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Ââåäåíèå. Ãåîëîãè÷åñêàÿ ñðåäà ïðåäñòàâëÿåò
ñîáîé îòêðûòóþ ñèñòåìó, íà êîòîðóþ âîçäåéñòâó-
þò êàê  âíåøíèå, òàê è âíóòðåííèå ôàêòîðû, ÷òî
ìîæåò ïðèâåñòè åå â íåóñòîé÷èâîå ñîñòîÿíèå.
Ïðîÿâëåíèå íåóñòîé÷èâîñòè, êàê ïðàâèëî, ïðîèñ-
õîäèò ëîêàëüíî, è òàêèå çîíû ãåîëîãè÷åñêîé ñðåäû
íàçûâàþòñÿ äèíàìè÷åñêè àêòèâíûìè ýëåìåíòàìè,
êîòîðûå ÿâëÿþòñÿ èíäèêàòîðàìè ïîòåíöèàëüíûõ
èñòî÷íèêîâ àâàðèé è êàòàñòðîô. Ýòè îáúåêòû îá-
ëàäàþò îòëè÷íûìè îò âìåùàþùåé ãåîëîãè÷åñêîé
ñðåäû ôèçèêî-ìåõàíè÷åñêèìè ñâîéñòâàìè è ñïî-
ñîáíîñòüþ â ðåçîíàíñíîì ðåæèìå ðåàãèðîâàòü íà
âíåøíèå è âíóòðåííèå âîçäåéñòâèÿ, ñâÿçàííûå ñ
èçìåíåíèÿìè íàïðÿæåííî-äåôîðìèðîâàííîãî ñî-
ñòîÿíèÿ  â èõ îêðåñòíîñòè. Êðîìå òîãî, äàííûå
îáúåêòû îáëàäàþò ñïîñîáíîñòüþ èçìåíÿòü ñâîþ
êîíôèãóðàöèþ è ñòðóêòóðó â ïðîñòðàíñòâå è âî
âðåìåíè, ÷òî îñëîæíÿåò çàäà÷ó ïðîãíîçà ñîñòîÿ-
íèÿ è ñòåïåíè àâàðèéíîé îïàñíîñòè. Â ðàáîòå
Î.À. Õà÷àé [13] èçëîæåíû ïðèíöèïû ïîñòðîåíèÿ
ñèñòåì ìîíèòîðèíãà ïðèðîäíî-òåõíîãåííûõ àâà-
ðèé è êàòàñòðîô ñ èñïîëüçîâàíèåì ñåéñìè÷åñêèõ
è ýëåêòðîìàãíèòíûõ ïîëåé â ïàññèâíîì è àêòèâ-
íîì ðåæèìàõ âîçáóæäåíèÿ, â êîòîðûõ ñîñòàâíîé
÷àñòüþ ÿâëÿþòñÿ çàäà÷è êàðòèðîâàíèÿ äèíàìè÷å-
ñêè àêòèâíûõ çîí.

Â íàñòîÿùåå âðåìÿ äëÿ ðåøåíèÿ çàäà÷ ãåîëî-
ãî-ãåîôèçè÷åñêîãî êàðòèðîâàíèÿ øèðîêî èñïîëü-
çóåòñÿ ìîäåëü ñëîèñòî-áëîêîâîé ñðåäû ñ âêëþ÷å-

íèÿìè íå èåðàðõè÷åñêîãî ñòðîåíèÿ, â ðàìêàõ êî-
òîðîé ñîçäàíû àïïàðàòóðíî-ìåòîäè÷åñêèå êîìï-
ëåêñû èçó÷åíèÿ òðåõìåðíûõ íåîäíîðîäíûõ ñðåä ñ
ñîîòâåòñòâóþùåé òåîðèåé èíòåðïðåòàöèè ãåîôè-
çè÷åñêèõ äàííûõ [9]. Ïðè èçó÷åíèè ïðîñòðàí-
ñòâåííî-âðåìåííûõ èçìåíåíèé ñòðóêòóðû, ôèçè-
÷åñêèõ ñâîéñòâ ãåîëîãè÷åñêîé ñðåäû èëè ìàññèâà
ãîðíûõ ïîðîä è ñâÿçàííîãî ñ íèìè íàïðÿæåííî-
äåôîðìèðîâàííîãî èëè ôàçîâîãî ñîñòîÿíèÿ ìî-
äåëü ñëîèñòî-áëîêîâîé ñðåäû ñ âêëþ÷åíèÿìè óñ-
ëîæíÿåòñÿ: îíà ïðåäñòàâëÿåò ñîáîé äâóðàíãîâóþ
öåïî÷êó â îáùåé èåðàðõè÷åñêè íåîäíîðîäíîé ìî-
äåëè ñðåäû. Ìîäåëü èåðàðõè÷åñêè íåîäíîðîäíîé
ñðåäû äëÿ îïèñàíèÿ ïðîöåññîâ äåôîðìèðîâàíèÿ è
ðàçðóøåíèÿ ãåîôèçè÷åñêîé ñðåäû âïåðâûå áûëà
ïðåäëîæåíà àêàäåìèêîì Ì.À. Ñàäîâñêèì [8]. Ðàç-
âèòèþ è èñïîëüçîâàíèþ èåðàðõè÷íî-áëîêîâîé
ìîäåëè ñðåäû íà êà÷åñòâåííîì óðîâíå ïîñâÿùåíû
ðàáîòû ñîòðóäíèêîâ Èíñòèòóòà ôèçèêè Çåìëè
ÐÀÍ [1, 7]. Äëÿ ïîíèìàíèÿ ôîðìèðîâàíèÿ è ðàç-
âèòèÿ èåðàðõèè ñòðóêòóðíûõ óðîâíåé äåôîðìà-
öèè â òâåðäûõ òåëàõ âàæíóþ ðîëü èãðàþò òåîðå-
òè÷åñêèå è ýêñïåðèìåíòàëüíûå ðåçóëüòàòû,
ïîëó÷åííûå íà îáðàçöàõ [6], ñ ïîìîùüþ êîòîðûõ
îáîñíîâàí ïîäõîä, áàçèðóþùèéñÿ íà ïðåäñòàâëå-
íèè î äèññèïàòèâíûõ ñòðóêòóðàõ â íåðàâíîâåñ-
íûõ ñèñòåìàõ [5]. Â ðàáîòàõ [2, 3] Í.À. Êàðàåâûì
îáîáùåíû ðåçóëüòàòû ñåéñìè÷åñêèõ èññëåäîâàíèé
ïî âûäåëåíèþ ó÷àñòêîâ çåìíîé êîðû ñî ñòðîåíè-
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Ïîñòðîåí àëãîðèòì 3D ìîäåëèðîâàíèÿ ýëåêòðîìàãíèòíîãî ïîëÿ äëÿ ïðîèçâîëüíîãî òèïà èñòî÷íèêà âîçáóæäå-
íèÿ N-ñëîéíîé ñðåäû ñ èåðàðõè÷åñêèì ïðîâîäÿùèì âêëþ÷åíèåì, ðàñïîëîæåííûì â J-ì ñëîå. Ïîñòðîåíû
àëãîðèòìû 2D ìîäåëèðîâàíèÿ äëÿ äèôðàêöèè çâóêà è ëèíåéíî ïîëÿðèçîâàííîé ïîïåðå÷íîé óïðóãîé âîëíû íà
âêëþ÷åíèè ñ èåðàðõè÷åñêîé ñòðóêòóðîé, ðàñïîëîæåííîì â J-ì ñëîå N-ñëîéíîé óïðóãîé ñðåäû. Âûïèñàíû
óðàâíåíèÿ òåîðåòè÷åñêîé îáðàòíîé çàäà÷è äëÿ 2D ýëåêòðîìàãíèòíîãî ïîëÿ Å- è Í-ïîëÿðèçàöèè è ëèíåéíî
ïîëÿðèçîâàííîé óïðóãîé âîëíû ïðè âîçáóæäåíèè N-ñëîéíîé ïðîâîäÿùåé èëè óïðóãîé ñðåäû ñ èåðàðõè÷åñêèì
ïðîâîäÿùèì èëè óïðóãèì âêëþ÷åíèåì, ðàñïîëîæåííûì â ν-ì ñëîå. Èç ïîñòðîåííîé òåîðèè ñëåäóåò, ÷òî ïðè
èíòåðïðåòàöèè  äàííûõ ìîíèòîðèíãà íåîáõîäèìî èñïîëüçîâàòü òàêèå äàííûå, êîòîðûå ïîëó÷åíû â ðàìêàõ
ñèñòåì íàáëþäåíèÿ, íàñòðîåííûõ íà èññëåäîâàíèå èåðàðõè÷åñêîé ñòðóêòóðû ñðåäû. Â ñëó÷àå áîëåå ñëîæíîé
ñðåäû êàæäîå âîëíîâîå ïîëå ïðèâíîñèò ñâîþ èíôîðìàöèþ î åå âíóòðåííåé ñòðóêòóðå, ïîýòîìó èíòåðïðåòàöèþ
ñåéñìè÷åñêîãî è ýëåêòðîìàãíèòíîãî ïîëÿ íåîáõîäèìî âåñòè ðàçäåëüíî, íå ñìåøèâàÿ ýòè áàçû äàííûõ.

Êëþ÷åâûå ñëîâà: èåðàðõè÷åñêàÿ ñðåäà, ýëåêòðîìàãíèòíîå ïîëå, ñåéñìè÷åñêîå ïîëå, èòåðàöèîííûé àëãîðèòì,
óðàâíåíèå òåîðåòè÷åñêîé îáðàòíîé çàäà÷è.
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åì ãåòåðîãåííîãî òèïà. Ãåòåðîãåííîñòü, ïî ìíå-
íèþ àâòîðà, – âàæíåéøàÿ îñîáåííîñòü ãîðíûõ
ïîðîä, îáóñëîâëåííàÿ íåðàâíîìåðíîñòüþ ðàñïðå-
äåëåíèÿ â ïðîñòðàíñòâå ãåîëîãè÷åñêèõ íåîäíîðîä-
íîñòåé â âèäå âêëþ÷åíèé âñåõ ìàñøòàáîâ, ò. å. ïî
ñóòè äëÿ èçó÷åíèÿ ñòðîåíèÿ è äèíàìèêè ãåòåðî-
ãåííûõ ó÷àñòêîâ çåìíîé êîðû íåîáõîäèìî èñïîëü-
çîâàòü ïðåäñòàâëåíèÿ îá èåðàðõè÷íûõ ìîäåëÿõ.
ßâëåíèÿ çîíàëüíîé äåçèíòåãðàöèè ãîðíûõ ïîðîä
âîêðóã ïîäçåìíûõ âûðàáîòîê, ñâÿçàííûå ñ äèñê-
ðåòíîñòüþ è ôðàãìåíòàöèåé ñðåäû, îïèñàíû àêà-
äåìèêîì Å.È. Øåìÿêèíûì c ñîàâòîðàìè [15] è
ïîëó÷èëè ñòàòóò îòêðûòèÿ [16]. Ýòè ÿâëåíèÿ èìå-
þò ìåñòî êàê â íåãëóáîêèõ (äî ãëóáèíû 500 ì),
òàê è â ãëóáîêèõ øàõòàõ (ãëóáèíà áîëåå 500 ì).
Ñîãëàñíî ðåçóëüòàòàì ãåîëîãî-ãåîôèçè÷åñêèõ èñ-
ñëåäîâàíèé ñâåðõãëóáîêèõ ñêâàæèí, ñ óâåëè÷åíè-
åì ãëóáèíû ñëîæíîñòü ãåîëîãè÷åñêîãî ñòðîåíèÿ
ñðåäû íå óìåíüøàåòñÿ. Íàêîíåö, ïðîáëåìà ìîíè-
òîðèíãà è ïðîãíîçà ñîñòîÿíèÿ ãåîëîãè÷åñêîé ñðå-
äû òðåáóåò òùàòåëüíîãî îòáîðà èç èìåþùèõñÿ
ìåòîäèê èññëåäîâàíèÿ òðåõìåðíûõ ñðåä, äîïóñêà-
þùèõ ïðîñòðàíñòâåííî-âðåìåííîå (÷àñòîòíîå)
ìàñøòàáèðîâàíèå è ôîêóñèðîâàíèå.

Íàñòîÿùàÿ ñòàòüÿ ïîñâÿùåíà ðàçðàáîòêå àëãî-
ðèòìà ìîäåëèðîâàíèÿ ýëåêòðîìàãíèòíîãî ýôôåê-
òà â ðàìêàõ ÷àñòîòíî-ãåîìåòðè÷åñêîé ìåòîäèêè
ïðè èññëåäîâàíèè ïîãðóæåííîãî â ãîðèçîíòàëü-
íî-ñëîèñòóþ ñðåäó ïðîâîäÿùåãî âêëþ÷åíèÿ ñ
èåðàðõè÷åñêîé ñòðóêòóðîé.

Àëãîðèòì ìîäåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ ïå-
ðåìåííîãî  ýëåêòðîìàãíèòíîãî ïîëÿ â N-ñëîéíîé
ñðåäå ñ ïðîâîäÿùèì âêëþ÷åíèåì èåðàðõè÷åñêîãî
òèïà. Àëãîðèòì ïîñòðîåí ñ èñïîëüçîâàíèåì èòåðà-
öèîííîãî ïîäõîäà ðåøåíèÿ îáúåìíûõ èíòåãðàëü-
íûõ óðàâíåíèé äëÿ ïåðåìåííîãî ýëåêòðîìàãíèò-
íîãî ïîëÿ â ÷àñòîòíîé îáëàñòè. Àëãîðèòì äëÿ
ìîäåëè – ïðîâîäÿùåå âêëþ÷åíèå â ïðîèçâîëüíîì
ñëîå ïÿòèñëîéíîé ñðåäû ïðè âîçáóæäåíèè ýëåêò-
ðîìàãíèòíîãî ïîëÿ ïëîñêîé âîëíîé, âåðòèêàëü-
íûì ìàãíèòíûì èëè ãîðèçîíòàëüíûì ýëåêòðè÷å-
ñêèì äèïîëåì – èçëîæåí â ðàáîòå [12].

Ïóñòü ëîêàëüíàÿ íåîäíîðîäíîñòü èìååò ñëåäó-
þùóþ ñòðóêòóðó: íà ïåðâîì èåðàðõè÷åñêîì óðîâíå
– ýòî íåîäíîðîäíîñòü îáúåìà V1 c ïðîâîäèìîñòüþ
σà1, íà âòîðîì óðîâíå – íåîäíîðîäíîñòè, ðàñïîëî-
æåííûå âíóòðè îáúåìà V1 è çàíèìàþùèå îáúåì V2

c ïðîâîäèìîñòÿìè σàj1 â îáùåì ñëó÷àå. Ðàññìîòðèì
áîëåå ïðîñòîé ñëó÷àé, êîãäà íåîäíîðîäíîñòè âòî-
ðîãî è áîëüøåãî ðàíãà èìåþò âíóòðè ñâîåãî ðàíãà
îäèíàêîâóþ ïðîâîäèìîñòü, ò. å. σà2. Íåîäíîðîäíî-
ñòè òðåòüåãî ðàíãà çàíèìàþò îáúåì V3 â ïðåäåëàõ
îáúåìà V2 ñ ïðîâîäèìîñòüþ σà3 è ò. ä. Ïàðàìåòðû
âìåùàþùåé ãîðèçîíòàëüíî-ñëîèñòîé ñðåäû èìåþò
âèä {σk, hk}, ãäå k = 1 ,…, N,  hk – ñóììàðíûå ìîù-
íîñòè ñëîåâ, i – íîìåð ðàíãà èëè èåðàðõè÷åñêîãî
óðîâíÿ. Çàäà÷à ðàññìàòðèâàåòñÿ äëÿ ìàãíèòîîäíî-
ðîäíîé ñðåäû â êâàçèñòàöèîíàðíîì ïðèáëèæåíèè.

Îáúåìíûå èíòåãðàëüíûå óðàâíåíèÿ è, ñîîò-
âåòñòâåííî, èíòåãðàëüíûå ïðåäñòàâëåíèÿ äëÿ ñî-
ñòàâëÿþùèõ ýëåêòðè÷åñêîãî è ìàãíèòíîãî ïîëÿ
âûïèñûâàþòñÿ â âèäå

0

1
0 0 0 ( )

0

( ) ( ) ( )
ˆ( ) ( , ) ,

i

i
i ai k M

i E iV

E M E M

E M G M M dV

−= + σ − σ ×

×∫

r r

r         (1)

0( )1
0 0 0

0

0

( ) ( ) ( )

ˆ( ) ( , ) ,
i

ai k Mi
i

i H iV

H M H M
i

H M G M M dV

−
σ − σ

= + ×
ωµ

×∫

r r

r
       (2)

ãäå i – íîìåð èòåðàöèè, ñâÿçàííîé ñ íîìåðîì
èåðàðõè÷åñêîãî óðîâíÿ; 0

ˆ ( , )EG M M  è 0
ˆ ( , )HG M M –

òåíçîðû Ãðèíà ñëîèñòîé ñðåäû, êîòîðûå îïðåäå-
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[12]. Ïðè i = 1 1
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 – ñîñòàâëÿþ-

ùèå íàïðÿæåííîñòåé ýëåêòðè÷åñêîãî è ìàãíèòíî-
ãî âîçáóæäàþùåãî èëè íîðìàëüíîãî ïîëÿ ñëîèñ-
òîé ñðåäû. Ïðè i = 2, …, L 1
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r

 è 1
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ñîñòàâëÿþùèå  íàïðÿæåííîñòåé ýëåêòðè÷åñêîãî è
ìàãíèòíîãî ïîëÿ ïðåäûäóùåãî ðàíãà ñ ó÷åòîì íå-
îäíîðîäíîñòåé ïðåäûäóùåãî ðàíãà. Ðàñïðåäåëåíèå
ýëåêòðè÷åñêîãî è ìàãíèòíîãî ïîëÿ ìîæíî àíàëè-
çèðîâàòü  ïîñëåäîâàòåëüíî íà êàæäîì èòåðàöèîí-
íîì ýòàïå ïåðåä âêëþ÷åíèåì íåîäíîðîäíîñòåé
íîâîãî èåðàðõè÷åñêîãî óðîâíÿ.

Ìîäåëèðîâàíèå äèôðàêöèè çâóêà íà äâóìåð-
íîé óïðóãîé íåîäíîðîäíîñòè èåðàðõè÷åñêîãî òèïà,
ðàñïîëîæåííîé â N-ñëîéíîé ñðåäå. Â ñòàòüå [14]
îïèñàí àëãîðèòì ìîäåëèðîâàíèÿ äèôðàêöèè çâó-
êà íà äâóìåðíîì óïðóãîì îäíîðîäíîì âêëþ÷å-
íèè, ðàñïîëîæåííîì â J-ì ñëîå N-ñëîéíîé ñðå-
äû:

2 2
1 1 0 0 0

,

0 0
,

2 2
1 1 0 0 0

,0

0 0
,0

( )
( ) ( , ) ( )

2

( )
( ), ,

2
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( ) ( , ) ( )

( )2
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( ), .
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ji C
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C

k k
M G M M d M

G dc M M S
n

k k
M G M M d M

M

G dc M M S
nM

− σ
ϕ τ + ϕ −

π σ

σ − σ ∂ϕ
− = ϕ ∈

σ π ∂

σ −
ϕ τ + ϕ −

σ π

σ − σ ∂ϕ
− = ϕ ∈

∂σ π

∫∫

∫

∫∫

∫

Ñ

Ñ

 (3)

Òóò 0
, ( , )Sp jG M M  – ôóíêöèÿ èñòî÷íèêà ñåéñìè-

÷åñêîãî ïîëÿ, êðàåâàÿ çàäà÷à äëÿ êîòîðîé ñôîðìó-
ëèðîâàíà â ðàáîòå [14]; 2 2

1 ( / )ji ji jik = ω σ λ  – âîëíî-
âîå ÷èñëî äëÿ ïðîäîëüíîé âîëíû, â ïðèâåäåííîì
âûðàæåíèè èíäåêñ ji îáîçíà÷àåò ïðèíàäëåæíîñòü
ñâîéñòâ ñðåäû âíóòðè íåîäíîðîäíîñòè, ja – âíå
íåîäíîðîäíîñòè; λ – ïîñòîÿííàÿ Ëàìý; σ – ïëîò-
íîñòü ñðåäû; ω – êðóãîâàÿ ÷àñòîòà; gradφu =

r
 –

âåêòîð ñìåùåíèé; ϕ0 – ïîòåíöèàë íîðìàëüíîãî
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ñåéñìè÷åñêîãî ïîëÿ â ñëîèñòîé ñðåäå â îòñóòñòâèå
íåîäíîðîäíîñòè: 0 0φ φji ja= .

Èäåÿ, èçëîæåííàÿ â ïðåäûäóùåì ðàçäåëå îò-
íîñèòåëüíî ýëåêòðîìàãíèòíîãî ïîëÿ, ðåàëèçîâàíà
è äëÿ ñåéñìè÷åñêîãî ïîëÿ – äâóìåðíîãî ñëó÷àÿ
ðàñïðîñòðàíåíèÿ ïðîäîëüíîé âîëíû ÷åðåç ëîêàëü-
íóþ íåîäíîðîäíîñòü ñ èåðàðõè÷åñêîé ñòðóêòóðîé,
ðàñïîëîæåííóþ â J-ì ñëîå N-ñëîéíîé ñðåäû:
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,

2 2
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l k k
M G M M d M

M
l
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−

−

− σ
ϕ τ + ϕ −

π σ

σ − σ ∂ϕ
− = ϕ ∈

σ π ∂

σ −
ϕ τ + ϕ −

σ π

σ − σ ∂ϕ
− = ϕ

∂σ π

∫∫

∫

∫∫

∫

Ñ

Ñ 0 0), ,ClM S∈

(4)

ãäå 0
, ( , )Sp jG M M  – ôóíêöèÿ èñòî÷íèêà ñåéñìè-

÷åñêîãî ïîëÿ äëÿ ñëîèñòîé ñðåäû, îíà ñîâïàäàåò ñ
ñîîòâåòñòâóþùåé ôóíêöèåé èç âûðàæåíèÿ (3);

2 2
1 ω (σ / λ )jil jil jilk =  – âîëíîâîå ÷èñëî äëÿ ïðî-

äîëüíîé âîëíû, â ïðèâåäåííîì âûðàæåíèè èí-
äåêñ ji îáîçíà÷àåò ïðèíàäëåæíîñòü ñâîéñòâ ñðåäû
âíóòðè íåîäíîðîäíîñòè, ja – âíå íåîäíîðîäíîñ-
òè, l = 1, …, L – íîìåð èåðàðõè÷åñêîãî óðîâíÿ,

lgradφlu =
r

, 0φl  – ïîòåíöèàë íîðìàëüíîãî ñåéñìè-
÷åñêîãî ïîëÿ â ñëîèñòîé ñðåäå â îòñóòñòâèå íåîä-
íîðîäíîñòè ïðåäûäóùåãî ðàíãà; åñëè l = 2, …, L,
òî 0

1φ φl l −= , åñëè l = 1, òî 0 0φ φ ,l =  ÷òî ñîâïàäàåò ñ
ñîîòâåòñòâóþùèì âûðàæåíèåì èç (3).

Åñëè ïðè ïåðåõîäå íà ñëåäóþùèé èåðàðõè÷å-
ñêèé óðîâåíü îñü äâóìåðíîñòè íå ìåíÿåòñÿ, à èç-
ìåíÿþòñÿ òîëüêî ãåîìåòðèè ñå÷åíèé âëîæåííûõ
ñòðóêòóð, òî àíàëîãè÷íî (1), (2) ìîæíî îïèñàòü
èòåðàöèîííûé ïðîöåññ ìîäåëèðîâàíèÿ ñåéñìè÷å-
ñêîãî ïîëÿ (ñëó÷àé ôîðìèðîâàíèÿ òîëüêî ïðî-
äîëüíîé âîëíû). Èòåðàöèîííûé ïðîöåññ îòíîñèò-
ñÿ ê ìîäåëèðîâàíèþ âåêòîðà ñìåùåíèé ïðè
ïåðåõîäå ñ ïðåäûäóùåãî èåðàðõè÷åñêîãî óðîâíÿ
íà ïîñëåäóþùèé. Âíóòðè êàæäîãî èåðàðõè÷åñêîãî
óðîâíÿ èíòåãðî-äèôôåðåíöèàëüíîå  óðàâíåíèå è
èíòåãðî-äèôôåðåíöèàëüíîå ïðåäñòàâëåíèå âû÷èñ-
ëÿþòñÿ ñ ïîìîùüþ àëãîðèòìîâ (4). Åñëè íà íåêî-
òîðîì èåðàðõè÷åñêîì óðîâíå ñòðóêòóðà ëîêàëüíîé
íåîäíîðîäíîñòè ðàñïàäàåòñÿ íà íåñêîëüêî íåîäíî-
ðîäíîñòåé, òî äâîéíîé è êîíòóðíûå èíòåãðàëû â
âûðàæåíèÿõ (4) áåðóòñÿ ïî âñåì íåîäíîðîäíîñ-
òÿì. Â äàííîì àëãîðèòìå ðàññìîòðåí ñëó÷àé, êîã-
äà ôèçè÷åñêèå ñâîéñòâà íåîäíîðîäíîñòåé îäíîãî
è òîãî æå óðîâíÿ îäèíàêîâû, ðàçëè÷àþòñÿ òîëüêî
ãðàíèöû îáëàñòåé.

Ìîäåëèðîâàíèå äèôðàêöèè óïðóãîé ïîïåðå÷íîé
âîëíû íà äâóìåðíîé íåîäíîðîäíîñòè èåðàðõè÷åñêî-
ãî òèïà â N-cëîéíîé ñðåäå. Àíàëîãè÷íî àëãîðèò-

ìàì (4) âûïèñûâàåòñÿ òàêîé æå ïðîöåññ äëÿ ìî-
äåëèðîâàíèÿ ðàñïðîñòðàíåíèÿ óïðóãîé ïîïåðå÷-
íîé âîëíû â N-ñëîéíîé ñðåäå ñ äâóìåðíîé èåðàð-
õè÷åñêîé ñòðóêòóðîé ïðîèçâîëüíîé ìîðôîëîãèè
ñå÷åíèÿ ïðè èñïîëüçîâàíèè èíòåãðàëüíûõ ñîîò-
íîøåíèé, âûïèñàííûõ â ñòàòüå [14]:
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∂
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(5)

ãäå 0
, ( , )Ss jG M M  – ôóíêöèÿ èñòî÷íèêà ñåéñìè-

÷åñêîãî ïîëÿ ðàññìàòðèâàåìîé çàäà÷è, îíà ñîâïà-
äàåò ñ ôóíêöèåé Ãðèíà, âûïèñàííîé â ñòàòüå [14]
äëÿ ñîîòâåòñòâóþùåé çàäà÷è; 2 2

2 ω (σ / μ )jil jil jilk = –
âîëíîâîå ÷èñëî äëÿ ïîïåðå÷íîé âîëíû; µ – ïî-
ñòîÿííàÿ Ëàìý; uxl – ñîñòàâëÿþùàÿ âåêòîðà ñìå-
ùåíèé; l = 1, …, L – íîìåð èåðàðõè÷åñêîãî óðîâ-
íÿ; 0

xlu  – ñîñòàâëÿþùàÿ âåêòîðà ñìåùåíèé
ñåéñìè÷åñêîãî ïîëÿ â ñëîèñòîé ñðåäå â îòñóò-
ñòâèå íåîäíîðîäíîñòè ïðåäûäóùåãî ðàíãà; åñëè
l = 2, …, L, òî 0

( 1)xl x lu u −= , åñëè l = 1, òî 0 0
xl xu u= ,

÷òî ñîâïàäàåò ñ ñîîòâåòñòâóþùèì âûðàæåíèåì äëÿ
íîðìàëüíîãî ïîëÿ â ðàáîòå [14].

Òàêèì îáðàçîì, èòåðàöèîííûå ïðîöåññû (4)
è (5) ïîçâîëÿþò îïðåäåëèòü ïðè çàäàííûõ ìîäó-
ëÿõ óïðóãîñòè âî âìåùàþùåé èåðàðõè÷åñêóþ íå-
îäíîðîäíîñòü ñëîèñòîé ñðåäå è â íåîäíîðîäíîñòè
ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå ñîñòàâëÿþùèõ
ñåéñìè÷åñêîãî ïîëÿ íà êàæäîì èåðàðõè÷åñêîì
óðîâíå.  Çàòåì ïî èçâåñòíûì ôîðìóëàì ðàáîòû
[4] äëÿ êàæäîãî èåðàðõè÷åñêîãî óðîâíÿ ìîæíî
âû÷èñëèòü ðàñïðåäåëåíèå ñîñòàâëÿþùèõ òåíçîðà
äåôîðìàöèè è òåíçîðà íàïðÿæåíèé ïî ðàñïðåäå-
ëåíèþ ñîñòàâëÿþùèõ âåêòîðà ñìåùåíèé. Ýòà èí-
ôîðìàöèÿ èãðàåò âàæíóþ ðîëü ïðè îöåíêå ñîñòîÿ-
íèÿ ñðåäû â çàâèñèìîñòè îò ñòðóêòóðû åå
èåðàðõè÷íîñòè è ñòåïåíè åå èçìåí÷èâîñòè.

Ê âîïðîñó îá îáðàòíîé çàäà÷å àêòèâíîãî ýëåêò-
ðîìàãíèòíîãî è àêóñòè÷åñêîãî ìîíèòîðèíãà èåðàð-
õè÷åñêîé ãåîëîãè÷åñêîé ñðåäû. Ðåøåíèå îáðàòíûõ
çàäà÷ èìååò îãðîìíîå çíà÷åíèå, â ÷àñòíîñòè, äëÿ
íåôòÿíîé ïðîìûøëåííîñòè, ïîñêîëüêó íåôòÿíîé
ïëàñò îòíîñèòñÿ ê ïðèðîäíûì ñèñòåìàì, íå ïîä-
äàþùèìñÿ ïðÿìûì èçìåðåíèÿì è íàáëþäåíèÿì â
öåëîì. Èññëåäîâàíèÿ ïîñëåäíèõ ëåò ïîêàçàëè, ÷òî
â ýâîëþöèè äèíàìè÷åñêèõ ñèñòåì âàæíóþ ðîëü
èãðàþò íåóñòîé÷èâîñòè, ïðèðîäó êîòîðûõ èçó÷àåò
òåîðèÿ ñàìîîðãàíèçàöèè, èëè ñèíåðãåòèêà. Èí-
ôîðìàöèþ îá èõ ïðîÿâëåíèè â íåôòÿíîì ïëàñòå
ïðè åãî îòðàáîòêå ìîæíî ïîëó÷èòü, òîëüêî èñ-
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ïîëüçóÿ äàííûå ìîíèòîðèíãà, ÷óâñòâèòåëüíûå ê
åãî èåðàðõè÷åñêîé ñòðóêòóðå.

Â ðàáîòå [12] ïðåäëîæåíà êîíöåïöèÿ ïîýòàï-
íîé èíòåðïðåòàöèè ïåðåìåííîãî ýëåêòðîìàãíèò-
íîãî ïîëÿ. Íà ïåðâîì ýòàïå îïðåäåëÿþòñÿ ïàðà-
ìåòðû íîðìàëüíîãî ðàçðåçà èëè ïàðàìåòðû
âìåùàþùåé îäíîìåðíîé íåìàãíèòíîé ñðåäû àíî-
ìàëüíûå ïðîâîäÿùèå, ëèáî ìàãíèòíûå âêëþ÷å-
íèÿ. Íà âòîðîì ýòàïå îñóùåñòâëÿåòñÿ ïîäáîð àíî-
ìàëüíîãî ïåðåìåííîãî ýëåêòðîìàãíèòíîãî ïîëÿ
ñèñòåìîé ñèíãóëÿðíûõ èñòî÷íèêîâ, ïîìåùåííûõ
â ãîðèçîíòàëüíî-ñëîèñòóþ ñðåäó ñ îïðåäåëåííû-
ìè íà ïåðâîì ýòàïå ãåîýëåêòðè÷åñêèìè ïàðàìåò-
ðàìè. Íà òðåòüåì ýòàïå ðåøàåòñÿ òåîðåòè÷åñêàÿ
îáðàòíàÿ çàäà÷à, ò. å. ïðè çàäàííûõ ãåîýëåêòðè-
÷åñêèõ ïàðàìåòðàõ âìåùàþùåé ñðåäû äëÿ íàáîðà
ïàðàìåòðîâ íåîäíîðîäíîñòè îïðåäåëÿþòñÿ êîíòó-
ðû ýòîé íåîäíîðîäíîñòè. Ïîëó÷åíû ÿâíûå èíòåã-
ðî-äèôôåðåíöèàëüíûå óðàâíåíèÿ òåîðåòè÷åñêîé
îáðàòíîé çàäà÷è ðàññåÿíèÿ äâóìåðíîãî è òðåõìåð-
íîãî ïåðåìåííîãî è òðåõìåðíîãî ñòàöèîíàðíîãî
ýëåêòðîìàãíèòíûõ ïîëåé â ðàìêàõ ìîäåëåé: ïðî-
âîäÿùåå ëèáî ìàãíèòíîå òåëî â ν-ì ñëîå ïðîâîäÿ-
ùåãî n-ñëîéíîãî ïîëóïðîñòðàíñòâà. Â íàñòîÿùåé
ðàáîòå ñ ïîìîùüþ ïîäõîäà, èçëîæåííîãî â ñòàòü-
ÿõ [10,11], ðàçðàáîòàí àëãîðèòì ïîëó÷åíèÿ óðàâ-
íåíèÿ òåîðåòè÷åñêîé îáðàòíîé çàäà÷è äëÿ ïåðå-
ìåííîãî ýëåêòðîìàãíèòíîãî (ñêàëÿðíûé ñëó÷àé)
è àêóñòè÷åñêîãî (ïîïåðå÷íîé àêóñòè÷åñêîé âîë-
íû) ïîëåé äëÿ ìîäåëè ïðîâîäÿùåé èëè óïðóãîé
èåðàðõè÷åñêîé íåîäíîðîäíîñòè l-ãî ðàíãà, ðàñïî-
ëîæåííîé â ν-ì ñëîå ïðîâîäÿùåãî ëèáî óïðóãîãî
n-ñëîéíîãî ïîëóïðîñòðàíñòâà:
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Óðàâíåíèå (6) ÿâëÿåòñÿ ÿâíûì óðàâíåíèåì
òåîðåòè÷åñêîé îáðàòíîé çàäà÷è äëÿ äâóìåðíîãî
ñêàëÿðíîãî óðàâíåíèÿ Ãåëüìãîëüöà â ñëîèñòîé
ñðåäå ñ îäíîðîäíûì âêëþ÷åíèåì l-ãî èåðàðõè÷å-
ñêîãî ðàíãà ïðè çàäàííûõ çíà÷åíèÿõ ãðàíè÷íûõ
óñëîâèé äëÿ ïåðå÷èñëåííûõ âûøå çàäà÷. Â ðå-
çóëüòàòå ðåøåíèÿ èíòåãðî-äèôôåðåíöèàëüíîãî
óðàâíåíèÿ (6) îòíîñèòåëüíî ôóíêöèè rl(ϕ), îïè-
ñûâàþùåé êîíòóð èñêîìîãî îäíîðîäíîãî îáúåêòà
l-ãî èåðàðõè÷åñêîãî ðàíãà, óäàåòñÿ åãî îïðåäåëèòü
ïðè èçâåñòíûõ çíà÷åíèÿõ ôèçè÷åñêèõ ïàðàìåò-
ðîâ âìåùàþùåé ñðåäû è èñêîìîãî îáúåêòà, à òàê-
æå ïðè çàäàííûõ çíà÷åíèÿõ ôóíêöèé

1( 1), , , ,al lU G G U U+ + −
ν ν  è êîýôôèöèåíòîâ , ,i alb b bν .

Ðàññìîòðèì ÷àñòíûå ñëó÷àè ýòîãî óðàâíåíèÿ
äëÿ äâóìåðíîãî ïåðåìåííîãî ýëåêòðîìàãíèòíîãî
ïîëÿ.

E-ïîëÿðèçàöèÿ: êîýôôèöèåíòû 1i ab b bν = = = ;

( ) ( )( )(

( ) ( )( )

1( 1)
0

0 0

1( 1)

0 0

2 ( )

( , ) ( , )

, , ;

l
x x x

Dl

al
E E

l
alx x
E E l

E M E M E M

G M M G M M
n n

E E
G M M G M M dl

n n

+ + −
ν ν

∂

+ −
ν ν

π = + ×

 ∂ ∂
× − − ∂ ∂ 

 ∂ ∂
− + −   ∂ ∂  

∫

H-ïîëÿðèçàöèÿ: êîýôôèöèåíòû 21 ;j jb k=
2; 1i al al alb b b b kν ≠ ≠ = ;
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Ðàññìîòðèì ÷àñòíûé ñëó÷àé ýòîãî óðàâíåíèÿ
äëÿ 2D äèôðàêöèè ëèíåéíî ïîëÿðèçîâàííîé óï-
ðóãîé ïîïåðå÷íîé âîëíû (ñêàëÿðíûé ñëó÷àé) â
N-ñëîéíîé óïðóãîé ñðåäe ñ óïðóãèì âêëþ÷åíèåì
èåðàðõè÷åñêîãî òèïà.

Ïðè ýòîì

; ; ;i i al alb b bν ν=ξ =ξ =ξ

ãäå , ,i alνξ ξ ξ  – çíà÷åíèÿ óïðóãoãî ïàðàìåòðà Ëàìý
â ν-ì ñëîå, â ñëîå, ãäå íàõîäèòñÿ òî÷êà M0, è
âíóòðè èåðàðõè÷åñêîé íåîäíîðîäíîñòè l-ãî ðàíãà
ñîîòâåòñòâåííî;
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∫

Çàêëþ÷åíèå. Ðàññìîòðåíà çàäà÷à ìîäåëèðîâà-
íèÿ ýëåêòðîìàãíèòíîãî è ñåéñìè÷åñêîãî ïîëÿ â
ñëîèñòîé ñðåäå ñ âêëþ÷åíèÿìè èåðàðõè÷åñêîé
ñòðóêòóðû. Ïîñòðîåíû àëãîðèòìû ìîäåëèðîâàíèÿ
â ýëåêòðîìàãíèòíîì ñëó÷àå äëÿ 3D íåîäíîðîäíîñ-
òè, â ñåéñìè÷åñêîì ñëó÷àå äëÿ 2D íåîäíîðîäíîñ-
òè. Ïðè èñïîëüçîâàíèè ïîëó÷åííûõ àëãîðèòìîâ
ïðåäñòàâëÿåò èíòåðåñ èññëåäîâàíèå âîïðîñà îá
èçó÷åíèè ñâÿçè ìåæäó òåíçîðàìè íàïðÿæåíèÿ è
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äåôîðìàöèè íà êàæäîì èåðàðõè÷åñêîì óðîâíå è î
âîçìîæíîì îòêëîíåíèè åå îò îáîáùåííîãî çàêîíà
Ãóêà. Îäíàêî ñ óâåëè÷åíèåì ñòåïåíè èåðàðõè÷-
íîñòè ñðåäû óâåëè÷èâàåòñÿ ñòåïåíü ïðîñòðàí-
ñòâåííîé íåëèíåéíîñòè ðàñïðåäåëåíèÿ ñîñòàâëÿ-
þùèõ ñåéñìè÷åñêîãî è ýëåêòðîìàãíèòíîãî ïîëåé,
÷òî ïðåäïîëàãàåò èñêëþ÷åíèå ìåòîäîâ ëèíåàðèçà-
öèè çàäà÷è ïðè ñîçäàíèè ìåòîäîâ èíòåðïðåòàöèè.
Êðîìå òîãî, óñëîæíÿåòñÿ ïðîöåññ êîìïëåêñèðîâà-
íèÿ ìåòîäîâ, èñïîëüçóþùèõ ýëåêòðîìàãíèòíîå è
ñåéñìè÷åñêîå ïîëÿ äëÿ èçó÷åíèÿ îòêëèêà ñðåäû ñ
èåðàðõè÷åñêîé ñòðóêòóðîé. Ýòà ïðîáëåìà íåðàç-
ðûâíî ñâÿçàíà ñ ôîðìóëèðîâêîé è ðåøåíèåì îá-
ðàòíîé çàäà÷è äëÿ ðàñïðîñòðàíåíèÿ ýëåêòðîìàã-
íèòíîãî è ñåéñìè÷åñêîãî ïîëåé â òàêèõ ñëîæíûõ
ñðåäàõ. Â ðàáîòå ðàññìîòðåíà ïðîáëåìà ïîñòðîå-
íèÿ àëãîðèòìà ðåøåíèÿ îáðàòíîé çàäà÷è ñ èñïîëü-
çîâàíèåì óðàâíåíèÿ òåîðåòè÷åñêîé îáðàòíîé çà-
äà÷è äëÿ 2D óðàâíåíèÿ Ãåëüìãîëüöà. Âûïèñàíû
ÿâíûå óðàâíåíèÿ òåîðåòè÷åñêîé îáðàòíîé çàäà÷è
äëÿ ñëó÷àåâ ðàññåÿíèÿ ýëåêòðîìàãíèòíîãî ïîëÿ
(Å- è Í-ïîëÿðèçàöèè) è ðàññåÿíèÿ ëèíåéíî ïîëÿ-
ðèçîâàííîé óïðóãîé âîëíû â ñëîèñòîé ïðîâîäÿ-
ùåé è óïðóãîé ñðåäå ñ èåðàðõè÷åñêèì ïðîâîäÿ-
ùèì èëè óïðóãèì âêëþ÷åíèåì, ÿâëÿþùèåñÿ
îñíîâîé îïðåäåëåíèÿ êîíòóðîâ íåñîîñíûõ âêëþ-
÷åíèé l-ãî ðàíãà èåðàðõè÷åñêîé ñòðóêòóðû. Î÷å-
âèäíî, ÷òî ïðè ðåøåíèè îáðàòíîé çàäà÷è â êà÷å-
ñòâå èñõîäíûõ äàííûõ ìîíèòîðèíãà íåîáõîäèìî
èñïîëüçîâàòü ñèñòåìû íàáëþäåíèÿ, íàñòðîåííûå
íà èññëåäîâàíèå èåðàðõè÷åñêîé ñòðóêòóðû ñðåäû.
Âìåñòå ñ òåì ïðè áîëåå ñëîæíîé ñðåäå êàæäîå âîë-
íîâîå ïîëå ïðèâíîñèò ñâîþ èíôîðìàöèþ î åå
âíóòðåííåé ñòðóêòóðå, ïîýòîìó èíòåðïðåòàöèþ
ñåéñìè÷åñêîãî è ýëåêòðîìàãíèòíîãî ïîëåé íåîá-
õîäèìî âåñòè ðàçäåëüíî, íå ñìåøèâàÿ ýòè áàçû
äàííûõ.
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Ïîáóäîâàíî àëãîðèòì 3D ìîäåëþâàííÿ åëåêòðîìàãí³òíîãî ïîëÿ äëÿ äîâ³ëüíîãî òèïó äæåðåëà çáóäæåííÿ
N-øàðîâîãî ñåðåäîâèùà ç ³ºðàðõ³÷íèì ïðîâ³äíèì âêëþ÷åííÿì, ðîçì³ùåíèì ó J-ìó øàð³. Ïîáóäîâàíî àëãî-
ðèòìè 2D ìîäåëþâàííÿ äëÿ äèôðàêö³¿ çâóêó ³ ë³í³éíî ïîëÿðèçîâàíî¿ ïîïåðå÷íî¿ ïðóæíî¿ õâèë³ íà âêëþ÷åíí³ ç
³ºðàðõ³÷íîþ ñòðóêòóðîþ, ðîçì³ùåíîìó â J-ìó øàð³ N-øàðîâîãî ïðóæíîãî ñåðåäîâèùà. Âèïèñàíî ð³âíÿííÿ
òåîðåòè÷íî¿ îáåðíåíî¿ çàäà÷³ äëÿ 2D åëåêòðîìàãí³òíîãî ïîëÿ Å- ³ Í-ïîëÿðèçàö³¿ òà ë³í³éíî ïîëÿðèçîâàíî¿
ïðóæíî¿ õâèë³ ï³ä ÷àñ çáóäæåííÿ N-øàðîâîãî ïðîâ³äíîãî àáî ïðóæíîãî ñåðåäîâèùà ç ³ºðàðõ³÷íèì ïðîâ³äíèì
àáî ïðóæíèì âêëþ÷åííÿì, ðîçòàøîâàíèì ó ν-ìó øàð³. Ç ïîáóäîâàíî¿ òåîð³¿ âèïëèâàº, ùî ïðè ³íòåðïðåòàö³¿
äàíèõ ìîí³òîðèíãó íåîáõ³äíî âèêîðèñòîâóâàòè òàê³ äàí³, ÿê³ îòðèìàí³ â ìåæàõ ñèñòåì ñïîñòåðåæåííÿ, íàñòðîº-
íèõ íà äîñë³äæåííÿ ³ºðàðõ³÷íî¿ ñòðóêòóðè ñåðåäîâèùà. Â ðàç³ ñêëàäí³øî¿ ïîáóäîâè ñåðåäîâèùà êîæíå õâèëüîâå
ïîëå ïðèâíîñèòü ñâîþ ³íôîðìàö³þ ïðî ¿¿ âíóòð³øíþ ñòðóêòóðó, òîìó ³íòåðïðåòàö³þ ñåéñì³÷íîãî òà åëåêòðîìàã-
í³òíîãî ïîëåé íåîáõ³äíî âåñòè îêðåìî, íå çì³øóþ÷è ö³ áàçè äàíèõ.

Êëþ÷îâ³ ñëîâà: ³ºðàðõ³÷íà ñåðåäà, åëåêòðîìàãí³òíå ïîëå, ñåéñì³÷íå ïîëå, ³òåðàö³éíèé àëãîðèòì, ð³âíÿííÿ òåîðå-
òè÷íî¿ îáåðíåíî¿ çàäà÷³.

NEW GEOINFORMATICS METHODS FOR WAVE FIELDS MONITORING
IN HIERARCHIC HETEROGENEOUS MEDIA

O.A. Hachay1, O.Yu. Khachay2, A.Yu. Khachay2

1Institute of Geophysics, Ural Branch of the Russian Academy of Sciences, 100 Amundsen Str., Ekaterinburg 620016,
Russian Federation, e-mail: olgakhachay@yandex.ru
2Ural Federal University, 19 Mira Str., Ekaterinburg 620002, Russian Federation, e-mail: khachay@yandex.ru,
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Purpose. Geological medium is an open system which is influenced by outer and inner factors that can lead it to a unstable
state. That non stability as a rule occurs locally and these zones are named dynamically active elements, which are
indicators of potential catastrophic sources. These objects differ from the embedded geological medium by their structural
forms, which often are of hierarchical type. The process of their activation can be searched, using wave fields monitoring.
For that purpose it is necessary to develop new algorithms of modeling wave field’s propagation through the local objects
with hierarchical structure. It also requires a theory of interpreting the distribution of wave fields to define the contours of
these local hierarchical objects.
Design/methodology/approach. We constructed an algorithm for the 3D  modeling of an electromagnetic field for an
arbitrary type of source of excitation in a N-layered medium with a hierarchic conductive intrusion, located in the layer
number J. We also been constructed algorithms for the 2D modeling of sound diffraction and linear polarized transversal
seismic wave on an intrusion of the hierarchic structure located in the layer number J of the N-layered elastic medium. We
used the method of integral and integral-differential equations for a space frequency presentation of wave field’s distribution.
An algorithm is developed to build the equation of the theoretical inverse problem for 2-D electromagnetic field of E and
H polarization and linear polarized longitudinal elastic wave by excitation of the N-layered conductive or elastic medium
with hierarchic conductive or elastic inclusion located in the ν-th layer.
Findings. The theory proves that for such complicated medium each wave field contains its own information about the
inner structure of the hierarchical inclusion. Therefore it is important to interpret the monitoring data for each wave field
apart, without mixing the data base.
Practical value/implications. These results will serve as the base for constructing new systems of monitoring observations
of dynamical geological systems. It is particularly useful in preventing rock shocks in deep mines by their exploitation.

Keywords: hierarchic medium, electromagnetic field, seismic field, algorithms of modeling, equation of theoretical inverse
problem.
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