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YUET MHOT'OCJIOMHOW 3EMJIU
B PACUETE DJEKTPOMATHUTHBIX XAPAKTEPUCTUK
YEJUHEHHBIX BECKOHEYHO JJIMHHBIX CTEPKHEBBIX
3A3EMJIMTEJEN [IPU CTEKAHUU TEPEMEHHOT'O TOKA

Maructp texn. Hayk JEPIOTHHA E. A.

Lenopyccxuii nayuonansholii mexuuieckuii yHugepcumem

B [1] nonyuens! npuGamkeHHbIC (GOPMYIBI AT pacueTa MEKTPOMArHUTHBIX
XapaKTEPUCTUK (COMPOTHUBICHHUE CTEPIKHS 3a3EMIUTCIS, CONPOTUBICHUE pac-
TCKAaHHIO TICPEMEHHOI'0 TOKA B 3eMJIC, HANPSHKCHUE HA 3a3CMIIUTENIC) YEIWHCH-
HOro OECKOHCYHO IMHHOTO 3a3¢MIIHTCIS, OCHOBAHHBIC HA DPACHPEACICHHH
IJIOCKOH BIEKTPOMATHHUTHOW BOJHBEL. B 3THX (opMmynax cTepkeHb 3a3eMIINTE-
T W 3eMIIS PacCMATPHUBAIOTCH KaK OJHOPOJHBIE CPEABI C IMOCTOSHHBIMH 3JICK-
TPUYECCKUMH HPOBOAUMOCTSIMU U MAarHUTHBIMH MPOHHULACMOCTAMHE. 3EMIS, KaK
MPaBHJIO, 001aJaCT HEOTHOPOAHOH CTPYKTYPOU C XOPOIIO BBIPAXKCHHBIMH CIO-
SMH, a VACTHHBIC CONPOTUBICHHA OTACIBHBIX CIIOEB pasnuuHbel. llociennee
VUUTBIBACTCS MPCICTABICHUCM 3EMIIH KaK MHOTOCIOHHOH cpeapl (MHOTOCTIOH-
Has 3€MJIS1) C HOCTOSHHBIMU B KQJKIOM CIOC YICTBHBIMH BICKTPHUCCKHUMH CO-
npotusicHusaMH [2]. KpoMe TOro, B mociIcaIHuC BpeMs MIHPOKO MPUMCHSIFOTCS
JBYXCIIOHHBIE 3a36MIIUTENN — CTABHBIEC CTEPIKHH, TIOKPBITHIE MEABIO TOIIMUHOM
0,25 MM [3].

Hmxe paccmatpuBaetcs MpHONTHKCHHBIN PAcUeT 3JICKTPOMATHUTHBIX XapaK-
TCPUCTHK VEIHHCHHOIO OCCKOHEYHO IIMHHOTO BEPTHKAIBHOTO CTECPIKHEBOTO
3a3¢MIMUTENSL € YYETOM MHOTOCIOMHOU CTPYKTYPBl 3¢MJIM U JABYXCJIOHMHOU
CTPYKTYPBI CAMOT0 CTEPIKHS TPH CTEKAHHH NEPEMEHHOTO TOKA ITPOMBIIICHHOH
qacToTel. MOJEnp, VIUTHIBAIOMAs MHOTOCIOWHYIO CTPYKTYPY 3€MIIH H JBYX-
CIOHHBIN CTEpPsKEHB, mpuBeAcHa Ha puc. 1. Ciou 001a7a10T CBOUMH DIICKTPUUC-
CKUMH NPOBOJUMOCTSIMH H MATHUTHBIMU IPOHULACMOCTSIMH.
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Puc. 1. I'eomerpryeckast MOJIENb YEJMHEHHOIO OECKOHEUHO JTTMHHOTO
JIBYXCIIOMHOTO CTEP)KHEBOTO 3a3eMIIUTEINSI B MHOT'OCTIOMHOH 3eMiTe
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Jnsa mpHONMKEHHOTO PacueTa 3NICKTPOMATHUTHBIX XapAaKTCPUCTHK ABYX-
CIIOMHOT'0 CTEPKHS B MHOTOCTOHHOH 3eMIIe HCNONb3yeM (OPMYIbl, OCHOBAHHBIC
Ha PacIpeACICHUHN IUIOCKOH BIEKTPOMATHUTHOW BOJHBI MO TIYOWHE CTEPIKHSL.
Takoe npubnmkeHue A 0JHOPOIHON 3EMIIH JACT PE3YIIBTATHI, OTIHYAIOIIHECS
He Oonee ueM Ha 2 % B CPaBHCHUH C YHCICHHBIM PCLICHHEM YpaBHECHHH Makc-
Bemna [1].

B zemne B jaHHOM ciydae CYIIECTBYIOT TOJIBKO PaAMalbHAS COCTABIIAIONIAL
ILTIOTHOCTH TOKA [1] B COOTBCTCTBCHHO paguaibHAs COCTABIISIOMAS HAPSKCH-
HOCTH JJIEKTPHUYECKOro Mo, BeipaskeHme A pacdera HaNpsHKEHHOCTH 3JICK-
TPHUYUECKOTO TOMSA B KOKIOM CJI0€ 3MJIH C YIETOM €€ HEIPEPBIBHOCTH HA I'PaHU-
nax paszaena umeert sug [4]:

:I_m E sh(ow; (4; —2)) + B sh(owy;2") ’
2nr sh(ow; /) sh(ow, /)

E,.,(r,2) i=l..,n-12z"¢€[0,h]
()
E,. (r Z’)—I—’"E-e*%zz' i=n,z'e[0,x]
imr\/ s _2TU” i =1, N N

rac /I, — KOMIUICKCHAS AMIUIMTYAA TOKA, CTCKAIOWICTO B 3a3CMJIUTCTB, [

Ez’+1 — HCU3BCCTHBIC HAIPIKCHHOCTU JJICKTPHUUYCCKOI'O IIOJIA Ha TpaHUIAX i-rO
i
crnost (puc. 1); 4 — TOMIUHA 7-TO CIOS 3EMIH;, z' = —Zz +Zh- — JIOKAJIbHAS KO-
k=1
OPIMHATA i-TO CIOSL; Oly; = +f jOY4;lly; ; O — YIVIOBAs YaCTOTA MEPEMEHHOTO TOKA.

Hanps:keHHOCT MATHUTHOTO TIOJIS IS KOKIOTO CJIOS 3CMITH HAXOOUTCS U3
3aKOHA 3JIEKTPOMAarHUTHOM UHAYKIUU

Fig(r, 2y = 22 |12 [y @B =2 o0,

_ ; i |. (2)
2nr \ jop, sh(ow, ;) sh(a ;)
Heun3BecTHbIE HATIPSKEHHOCTH 3MEKTpHueckoro momst £ (i = 1, ..., n) Haxo-

AATCA U3 3aKOHA IMOJIHOI'O TOKa U PABCHCTBA HaHpHXGHHOCTeﬁ MAarguTHOTO ITOJIs
Ha rpaHruliax pasacia CJIO0CB:

Vi ; : 1 :
——| E;cth(ayh) - By ———— =1, i=1;
JO My o sh(otz:4 )
. o, .
E 2 E; (o cth(on /) + 0ty cth(o g /) +
sh(ouy:,)
_|_El.+2721+1 =0, i=2,..,n-2;
Sh(a2i+lhv'+l )
. o, . ,
E m — E (o cth(on/) +0i44) =0, i=n-1.

N3 pemenns cuctemsl (3) onpenensieM HCKOMBIE HAMPSKCHHOCTH BICKTPH-
YECKOT0 MOJIS U HANPSDKCHHOCTH JICKTPHUCCKOTO W MarHUTHOrO mojieh mo (1)
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u (2) coorBercTBeHHO. 110 MX BeaMUYMHAM HA MOBEPXHOCTH 3EMJTH PACCUUTHIBA-
€M COMPOTHUBJICHUC PACTCKAHHIO TICPCMCHHOTO TOKA [1]

_ m R ) i %
Z,(R) = R,(R)+ jX.(R) Tr [ 7B (. OV H s (. 0)dlr = =" [ Esdlr, (4)
m| Rs m| Rz

rae R,(R), X,(R) — akTUBHOS W WHIYKTUBHOC COMPOTHBJICHUS PACTCKAHHUIO IIC-

PEMEHHOTrO ToKa B 3eMiae; Hi,,(7,0) — KOMILIEKCHO-CONPSXKCHHAS aMILIUTYa

HANPSKEHHOCTH MATHUTHOTO TOJISl HA MOBEPXHOCTH 3eMIH; [ — TO e TOKa,
CTCKAIOLICTO B 3a3¢MJIMTENb; R — PACCTOSHHUE A0 CTCPIKHS 3a3eMIHTENS ¢ 00-
patHBIM TOKOM [1].

Jns nanpHEHIIEro pacuera CONPOTUBIICHUS CTEPXKHS 3a3¢MIUTEII ¢ YICTOM
€ro ABYXCIOWHOH CTPYKTYPhI (HATUYIUE MEIHOTO MOKPBITHS) HEOOXOAUMO 3HATH
BEJIMYMHBI TAHTCHLIHATBHEIX COCTABIIOMIMX HAMPSIKCHHOCTEH 3IICKTPHICCKOTO
W MAarHUTHOTO MONEH Ha ero OokoBoHM moBepxHOCTH. Ilpn ux ompenencHun
VITEM, YTO AJI1 MEAHOTO MOKPBITHS MOBEPXHOCTHHIN 3 QEKT OTCYTCTBYET, TaKk
KaK €ro TOJIIUHA 3HAYUTEIBHO MCHBIIEC INTyOWHB! MPOHUKHOBCHUS BICKTPOMAr-
HUTHOH BOJHBI, & ISl CTAJIH OH, HA0OOPOT, BRIPAKEH, TAK KaK TONIIMHA CTCHKU
Gonprie ryOWHBI MPOHUKHOBEHUS BICKTPOMATHUTHOH BomHbL. Kpome Ttoro,
B CTCP)KHC 3a3CMIUTEIS VYHUTHIBAEM TOIBKO BEPTHUKAIBHYIO COCTABISIOLIYIO
IJIOTHOCTH TOKa, a paauaibHoi mpeneOperaem [1]. Torma nampspkeHHOCTR Mar-
HUTHOTO TMONS Ha OOKOBOW TMOBEPXHOCTH CTEPXKHS OmpenaenseTcd mo (2) mpu
r=R,

L, Vo | g ch(a; (4 - 2")) —E ch(az")
2nR \ jopy \ sh(ohy) " sh(onh)

Hipg(Rs,2) = ®)

AHAJOTHYHO BBIPAKCHHE JJIS1 BEPTHKAIBHOH COCTABISIOMICH HANPSDKCHHO-
CTH BICKTPUICCKOTrO MO Ha OOKOBOW MOBEPXHOCTH CTECPKHS IPUHUMAET BUA

OCnajm JYai o
Jonmyna(Ri — R3) + 2y Ry o py;

Eimz (R3 > Z,) =

(6)
E ch(a; (h —2)) . ch(ay,z") ’
sh(ai/ ) sh(a/;)

- JI(XI)H(()Z)(XZ)_JO(XZ)H?)(XI)
TAC Ol =+f jOY111; a= T, L) -
JI(XI)H?)(XZ)_JI(XZ)H?)(XI)

¢dyukiun beccens nmepBoro poaa HYJIEBOTrO U MEPBOTO MOPSAKA COOTBETCTBCHHO,

HP (), H®(x) - dynxumn Beccens tperbero pona (sropas dymxumus [anke-

JIs1) HYJIEBOT'O U IEPBOTO MOPSAKA COOTBETCTBEHHO; Y1 = jou 1 Ri; Y2 = jonR,.
ConpoTHUBICHUE ABYXCIOHHOTO CTEPKHS PACCUUTHIBACTCS MO HAMPSIKCHHO-

CTSIM BJICKTPUUICCKOTO U MATHUTHOTO TIOJICH HA €ro OOKOBOM mOBEpXHOCTH [1]
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Z,= R+ o =N [ e (R 2 Elfy (R, )z 4.+

m ‘ 0

(M

’ ’

+I Eimz (R3 s Z’)H;;n(p (R3 s Z’)dZ +.. +I Enmz (R3 s Z’)H:mq) (R3 s Z,)dZ >

0 0

rac Re, X¢ — akTHBHOC U HHAYKTHBHOC COMPOTHBJICHUS CTCPIKHS 3a3CMITHUTEIIS,
H}o(Rs,2") — KOMILIEKCHO-CONIPSKECHHAS AMILTHTYIA HANPSHKEHHOCTH MarHUT-

HOTO TIOJISI HA OOKOBOH MOBEPXHOCTH CTCPIKHIL.
IlonHOE COMPOTHBIEHUE 3A3EMIMTEN CKIAABIBACTCS W3 COIPOTUBIICHUS
COOCTBEHHO 3a3€MIIIOIIETO CTEPKHA Z, U CONPOTUBJICHHUS PACTCKAHHIO IIEpe-

MEHHOTO TOKa B 3eMne £, (R)
ZIR)=R.(R)+ JX(R)=Z.+Z,(R), ®)

rae R,(R), X(R) — akTHBHOS U HHIYKTUBHOC COMPOTHUBIICHHUS 3A3CMITUTEIS.
HelicTByrolnee 3HAUCHHC HANPSDKCHHS HA 3a3CMIIMTENC ONPEACIICTCS IO

dbopmyiae
1%,
— j Edr. )

V23

Ha npaktuke B OOJIBIIMHCTBE CIy4acB MHOTOCIOHHYIO 3CMJIKO MPEACTaB-
JSIFOT B BHJC ABYXCIIOHHOM, COCTOSIICH M3 BEPXHETO (CE30HHOIO) CIOS TOMIMH-
HOU /1 ¥ BTOPOTrO CIIOS, HE MOJBEPIKEHHOTO CC30HHBIM U3MEeHEHHsM. [Ipu aTom
TOJINUHA BEPXHETO CIOS MPUHUMACTCA PaBHOU He Oomee 3 M [2].

I[J'IH TAKOIr'o Cjiydasd UTOrOBBIC BBIPAXKCHUA JJIA pacucTa 3JICKTPOMATHUTHBIX
XaPaKTCPUCTUK 3a3CMITUTCIIA IIPUHUMAKOT BUA!

U(R) =

Z (R) _ L ]0) M21 ln£ (03] Sh(aZlhl)Ch((X21h1) + (055 Shz(aﬂhl)
- 2n Y21 R; oy ch? (o1 /) +oyp sh(o ) ch(ona /) — oy |

_ 2TCR3

c )
o]

Z IElmz (R3 > Z,)Hl*mq) (R3 > Z,)dZ + I EZmz (R3 > Z,)H;mq) (R3 > Z,)dZ > (10)
0 0

U(R) = I_'” JOW2 ln£ oty sh(a /) ch(on /) + oo, sh? (o /)
27'[ 2Y21 R3 (X«Z] Ch2 ((X'Zlhl) + OL22 Sh(a’Zlhl)Ch((XZ]h]) — (X’ZI

Ha ocHoBe monyucHHBIX BBIPAXCHUH B cpeac mporpammuposanus MatlLab
paspaboTana mporpamMMa pacdyera W NPOBEACHO YUCICHHOC MOACTHPOBAHUE
3JCKTPOMATHUTHBIX  XAPAKTCPUCTUK OCCKOHCYHO AJHHHBIX IBYXCIIOHHBIX
CTEPKHEBBIX 3a36MIIMTENCH B MHOTOCIIONHON 3emiie. B kadecTBe mpumepa mpu-
BEACHBI PE3YIBTATHI PACUCTA XAPAKTCPUCTHK CTATBHOTO H CTATBHOTO OMEIHCH-
HOTO 3a3emyutelch paguycoM R, = 50 MM ¢ TOJIMMHON CTCHKU cTanu di =
=Ry — Ry = 3,5 MM # TOMIUHON MEIHOTO TOKpeIiTUs dy = Rz — Ry = 0,25 MM
B AByXcioiHoM 3emie (puc. 2). Ilpu stom TommuHa MepBoro (BEPXHEro) CIos
3emid A, m3meHsack B mepeaenax or 0 mo 1000 m. B pacuerax mpuHSITHL:
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I cTamd: Y = 6,8 - 10° Cv/m, py; =700 - 4x - 1077 I'a/m; mas mequ: v, =
=56 10" Cm/m, ppy = 4 - 107 Tn/m. Jlns coeB 3eMIH TIPOBOJUMOCTD TIPH-
uumamace pasuort 0,01 u 0,001 Cwm/M, MarHuTHas MPOHHUIIAEMOCThH IS BCEX
cnoes 41 - 107 Tu/wm.

a 6
1,4 ) 1,4 o
Z, OMm, XIR,
1,0 1 1,0 3 2
0,8 0,8
4
0,6 2 0.6
0,4 0,4
0,2 0,2
34
0

0
100 300 500 700 900 hy,m 100 300 500 700 900 hy,
M

Puc. 2. 3aBUCUMOCTBH IIOJTHOTO COIPOTUBIICHUS Z (@) U OTHOITICHUS MH/IYKTUBHOTO COIIPOTHUBIICHUS

K aktrBHOMY X/R, (6) OT TOMIMHEI IepBoro ciros /) ipu R = 20 M, 1 — cTambHOU 3a3eMITUTENh

mpa v, = 0,001 Cv/M u y5, = 0, 01 Cw/M; 2 — cTanpbHOM OMEJHEHHBIM 3a3eMIUTeNh TpU

Y21 = 0,001 CM/M U y9 = 0,01 Cw/M; 3 — cTaTBHON 3a3eMITHTEIb TIPH Y51 = 0,01 CM/M H Yy =
= 0,001 Cv/m; 4 — cTaTBHOM OMeTHEHHBIH 3a3eMITUTEh TIpH Y4, = 0,01 C/M r Y4, = 0,001 Cv/m

Hna paccmaTpuBaeMoro mpumepa deM OONbIIC TOMIMHA /2 CIOS € Ty4IIei
MPOBOAMMOCTEIO, TEM MEHBIIEC MOTHOE CONPOTUBICHUE 3azemnuternst. [Ipu xya-
nIeH MPOBOAMMOCTH MEPBOTO CIOS VBEIUUCHHE €T'O TONIIHMHBI BEACT, HA00OPOT,
K pocty conpotuBicHHs (puc. 2a). [Ipu 3T0OM BETHYHHBI COMPOTHBICHUN MPH
hy = 0 coBNMAaroT ¢ Pe3y/IbTaTaMMU, HOTYUCHHBIMH A1 OAHOPOAHOM 3emn [1].
Hanvure MemHOro MOKPBITHS CTEPKHSA YMCHBIIAECT €0 WHAYKTHBHOE COIPO-
THUBJICHUE, 4 CIICAOBATCIBHO, M MOJHOC COMPOTUBJICHUE 3a3EMIIUTEIS, TaK Kak
MOBEPXHOCTHBIH 3(GQEKT B TAKHX 3a3¢MIINTENAX BBIPAXKCH MEHBIIE, YEM B
craneHBIX. [Ipu aydummel npoBOAUMOCTH TIEPBOTO CIIOS 3EMJIH aKTHBHOE COIPO-
TUBJICHUC 3a3eMJIMTENS OOJbINC HMHAYKTUBHOIO U WX OTHOLICHHWEC MeHbIIe 1 H,
HA00OPOT, €CIK MEPBIH CIIOH UMEET XYALIYIO MPOBOAUMOCTb, TO HHAYKTHBHOE
CONIPOTHBICHHUC NPEOOIaiacT HaJ AaKTHUBHBIM W WX OTHOIICHWE Oonpme |
(puc. 20). JlaHHBIC PE3VIBTAThl COTTACYIOTCSA C PE3YIbTATAMH, MOTYICHHBIMU
B [5]. Pe3aynpTaThl YMCICHHOTO MOAETHPOBAHUA TAKKE ITOKA3BIBAIOT, YTO TOI-
IIMHA TepBOro cnos /; MeHee 10 M HE3HAYUTENBHO BIMSCT HA CONPOTUBIICHHE
OCCKOHECYHO ITMHHOTO 3a3EMITUTEAL.
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1. IlpennoskeHsl TPUOITMKCHHBIC (DOPMYIIBL, VIUTHIBAIOLINEC MHOTOCIOWHYIO
3EMJIF0 U JBYXCIOHHYKO CTPYKTYPY CTEP3KHS, AL PacdyeTa 3JIEKTPOMArHUTHBIX
XapaKTEPUCTUK YEANHCHHBIX OCCKOHEYHO JITUHHBIX BEPTUKATBHEIX CTCPIKHEBBIX
3a3¢MIUTENEH TPU CTEKAHUU TOKA MPOMBIIIIEHHON YaCTOTHI.

2. Ilpm myqmed MpoOBOANMOCTH BEPXHETO CJIOS 36MJIM AKTHBHOE COIPOTHB-
JICHUE 3a3eMITUTET peo0naiacT Hal HHAYKTHBHBIM U, HA000POT, IpU XVALICH
MPOBOAMMOCTH BEPXHETO CI0S HHAYKTHBHOEC COMPOTHBICHHC OOMBIIC AaKTHBHO-
ro. Croli Ce30HHBIX U3MEHCHHH 3EMJIM HE3HAYMUTCIBHO BIUAET HA CONMPOTHBIIC-
HUs OCCKOHEYHO JIMHHBIX 3e3emunTencii. Hamuume MeZHOro mOKPHITHS CTalb-
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VII «Benxommynmaut »

Jns DOBBIMICHUS KAa4YeCTBA TOPOACKOTO 3ICKTPOTPAHCIOPTA HEOOXOAMMO
VIYYIICHUE SKCIUTYATAMHOHHBIX XaPAKTCPUCTUK W JUHAMHUYCCKHX CBOUCTB Ti-
TOBOT'0 BJICKTponpuBoa. BakHoe TpeOOBAaHHE K TATOBOMY SIICKTPONPHBOAY —
(hOpPMHPOBAHHUE PEKUMA MOCTOSHCTBA MOIMHOCTH. Takol peKHM MPHCYII MPH-
BOJAY HOCTOSHHOTO TOKAa MOCTCAOBATEIBHOIO BO3OYKACHHS, KOTOPBIH IIHPOKO
MPUMCHSCTCS B TOPOACKOM BIEKTPOTPAHCIIOPTE. ACHHXPOHHBIN TATOBBIA 3IICK-
TPOABUTATENb AACT OUCBUAHBIC MPECHUMYILCCTBA B MPOCTOTE IKCILIyATALIUU IO
CPaBHCHHIO C MMPUBOAOM MOCTOSHHOIO TOKa. IIpH 4acTOTHOM ABYX30HHOM pery-
JUPOBAHUH CKOPOCTH MOXKHO ¢(hOpMHUPOBATh OIArONPUATHBIN PEXKUM, OIH3KUHA
K MMOCTOSIHCTBY MOIMHOCTH KaK MU CKATIPHOM, TAK U MPH BEKTOPHOM YIIPaBJIc-
Huu. [IpeamouTeHne OTAAETCS BEKTOPHOMY VIIPABICHHUIO, KOTOPOE IMO3BOJIICT
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