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Ilpegcmasaeno urenom pegkoareruu 3. A. Ky3bMeHKO

HaBepeHO pe3yAbTaTH eKCIIepUMEHTAABHUX BUMiPIOBaHb aHi30TPOIIII AleAeKTPUYHOI IIPOHUK-
HOCTI 3pa3KiB BOAOTOTO HiCKY y Alana3osi yactoT 90—150 MI'1, sKa BUHUKAE B pa3i IPUKAAAEH-
Hs AO HUX 30BHIITHBOrO TUCKY. BUMiproBaHHS BUKOHaHI Ha CIelliaAbHIM YCTAHOBIII 3@ AOIIOMO-
TOIO ABOX PO3POOAEHUX AQTUMKIB Ha OCHOBI BIAKPUTOTO KiHIISI KOaKCiaAbHOI AiHil, OAMH 3 IKUX
BUMIPIOE ITEPEBAYKHO AleAEKTPUUHY IIPOHUKHICTD Y3A0BK BEKTOPA IIPUKAGAEHOT'O TUCKY, & iHITTIH —
Y NepIeHAUKYASIPHIN A0 HBOTO IAOIIMHI. B yMOBax NpHUKAaA€HOTO TUCKY KOe(illieHT aHi30TpO-
il BKa3aHUX 3Pa3KiB BOAOTOTO IIiCKY AOCATaB 3Ha4eHH 1,0.

KAr040Bi cAOBa: KOMIINEKCHA AleAeKTPUYHA IPOHUKHICTE ITOPiA IPYHTY, @aHi30TPOIIiS eAeKT-

PUYHUX XapaKTepPUCTHUK, YaCTOTHA AUCIIEPCid.

BBeaeHue. VccaepAOBaHUIO AMDAEKTPUUECKUX
CBOMCTB [TOPOA IPYHTa TPAAUIIMOHHO YASASIETCS 3Ha-
YUTeAbHOEe BHUMaHUe B pa3HbIX 0OAACTSIX eCTeCT-
BEHHBIX HayK. B 4aCTHOCTH, 3TU CBOMCTBA OIIpe-
AEASIOT BO3MOYKHOCTH ITPaBUABHOM MHTEepIpeTa-
LIWU PE3YABTAaTOB PA3ANYHBIX reO(OU3NIECKUX Me-
TOAOB 30HAUPOBAHUS ITIOAIIOBEPXHOCTHOMN CTPYK-
TypBI I'PYHTA.

I'Ipu reodpusnyecKOM 30HAMPOBAHUY IIOYBEH-
HBIX TPYHTOB AAS PELlIeHUd 3aAa4 MH>KeHePHOU Teo-
AOTMH BaKHOE MECTO 3aHUMAIOT MOAEAU 3aBUCHU-
MOCTeU UX AUDAEKTPUUECKUX CBOUCTB OT (pu3u-
YeCKUX ITapaMeTPOB, KOTOPLIMU OIIMCHIBAIOTCS 3TH
rpyHTHL be3 3Tux Mopeael Takske HeBO3MOJKHO pe-
1IaTh 38AQ44 110 UHTEPIIPETAlH PE3YABTATOB, BO3-
HUKAIOIINe IIPU TPOBEASHUN ITPaKTUUeCKUX MH-
KeHEePHO-TEOAOTUYECKUX N3LICKAHUHU C ITIpUMeHe-
HHEeM reopapaposB.

B AuTepaType CyLIecTBYIOT OOABIIIOE KOANYE-
CTBO paboT, MOCBAIIEHHBIX UCCACAOBAHUIO (DU3U-
YeCKMX CBOMCTB I'PYHTOB, B TOM YUCAE UX AUINEKT-
PUUYECKUX XapaKTePUCTHUK, a TakKKe MeToAaM U3-
MepeHUs YaCTOTHBIX 3aBUCUMOCTEN 3TUX Xapak-
TEPUCTUK B Pa3HbIX AMana3oHax 4acToT. [Tpu aTom
HeOOXOAMMO OTMETUTD, YTO OOABIIMHCTBO TaKUX Pa-
OOT OTHOCHUTCS K AMAIla30Hy 4acToT Boite 1 [T
[Hallikainen et al., 1985 a; Wang, 1980].
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B paHHOU cTaThbe OyAeT paccMaTpUBaTHCI AU-
ana3oH yacToT A0 1 I'T'1, Tak Kak UMeHHO OH MC-
IIOAB3YEeTCS, B OCHOBHOM, AASI IOAIIOBEPXHOCTHO-
IO 30HAUPOBAHUS BEPXHUX CAOEB I'PYHTA B 30HE
aspalluy, T. e. Ha TAyOMHAaX AO HECKOABKUX AECAT-
KOB MeTpOB. HeoOX0OAUMOCTE UCCAEAOBAHUSA YaC-
TOTHBIX CBOUCTB KOMIIN€KCHOU AUSAEKTPUIECKON
IIPOHUIIAEMOCTH IIOPOA TPYHTA B 3TOM AMalla3o-
He AUKTYeTCs TakykKe HEKOTOPBIMU 3KCIIEpUMEeH-
TAABHBIMU AQHHBIMY, [IOKA3bIBAIOIIUMH, YTO CyIIle-
CTBYIOIIIE MOAEAU AUSAEKTPHUUECKUX XapaKTepu-
CTHK OCHOBHBIX IIOPOA TPYHTA B 3TOM AMAIA30-
He He OTBeYalOT PeaAbHOCTH U He AQIOT BO3MOXK-
HOCTHU TOYHOU MHTEPIPETAIUN PE3YABTATOB r'eo-
PapapHOTO 30HAUPOBAHUA. B uacTHOCTH, B pado-
Te [Cyrak u Ap., 2012] nokasaHo, UTO YaCTOTHYIO
AUCIIEPCUIO KOMIIAEKCHOM AMBAEKTPHUYECKOM! ITPO-
HUIIaeMOCTH OCHOBHBIX IIOPOA I'PYHTA, OTIPEAEAS-
eMOM IINPOKO UCIOAb3yeMoM Moaeabto [Hallika-
inen et al., 1985 6], HE06XOAUMO KOPPEKTUPOBATH
AAsI OOAee TPaBUABHOM MHTEpPIpeTaluu AQHHBIX
reopapapHOro 30HAUPOBAHMS. DTO YKa3hIBaeT Ha
TO, YTO B €CTECTBEHHBIX YCAOBUSAX Ha KOMIIAEKC-
HYIO AM9AEKTPHUUECKYIO IIPOHUIIaEeMOCTb MOTYT OKa-
3BIBATh BAUSIHUE AOIIOAHUTEABHBIE (DaKTOPHI, KO-
TOpble He YUUTBHIBAAUCH IIPU pa3paboTKe yKa3aH-
HBIX MoaeAer. OAHUM K3 TaKUX (paKTOPOB MOKET
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HUCCAEAOBAHUE AHU3OTPOIIHUU AMDAEKTPUYECKOM ITPOHUILJAEMOCTHU ITPYHTA ...

OBLITH AaBA€HME Ha YaCTUYKU I'PYHTA, OKa3bIiBae-
MOe CO CTOPOHBI PACIIOAOKEHHBIX BBIIIE CAOEB
TPYHTQ, KOTOPOE BO3pAacTaeT C TAYyOMHOU.

ApPyruM Ba)KHBIM 0OCTOSITEABCTBOM, KOTOPOE
HaAAO YUMUTHIBATH IIPY YKa3aHHOM MHTEPIIpeTaIiuu
PEe3yABTaTOB, ABASIETCS HAAWUYEe aHU30TPOIINH KOMIT-
AEKCHOU AUBAeKTpUudecKo mpoHutiaemMoctu. O Ta-
KOM @aHU30TPOIINU BCKOAB3b YIIOMUHAETCS B PAAE
paobot. Hatpumep, B paboTe [Mantirretis, 2002] ro-
BOPUTCS O TOM, YTO OCHOBHBIE 9A€KTPOMArHUTHbIE
CBONCTBA TOPHBIX ITOPOA, KOTOPBIMU SIBASIIOTCS: ) —
YAEABHOE TIOBEPXHOCTHOE COITPOTUBAEHHE, 1] — BbE
3BaHHAas IOAIPU3YEMOCTD, € — AUIAEKTPUAYECKAsA
MIPOHUIIAEMOCTb, W — MarHUTHas IPOHUIIAEMOCTb,
XapaKTEPU3YIOTCSI MUKPO- UAU MAKPOAHU30TPO-
e, XOTs 4aCTO 3TOM aHU30TPOoIMel mpeHeope-
ratoT. B paboTe yKa3bIBaeTcs, 4TO TAyOHUHA 3aie-
TaHUs, CTelleHb MeTaMOp(MU3Ma, CTPYKTypa U TeK-
CTypa IIOPOABI BAUSIOT Ha COTPOTUBAEHME IIOPO-
ABL, U3MEHSSI KO3(P(PUITUEHT MUKPOAHU30TPOIINN |

A=yp./Pr, )
rae P, P; — COIPOTHUBAEHUE IIOPOABL BKPECT U
BAOAB CAOHMCTOCTU COOTBETCTBEHHO. Hallle Bcero
A uamensiercsi oT 1 A0 1,5, poocTurasi 2—3 Y CUABHO
paccAaHOBaHHBIX TOPOA,. OO0IIHe 3aKOHOMEPHO-
CTU U3MEeHEHUS YACABHOTO SA€KTPUYECKOTO COIIPO-
TUBAEHUSI PBIXABIX OCAAOYHBIX ITOPOA, OTTPEAEAS-
IOTCSl BAUSTHUEM AUTOAOTUM (TAMHUCTOCTD), BAGK-
HOCTH (BOAOHACHIIIEHHOCTE ) U MUHEPAAN3ALUNA
TIOA3EMHBIX BOA,

B pabotax [Everette et al., 1980; Aappraug, 2010]
OTMeYaeTCsI 3aBUCUMOCTh AUIAEKTPUUECKOH IIPO-
HUIIAeMOCTH OT pa3Mepa 3epeH HOPOA: TOHKOAVIC-
TIepCHBbIE BOAOHACHIIIIEHHBIE TIOPOABI UMEIOT OO
1IMe 3Ha4eHus €, B 0COOEHHOCTU Ha HU3KUX Yac-
TOTaX, ¥ YKa3bIBaeTCs Ha TO, UTO AAS TOHKOCAOHC-
TBIX Pa3Pe30B U TOPHBIX IIOPOA, C IIPeOOAAAQTOLIEN
OpHeHTalell MUHePAAOB HU3KUX CUHTOHUM Xa-
pakTepHa aHU30TPOIUS; BAOAL CAOUCTOCTHU AU -
SAEKTprYeCcKasi IPOHUIIaeMOCTE BCETAA BHIIIIe, IIpU-
yeM Y BOAOHACHIIEHHBIX IIOPOA 3TO Pa3Anylie Bbl-
pa’keHO CUABHee, YeM Y CyXUX.

Ha marnume aHM30TPONINU AUBAEKTPUIECKUX
XapaKTEePUCTUK IIOPOA TPYHTA yKa3bIBAlOT Tak-
>Ke HEKOTOpble AQHHBIE TeOPaAapPHOTO 30HAUPO-
BaHUS, IIOAYYEeHHbBIEe IIPU UCIIOAB30BaHUYN 30HAU-
PYIOIIEro CUTHaAA CO CTyIIeHYaThIM N3MeHeHueM
ero Hecyuel yactoTel [Cyrak u Ap., 2012]. B ua-
CTHOCTH, OAHOBPEMEHHOE UCTIOAB30BaHMe N300-
PaKeHUU aMIAUTYA OTPa*KeHHBIX CUTHAAOB U UX
(a30BOM CTPYKTYPHI IIOKA3BIBAET, YTO B HEKOTO-
PBIX CAyYadax Ha HUX HaOAIOA@EeTCS HeOOABIIOe
cMeleHre o0pa3a KaKOU-An00 HEOAHOPOAHOCTH
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TIOATIOBEPXHOCTHOM CTPYKTYPBI TPYHTa B TOPU30H-
TAABHOM IIAOCKOCTH. Tak Kak aMIAUTYAHOe U300-
Pa’KeHHUe CBI3aHO C HAallpaBACHUEM PAcIIpoCTpa-
HeHus BeKTopa [ lolTrHTa B cpeage, a pazoBoe n300-
pa’keHHe — C HallpaBA€HUEM BOAHOBOI'O BEKTO-
pa, TO IPY @HU30TPOINU AUIAEKTPUUECKOU IIPO-
HUII@eMOCTHU 5TU BEKTOPHI OyAyT CMellleHEl Ha He-
KOTOPHIH yroA [AaHaay, Audrutl, 1962], uro u Ha-
OAIOAQAOCH B HEKOTOPBIX CAYUYassX IIPU reopajap-
HOM 30HAMPOBAHUM ITOPOA IPYHTA.

EcAM 0 HaAMYMY @aHU3O0TPOIINM KOMIIAEKCHOMN
AUDAEKTPUUECKOU IIPOHUIIAEMOCTHU ITIOPOA IPYH-
Ta CBUAETEABCTBYET PsIp padoT, TO MHPOPMALUl
0 MeTOAAX U3MepeHUs TaKOW aHU30TPOIINU B pe-
AABHOM CHUTYAIIUH, KOT'AQ IIOPOABI TPYHTa HAXOAST-
Csl TIOA, A@BA€HUEM CO CTOPOHBI BEPXHUX CAOEB,
NIPaKTUYECKU OTCYTCTBYET.

CytrecTByrolIe KOHTAaKTHBIE METOABL U3Mepe-
HUSI AUSAEKTPUYECKOMN POHUIIAEMOCTH ITOPOA, TPYH-
Ta OCHOBAHBI Ha MCIIOAB30BaHUHN Pa3AUYHBIX AQT-
UYHKOB, CPEAU KOTOPBIX HauboAee PaclpoCTpaHeH-
HBIM SIBASIETCSI AQTYMK Ha OCHOBE OTKPBITOTO KOH-
I1a KOAKCUAABHOTO Kabeas, Y KOTOPOIro BHYTPEH-
HUM IIPOBOAHUK CAETKA BEICTyIIaeT Briepep. OpHa-
KO 3TUMU METOAAMM NIPAKTAYECKU HEBO3MOKHO U3-
MepsITh aHU30TPOIHIO KOMIIAEKCHOM IIPOHUIIAEMO-
CTH Ha 3HAUYUTEABHBIX TAYOMHAX, TaK KaK TPYAHO
IIOMECTUTH TYAQ AQTIMKU Oe3 BCKPBITUS IIOPOA,, @
IIPX BCKPBITUU TEPSETCA OCHOBHOU (DAKTOD aHU-
30TPOIINM — A@BAEHUE BEPXHUX IIOPOA I'PYHTa Ha
HIKHEE. [T03TOMy OBIAM IPEATIPUHSATEL U3Mepe-
HUSI AUSAEKTPUYECKOM IIPOHUIIAEMOCTH 06Pa31ioB
IrpyHTa B AQOOPATOPHBIX YCAOBUSAX Ha CIIEIIUaAb-
HOM U3MEPUTEABHOM YCTAHOBKE IIPU CO3AAHUY UC-
KYCCTBEHHOT'O BHEIITHErO AQBAEHUS.

MeTtoAnKa n3MepeHNst IACKTPUYECKHUX Xa-
PAKTEepUCTUK I'PYHTa B 3aAA@HHOM ITIOAOCE Yac-
TOT IIOA AaBAeHUueM. [TpoOaeMbl, CBA3aHHBIE C
IIOMCKOM IIPHUEMAEMBIX METOAOB U3MePeHUs AU-
SAEeKTPHUUYECKUX CBOMCTB BellleCTBa, OBIAU pellle-
HBI 4aCTUYHO B 50—80-e rOABL IPOIIIAOTO CTOAE-
TSI 6AaroAapsl Pa3BUTHIO KOHIIENIIUHM, OCHOBaH-
HOM Ha UCIIOAB30BAHUU CIIEIITUAABHOM TEOPEMBEI,
ONMCHIBAIOLIEN CBOMCTBA AHTEHHEI IIPU IIOIpysKe-
HUU B peanbHble cpepbl [Richmond, 1961; Tai, 1961;
Deschamps, 1962]. OTa TeopeMa CBs3bIBAET UM-
IIeAQHC aHTEHHBI B CBOOOAHOM IIPOCTPAHCTBE C UM-
IIeAQHCOM IIPU ee NIOTPY’KeHUHU B BEIIeCTBO, OOAa-
AQrolliee AUIAEKTPUUEeCKUMI U MaTHUTHBIMU CBOM-
CTBaMU, OTAMYHBEIMU OT CBOOOAHOTO IIPOCTPAHCTBA.

PaccMOTpuM KOPOTKYIO MOHOIIOABHYIO aHTEH-
Hy (OTPe30K KOAKCHUAABHOW AMHUU C IIPAKTUYECKU
He BBICTYTIAIOIIUM II€eHTPaAbHBIM IIPOBOAHUKOM),
KOTOPYIO B AAABHeNIIeM OyAeM Ha3bIBaTh KOAKCH-
arbHBIM paTumkoM [Everette et al., 1980].
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[TprMeHNTEABHO K KOAKCUAABHOMY AQTUUKY
MO>KHO 3alIl1CaTh CAEAYIOIlee BEIpasKEHUE AAS eT0
MMIIeAQHCa B CBOOOAHOM IIPOCTPAHCTBE!

Z(m,so)=Aw2+ (2)

jocC’

rae A u C — KOHCTaHTHI, OlpepeAsieMble (hu3u-
yeCcKMMU pasMepaMu aHTeHHEI [Everette et al., 1980],
=27 f— KpyroBas 4acToTa. [Ipu norpy>xeHuu
AATIMKA B AUDAEKTPHUECKYIO CPEAY 3TO BHIpa-
>KeHme Npeobpas3yeTcs K BUAY

z(w,e*)=Aw2\/ K'(1-jigd) +

n ! , )

joC (K" (1-jigd))

rAe tg & — TaHTeHC AMBAEKTPUYECKHUX MOTeph,
K’'=¢'/¢ — OTHOCHTeALHAsI ALDACKTPHUYECCKAS
MOCTOSTHHAS.

Bripakenue (3) ABAAETCS OCHOBHBIM IIPU U3-
MEpEHUSIX SAeKTPUIECKUX XapaKTepPUCTUK Cpe-
MBI C TIOMOIITBIO KOAKCHUAABHOTO AaTurKa [Everette
et al., 1980].

C y4yeTOM IpUBEAECHHBIX BEIPAKEHUN C 0003Ha-
werneM € = €y (K'— jK'')= K'ey (1-tgd) B
3TOM JKe paboTe OBbIAQ TIOAYUYEHA CAEAYIOIIAs CH-
CTeMa ypaBHEHWH, CBA3bIBAIOIIAst apaMeTpel K
1 tgd, XapaKTepU3YIOIINe UCCAEAYEMbIE SAEKTPU-
YyecKue CBOMCTBA CPeAB!, C BEI[eCTBEHHOU 1 MHU-
MOM YaCTSIMU BOAHOBOTO COTPOTUBAEHUS aHTEH-
HEL Z=R+jX:

leaie paTop CHNYCHELAAARITKX
Latipt Tal g

M paTeALHAE S0CTh
HIC

sin 28 secd + 1
R = + Ay K _
2K'mC 2
cos” § secd—1
X = +AJK , 4
KoC 2 @
rae K’/ = ¢’’/e — orHOCUTEABHBIN KO PUIu-
eHT TIoTeph, tg & = 6/we’, 6 — yAeAbHast IPOBO-
AVIMOCTb.

PaccMoTpuM KpaTKO METOAMKY M3MEPEHUS INEKT-
PUYECKUX XapaKTepHUCTHUK 0Opa3lioB IpyHTa C HC-
TTOAB30BaHUEM OTTMCAHHOTO BHITIIEe KOAKCUAABHO-
TO AQTYMKA B HEKOTOPOM AMANa3oHe 4acToT. AAd
3TOT'0 UCIIOAB30BaAACh YCTAHOBKA, OAOK-CXeMa Ko-
TOPOM IpeACTaBA€Ha Ha puc. 1.

ANt U3MepeHMs aHN30TPOIIUN AUIAEKTpIIec-
KX CBONCTB IIOPOA I'PYHTa, 0OYCAOBAEHHBIX AQB-
AEHHEM CO CTOPOHHI BHIIIIEAEFKAIIINX CAOEB, ObIAa
pa3paboTaHa AabopaTOpHas yCTaHOBKA (PHUC. 2), B
COCTaB KOTOPOU BXOAUA METAAANYECKUM ITUAUHAD,
OAHA 13 TOPIIEBBIX CTOPOH KOTOPOT'O ObIAa HATAY-
XO 3aKpbITa METAaAMWUYECKUM AUCKOM, @ BO BTOPOH
TaKOM K€ AUCK MOT' CBOOOAHO IIepeMelaThCs BAOAb
ocu ODUAUHApPA. K 3TOMy AMCKY TIOACOEAUHSIACS
YIIOp AOMKpaTa AASI CO3AQHUST HEOOXOAUMOTO AQB-
AeHUS Ha oOpa3el] IOPOABL, IIOMEIeHHOTO BHYTPh
nuAnHApa. C TOMOIIBIO phluara AAMHOM 510 MM
U ycuUAUA Ha pbruar 10 Kr Ha AMCK IPUKAAABIBA-
AOCBh A@aBAeHUE TpuMepHOo 4 670 KT (IIepecyuTaH-
HOEe C YYE€TOM yrAa pe3bObl AOMKpaTa). Pe3yasTn-
pyrollee yAeABHOE AABAEHUE IIPU 3TOM COCTABASI-
Ao 30 Kr/cm?,

K OOKOBEIM CTOpOHAM IPHUMEPHO ITIOCEPeAUHE
IIMAWHAPA C IIPOTUBOIIOAOKHBIX CTOPOH OBIAM pas-

CearnTIRRR
MEKPOBOALTSETR

T

EoaEcHatshimal 0TI

Hoeaeyyessf ofipase

1

Puc. 1 Baok-cxema YCTAaHOBKHU AAS U3MeEpPeHUsI SACKTPUYEeCKUX XaPAaKTepPUCTUK 06pa3u0B T'PYHTA.
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Puc. 2. ®oTorpadust ©3MEPUTEABHOTO CTEHAQ.

Mell[eHbl KOaKCUAAbHBIE AATUUKY AAST U3MEPEeHUsT
KOMTIAEKCHOMW AMAAEKTPUYECKOHU ITPOHUTIAEMOCTH.

B KauecTBe A@TYIMKOB OBIAM MCIIOAB30BaHBI He-
CKOABKO MOAEPHU3UPOBAHHBIE AQTYNKHA HA OCHO-
Be OTKPBITOTO KOHITa KOAKCHAABHOTO KabeAs. LlenT-
PaABHBIM IIPOBOA, BEICTYIIAA Ha 2 CM Hap KOHIIOM
9KpaHa, a K 9KpaHy IPUIIauBaACT AQTYHHBIN AUCK
AAaMEeTpPOM MOPSIAKA 4 CM, B KOTOPOM ITapaAAeAb-
HO IJeHTPAABHOMY IIPOBOAHUKY ITPUIIAUBAACS IIPO-
BOAHVK C TaKMM JKe AIaMeTPOM ITPOBOAA. Takast KOH-
CTPYKIIHA AQTYMKA [TI03BOAVAE YBEAUYUTEH €EMKOCTh
Me>XXAY IeHTPaAbHBIM IPOBOAHUKOM M 9KPaHOM,
YTO CYILeCTBEHHO YBEAUUUAO YYBCTBUTEABHOCTD
AATUMKA TTPU U3MEPEHNN KOMIIAEKCHOM AMAAEKT-
pUUYecKoM IPOHUIIAEMOCTH IIOPOA IpyHTA. [ Ipu aToM
TmapasAeAbHOE PacIIOAOKEeHNE TPOBOAHUKOB T103-
BOAMAO YBEAWUYHUTD UyBCTBUTEABHOCTE AQTUHKA IIPU
U3MepeHUN aHU30TPOIINY AVSAEKTPUUECKOH IIPo-
HUIIAeMOCTH 00pas31oB I'pyHTa. [1epBEI AQTUUK
PAacIioAaTancs B IUAMHAPE TaK, YTOOBI IAOCKOCTH,
TIPOXOASAIIAs Yepe3 YKa3aHHbIe ABa IPOBOAHUKA,
ObIAa TapasreAbHa AHY IIMAMHAPA, @ BTOPOM pac-
TIOAQTaAcs TaK, YTOOBI 3Ta IAOCKOCTE ObIAA IIep-
TIEHAVKYASIPHA 3ToMY AHY (puc. 3). I'lpu aToM nep-
BBIM AQTUYUK M3MePSA IPEeUMYIeCTBEHHO KOMII-
AEKCHYIO AUSAEKTPUUECKYIO IPOHUIIaEMOCTD B TO-
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Puc. 3. ®ororpadus BHyTpeHHEH YacTU IUAWHAPA
C AQTUYUKaMMU.

pHSOHTaAbHOﬁ IINOCKOCTH, T. €. [IEPIIEHAUKYASIPDHO
CO3pAaBaeMOMYy AABAEHUIO, a BTOpOfI — B BepTu-
KaAbHOM MAOCKOCTH, T. €. BAOAB BEKTOpaA CO3AaBa-
€MOI'0O AABAEHUA.

K coskanenuto, YKa3aHHadgd KOHCTPYKIWA AQT-
YUKa IIpU YBeAndYeHUU YyBCTBUTEABHOCTU K AU~
BAEKTqueCKOﬁ IIPOHUIIAEMOCTHU BellleCTBa 06p33-
OB I'PYHTA IIPpWBEAAd K IIOBBINIEHHOMY 3HAYE€HUWIO
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COIIPOTHUBAEHUS U3AYUEHUS, UTO YBEAUUUAO IIO-
T'PEINTHOCTHL U3MEPEeHUs TaHTeHCa AUIAEKTPUIeC-
KUX IIOTEPb UCCAEAYEMBIX IIOPOA IPYHTA.
MeToArKa U3MEPEHMSI COCTOSIAG B CAEAYIOIIIEM.
AAQTIMKM C TOMOIIIBIO KOAKCUAABHOTO KabeAst oA~
KAIOYAAMCH K BXOAY M3MePUTEAS IOAHBIX COIIPO-
TuBAeHnr UT1C-2. U3Mepsaanch KoadpuimeHT cTo-
siuel BOAHBI U pa3za KOdPPUIiueHTa OTpakeHmns
B moaoce yacToT 90—140 MTI'n. 3aTeM BBIUUCASI-
AUCH BellleCTBeHHAast U MHMMas YaCTH ITIOAHOTO CO-
IIPOTHUBAEHUS Ha BXOAE U3MEPUTEAS IIOAHBIX CO-
npotuBArenutt (UI'1C) uepes koapuiimeHT orpa-
>KeHMs U ero a3y 0 U3BECTHBIM (DOPMYAaM:

Re(Z (0))=p e
1+]| F(w)\z - 2I'(w) cos (@r )

)

m(Z (0))=p 2I' (o) sin (o) ’

1+|T (0)]” —2r (0)cos (or)

TAe P — BOAHOBOE COIIPOTHBAEHHE OTpe3Ka Kabe-
Ad, I — ROMIIAeKCHBIN KOAQPUITUEHT OTPa>keHusd,
¢Or — (aza KoapdureHTa OTpaKeHUs.

3areM n3MepeHHOe TOAHOe COITPOTUBACHME TIe-
PECUYNUTHEIBAAVICEH KO BXOAY AQTUUKA C YUETOM AAU-
HBI KabeAs 110 popMyae

Brauane n3MepsIAOCH KOMIIAEKCHOE BXOAHOE CO-
IIPOTUBAEHIE AATYUKOB B 3aAQHHOM AMalla30He Ya-
CTOT, HAXOAAIIUXCS B BO3AYIITHOM IIPDOCTPAHCTBE.
AL 3TOTO cAydas POPMYAERL (5) IPHOOPEAH CAe-
AVIOIIUM BUA!

sin (28 secd +1
Re(Z, (0)) = 20§C) + Ao’ ‘/ — 7
2§ secd — 1

Tak Kak B AQHHOM CAydYae IlapaMeTphbl AQTYH-
KOB C 1 A ABAAIOTCS KOHCTAHTAMU, U3 YPAaBHEHUU
(7) oHU OTIPEAEATIOTCS OAHO3HAaYHO. AHAAU3 BbI-
pa’KeHuH (7) IIOKa3an, 4To B HAIllEM CAydYae B IIpa-
BOM 4aCTU BTOPOTO BhIpaskeHus (70) MOKHO TIpe-
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HeOpeuyb BTOPBIM YAEHOM, COAEPIKAIIUM A , IIPU-
yeM OTOpAachIBAeMBIN YA€H Ha HECKOABKO IOPSIA-
KOB MEHBIIIE OCTABIIEroCsd. YUUTBIBAsA TO OOCTOS-
TEABCTBO, YTO BEAMYMHA O AAST BO3AYXA OYeHb Ma-
AQ, U3 BTOPOI'O YPaBHEHUS OAHO3HAYHO OIIpeAe-
AsdeTcsa eMKOCTh pAaTumKa C. [Tocae aToro, moa -
CTaBASIS IIOAYYEeHHOE BBIpa’KeHUe A €eMKOCTH
B IIepBO€ YpPaBHEHUE, C YUIETOM MAAOCTH BEAH -
YHUHEBL § MOKHO UTEPAIUsIMU OIIPEASAUTE 3HaUe-
HUe 4.

TaxuM 00pa3oM, A CAyUast, KOTAQ AQTUUKU
HAXOAATCSA B BO3AYIIIHOM IIPOCTPAHCTBE, MOKHO
OIPEAEAUTH OCHOBHEIE TTapaMeTphI AQTYNKOB: eM-
KOCTB U ITapaMeTp 4, XapaKTepPU3YIOLINNA COIIPO-
THUBACHUE U3AYUEHUS.

B peanbHOCTH OKa3aA0Ch, YTO B CUAY HEAOC-
TATOYHOM TOYHOCTU U3MepeHud Kodddunuenra
CTOsT4el BOABL M (Da3bl B U3MEPUTEAE ITIOAHBIX CO-
TIPOTUBAEHUMN HabAIOAAAACh CAabas 3aBUCUMOCTD
YKa3aHHBIX BEAMUUH OT YaCTOTHL [ 103TOMY AAST AQAB-
HeUIINX PacueToB B KauecTBe eMKoCTU C U IIapa-
MeTpa A BEIOUPAAUCh UX CPEAHUE 3HAUYEHU B 3a-
AQHHOM AMana3oHe 4acToT, a uMeHHo C=27,51d,
A4=83-10718,

B pesyabTare HaOAIOAAAACH CAa0asA 3aBUCUMOCTD
AUSAEKTPUUECKOU IIPOHUIIAEMOCTU BO3AYXA OT 4a-
CTOTHI, KaK 3TO IIOKa3aHO Ha PUC. 4 IpU 3HaUEHUH,
paBHOM 1.

OpHOM 13 IPUYUH CAAOOU 3aBUCUMOCTH OT 4a-
CTOTBI AUDAEKTPHUUECKOM IIPOHUIIAEMOCTH BO3AY-
Xa, U3MePEeHHOU AATYUKAMH, MOJKET OBITh TAKXKe
TO OOCTOSATEABCTBO, YTO OHU 00a IIOMEIleHBI B Me-
TAAUYECKAM IUAWHAD C IPAKTUYECKU 3aMKHYTHI-
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Puc. 4. AusaekTpuueckas IPOHUIIAEMOCTb BO3AYXQ,
U3MepeHHast ABYMs AQTIYUKaMU.
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MU TOPIJaMH, KOTOPBIN IIPEACTABASIET COOOU pe-
30HATOP. XOTS €r0 pe30HaHCHAas 4aCcTOTa AeKUT
CYIIEeCTBEHHO BHIIIIe UCIIOAB3YEeMOT'0o Auala3oHa
YacCTOT, BCe JKe ero 4acTOTHas XapaKTepUCTUKa
BAMSIET Ha Pe3yAbTAThl N3MepPeHnH.

EcTrecTBeHHO, 3MepeHHbBIN KOO PUITUEHT aHU-
30TPOIINU A BO3AYXA B YKA3aHHOM AUAIla30He
4YaCTOT IPAKTUYECKM PAaBEH eAVHUIlE (KOAEOAETCS
B okpecTtHocTu 0,9—1,1).

[Tpu m3MepeHNU AUIAEKTPUUECKUX XapaKTe-
PUCTHK 00pa3IoB [ecka, 0COOEHHO BAASKHOTO IIec-
Ka, CUTYyalust HeCKOABKO CAOKHee. [ TepBhIi 1 BTO-
POM YAEHBI IPABOM YaCTU BhIpa’kKeHUd (7a) cTa-
HOBSATCSI COU3MEPUMBIMH, YTO 3HAUUTEABHO OCAOK-
HsIeT BLIYMCASHUS TaHTeHCa AUIAEKTPHUIECKUX T10-
Tepb 00pa31oB rpyHTa. [ IpakTUYeCKU XKe He yAa-
eTcs AaJKe UTepPaIlOHHBIMY IPUOAVIKEHUSIMU I10-
AY4UTBb AOCTATOUHYIO TOYHOCTh U3MePEHUs 3TOM Be-
AWYUHBL

[MoaTomy MBI CKOHIIEHTPUPOBAAKCH HAa BOZMOJK-
HOCTHU M3MepeHNUs TOABKO CTeIleHN aHU30TPOIIUN
AUDACKTPUYECKOM IMPOHUIIAEMOCTH OOPA3II0B BAAK-
HOTO IIeCKa, BO3HUKAIOIIeN IpU TPUKAAABIBAHUN
AABAEHUSA Ha oOpasel] TPyHTa.

KoadhdunmeHT aHU30TPONINY OLIPEAEASIACS IO
3aBUCUMOCTU OTHOIIEHUS AUBAEKTPUIECKOU IIPO-
HUII@eMOCTH AQTYNKOB, M3MEPSIONINX IpenMylile-
CTBEHHO BEPTUKAABHYIO ¥ TOPU30HTAABHYIO KOM-
TIOHEHTHI 3TOU IPOHUIIAeMOCTU. Tak Kak oba AQT-
YyuKa OBIAM MAEHTUYHBIMU U PaclloAaTaAuCh Ha
OAMHAKOBOM BEICOTE OT AHa METAaAANYEeCKOToO ITHU-
AVIHADPA, IIPEAIIOAATAETCS, YTO OHU U3MEPSIAU C OAU-
HAKOBOU TOYHOCTBIO AUIAEKTPUYECKYIO IIPOHULIA-
€MOCTh 06pa3I[oB I'PYHTa B 3aAaHHOM AUAlla30He
yacToT. VI TOABKO HaAmune aHU30TPOIINHU 3a CUeT
CO3AaBaeMOro A@BAEHUS MOTAO IIPUBOAUTH K OT-
AWUUIO BEAUUUH, U3MEPEeHHBIX AQTINKOM AN BEP-
TUKAABHOU COCTaBASIIOIIEN AUDACKTPUUECKOM PO~
HUII@eMOCTH U AQTIYNKOM AASI TOPU3OHTAABHOM CO-
CTaBASIONeN. AN UCKAIOUeHMd (paKTopa CAydal-
HOCTH OblAa IIPOBEAEHA Cepusl U3 ABYX U3Mepe-
HUU, BHIITIOAHEHHBIX B PA3HOE BpeMd U C pa3HOu
BAQKHOCTBIO 00pa31ioB Mecka. Bo BTopoit cepuu
U3MEePEHUN AUIAEKTPUUECKHUE CBOMCTBA OOpa3lia
ecKa U3MepaAnCh A0 IPUKAAABIBAHUS BHEIITHEe-
T'O AABAEHUS, TIOCAE ero MPUKAAALIBAHUSA U 3aTeM
TIOCA€ CHATHS A@BAEHUSA AT UCKAIOUEHUS BAUS -
HUS OCTATOYHBIX 3(PPEKTOB, BO3HUKAIOIINUX BCACA:
CTBHE CAABAUBAHUS IPYHTA.

Pe3yabTaTsl n3MepeHust KoaguiyeHTa aHu-
30TPOIINM 00pa3LoB IIeCKa MOoA AaBA€HHEM.
PaccmoTpuM OCHOBHBIE pe3yABTATHI IIEPBOM Ce-
pumn nudMepeHuii. Ha paHHOM 3Tame UcCAepOBa-
HUU 0OO'beMHAas1 BAAKHOCTD [1eCKa He KOHTPOAU-
poBanack. B cyxoii mecok pA00aBAgIAACH BOAA TaK,
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4TOOKI 0OOpasel] ObIA CAerKa BAKHEIM. Ha 1,5 am3
Iecka O6BIAO A0GABAEHO IpUMepHO 0,2 AM3 BOAEL
Ha puc. 5 npruBepeHBI 3aBUCUMOCTH AUBAEKTPU-
YeCKOM IIPOHUIIaEMOCTHU OT YaCTOTHI BAQJKHOTO ITe-
CKa TIOA AQBAEHUMEM, M3MEPEHHbIE BEPTUKAABHBIM
(cmAoITHAsA KpUBasi) U TOPU3OHTAABHBIM (ITyHKTHD-
Has KpuBast) AaTurkaMu. Ha yactoTtax Boiiire 120 MI g,
HaOAIOAQETCS TIOABEM 3HAUEHUU AUDIAEKTPUYECKOMN
IIPOHUII@EMOCTU BEPTUKAABHOI'O AQTYMKA I10 CPaB-
HEHMIO C TOPU30HTAABHBIM AQTYUKOM. VIHTepecHo
OTMETUTh, YTO MEHBIIIad YaCTOTHAs AUCTIEPCUST AU-
AAEKTPUIECKOU ITPOHUIIAEMOCTH AAS BEPTUKAAD-
HOTO A@TYMKa COOTBETCTBYET BBIBOAAM PaboTHI [Cy-
rak u Ap., 2012], rae TpUBOAUTCS CpaBHEHMeE DKC-
TIepUMEHTAABHBIX AQHHBIX O YaCTOTHOM AUCIIep-
cuu Pa30BOM CKOPOCTU PacpOCTPaHeHUs PAAUO-
BOAH B TIOATIOBEPXHOCTHOM TPOCTPAHCTBE C pac-
YeTHBIMU AQHHBIMY, IOAYYeHHBIMU Ha OCHOBE IIH-
POKO HCIIOAB3YEMBIX MOAEAEM 3aBUCHUMOCTH AU -
9AEKTPUYECKON TPOHMUIIa€MOCTH TUIIOBBIX IPYH-
TOB OT UX (PU3UYECKUX ITapaMeTpPOB.

Ha puc. 6 npuBepAeHEBL 3aBUCUMOCTU AUINEKT-
PHUUYECKON IPOHUII@eMOCTU OT YaCTOTHI BAAYKHO-
ro necka 6e3 paBaeHUs. BupHo, uTo 06e KpuBLIE
MTPaKTUYECKU COBIIAAQIOT.

Ha puc. 7 npuBeAeHbB 3aBUCUMOCTH AUIAEKT-
PUYECKOM IPOHUITAEMOCTH OT YaCTOTHI AASL CYXO-
ro mecka 0e3 AABAEHUS U MOA A@BAEHHEM COOT -
BETCTBEHHO.

W, HakoHell, Ha pUC. 8 TOKa3aHbI 3aBUCHUMO-
CTH OT 4aCTOThI KO3 PUIleHTa aHU30TPOIIUHN AU-
SAEKTPUYECKOU IIPOHULIAEMOCTH OOpa3lia IIeCcKa,
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Puc. 5. AusaekTpudeckasi IPpOHUIIAEMOCTh OoOpasIia
BA&KHOTO TIeCKa IOA A@BAeHUEM: | — BepPTUKAABHBIN
AQTUUK, 2 — TOPU3OHTAABHBIM AQTUUK.
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Puc. 6. AusarekTpuyeckas IpOHUIIAEMOCTL OOpa3slia
BA@JKHOTO ITecKa 0e3 paBAeHUs: | — BepTUKaAAbHBIN
AAQTYUK, 2 — TOPU3OHTAABHBIM AQTUUK.

BBIYMCAEHHBIE 110 IIPHUBEAEHHBIM BHIIIE PE3YAb-
TaTaM. BUAHO, 4TO KOOI (PUIIMEHT aHU30TPOIINHA
BA@KHOTO TIeCKa ITOA AABAEHUEM AOCTHUTaeT 3Ha-
ueHud 1,6 Ha BepxHuUX yactoTrax (140—150 MI'm),
OITyCKasiCh A0 3HaueHUU 1—1,3 Ha yacToTrax 90—
120 MTI'11. AAg cpaBHEHUs Ha 3TOM JKe PUCYHKe
IIOKa3aHbl aHAAOTMUYHBIEe TPadUKU AN BAQKHOT'O
Iecka 0e3 AABAEHUS U AN CYXOTO ITeCcKa IIOA AAB-
AeHUeM u 6e3 Hero. BuapHo, yTo KoadduiieHT anu-
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30TPOIIUY AUIAEKTPUYECKOM IIPOHUTIAEMOCTH CY-
XOTO IIecKa IIOA TeM JKe AaBAEHHEM BO BCEM AUa-
TIa30He YaCTOT CAETKA OTKAOHSIETCS OT €AMHUITH,
YTO FOBOPUT O TOM, UTO AAS CYXOIO ITeCKa AaBAe-
HMe B YKa3aHHBIX NIPeAeAaxX He IPUBOAUT K CHUAB-
HO BBIpa’KEHHOW aHU30TPOIINYN AUIAEKTPUIECKON
TIPOHUIIAEMOCTH.

Bo BTOpOI# cepum uamepeHut (mocae HeOGOAb-
I1I0TO PEMOHTAa AQTYMKA, U3MEPSIOIIEro BePTUKAAL-
HYIO COCTaBASIIOITYIO AUDAEKTPHUIECKOM ITPOHUIIA-
€MOCTH) B TAKOU JKe 00'beM ITeCKa OBIAO AOOaBAE-
HO 0KOAO 0,25 AM3 BoaBL. PesyabTupyroliee yaAeAb-
HOe A@BAEHUe Ha oOpa3ser ecka OBIAO HECKOABKO
MeHnsble, yem 30 Kr/cM?2, COOTBETCTBYIOIIee mep-
BOM CepUHU U3MepeHUN. Pe3yAbTaTel H3MepeHn
nIpuBeAeHHB Ha puc. 9. Ha puc. 9, a npeacTaBae-
HBI M3MepeHHbIe 3aBUCUMOCTHU AUIAEKTPHUUECKON
MIPOHUIIAEMOCTH BAASKHOI'O 0Opa3slia Itlecka A0 IIpH-
KAAABIBaHUS (KpUBBIE [, 2) ¥ TOCAE TIPUKAAABIBA-
HUS A@BA€HUS (KpUBBle 3, 4) K HEMY BHEIITHETO A@B-
A€HUS, a Ha pUC. 9, 6 — IIOCAe CHATHUS BHEIIHe-
ro AABA€HUA IIPUMEpPHO Yepe3 15 muH. [Tpu aToM
KpuBble [, 3, 5 OTHOCATCA K AQTUUKY, U3MEPSIO-
11IeMy BepPTHUKaAbHYIO KOMIIOHEHTY AMDAEKTpHUYec-
KOM IIPOHUIIAEMOCTH, a KpuBkble 2, 4, 6 — K AQT-
YHKY, U3MEePSIOIeMy TOPU30HTaABHYIO KOMIIOHEH-
Ty AUIAEKTPHUECKOU IPOHUITAEMOCTH 00Pa31ia BAGK-
HOTO Iecka.

BuaHO, 94TO ITOCAE IPUAOSKEHUS AQBAECHUS AW-
SAeKTpHUYecKas IPOHUIaeMOoCTh oOpa3ia necka
HECKOABKO YBEAMYHAACE OT 2—3 B U3MepsieMOM AU-
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Puc. 7. AusaeKkTpuueckas IPOHUIIAEMOCTb CyXOro necka 0e3 (a) u 1op (6) pAaBAeHHEM:
1 — BepTUKaAABHBIN AQTYUK, 2 — TOPU30HTAABHBIN AQTUUK.
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Puc. 8. 3aBUCHUMOCTH OT YaCTOTHI KO3 PUIIHEH-
Ta @aHU30TPOIUN AUIAEKTPUUYECKOM IIPOHUIIaeMO-
CTH IeckKa: ! u 3 — BA@KHBIM U CyXOH IIeCOK IIOA
AaBAeHUEM; 2 U 4 — BAA’KHBIN U CyXOM IIecok 0e3
AABAEHUS.

ara3oHe 4acToT A0 3,5—95,1, Ipu 3TOM MOSIBUAACH
QHU30TPONUA AUIAEKTPUUIECKON IIPOHUIIAEMOCTH,
XOT$I ¥ HECKOABKO HUJKE, UeM B [IEPBOM CEPUU U3~
MepeHul. EcA y4eCTs, 4TO B ICXOAHOM COCTOSTHUN
(Oe3 paBAEHUSA) KPUBASA 3aBUCUMOCTU AUDAEKTPU-
YeCKOU IIPOHUIIAeMOCTHA OOpa3slia mecka oT 4ac-
TOTBI AASL BEDTUKAABHOTO AQTYMKaA (KpuBag | Ha
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puc. 9) A€KUT B BLICOKOYACTOTHOU OOAACTH HUKE
QHAAOTUYHOMN KPUBOU AAS TOPU3OHTAABHOTO AQT-
YMKa, TO KO3QPUITMEHT aHU30TPOIIHUY B 3TOM 00-
AQCTHU YaCTOT OyAeT COU3MEPUM C pe3yAbTaTaMu
nepBoM cepuu. Cpa3sy IIOCAe CHATHUS AQBACHUS A-
SAeKTpUYeCKasi MPOHUIIAEMOCTb HECKOABKO YMEHE-
IIMAACH (IPUMEPHO A0 3—4,6 B U3MepPsieMOM AHa-
Ta30He YacToT), @ 93PEKT aHU30TPOITUU, KaK MOXK-
HO BUAETHb U3 PUCYHKA, IPAaKTUUYECKHU HcUes.

BeiBoABL. 1. B pe3yabTare 3KCIIepUMEHTAAb-
HBIX MCCAEAOBAHUU BHISICHUAOCH, UTO AQBAEHUE
Ha 00pasIibl BAAQJKHOTO IIeCKa IIPUBOAUT K IIOSIB-
AEHUIO aHU30TPOIINY eT0 AUIAEKTPHUUECKOH IIPO-
HunaeMocTy. [IprueM BepTHKaAbHAsI COCTABAS-
I0111ad (B HAalpaBA€HMU OCU CO3AABaeMOro AaBAe-
HUS) AUDAEKTPUUECKOM TPOHUIIaeMOCTU oOpa3siia
I'PYHTA CTARHOBUTCS OOABIIIe TOPU30HTAABHOM CO-
CTaBASIONIEN (IePIIEHAUKYASIPHOM K OCH CO3AaBa-
€MOTO AQBAEHUS).

2. D@ deKT NoABAEHUST aHU30TPOITNU AUIAEKT-
PHUUECKON TPOHUI@EMOCTHU TIOA AABAEHUEM IIPO-
SIBASIETCST HECKOABKO OOABIIIEe B AMANa30He IIPU-
MepHO 120—150 MI't1, raAe KO3 puUIneHT aHU30-
TPOIIMU AOCTUTaA 3HaueHud 1,0, XOTS 3TO MOXKET
OBITE 00YCAOBAEHO MEHBIIIEe TOYHOCTBIO U3Mepe-
HUS AUDAEKTPUUECKOMN IIPOHMUITaeMOCTHU B AUaTia-
30He yacToT 90—120 MTI1.

3. B cyxoM necke HepOCTaTOUHAsA TOYHOCTD 13-
MepeHUd AUIAEKTPUUECKON IPOHUIIAEMOCTH He
TIO3BOAMAA CACAATH HAAEKHBIM BBIBOA O IIOSIBAEHUU
ee aHM30TPOIINHU B yKa3aHHOM AMalla3oHe 4acToT.
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Puc. 9. AusaekTpuyeckas IpOHUIIAeMOCTh BAA@XKHOTO IlecKa 0e3 paBAeHUs (KpuBble [, 2) U IOCAe
NIPUAOKEHUS AaBA€HUS (KpuBble 3, 4) (a), a TaK)Ke IIOCAe CHSTUS AABA€HUS (KpuBble 5 U 6) (0).
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Studies of anisotropy of dielectric permeability
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This paper presents the results of experimental measurements of anisotropy of di-
electric permeability of wet sand samples appearing as a result of applied external
pressure in the frequency range 90—150 MHz. The measurements were made on spe-
cial measuring stand with use of two developed sensors, one of which measures di-
electric permeability along the vector of pressure and another one — in perpendicular
direction. As a result, the anisotropy coefficient of dielectric permeability of the wet sand

samples reached the value of 1,6.
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