHTbI COOTBETCTBYIOIIMX BOTHOBBIX TTOJIEH.
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