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Ââåäåíèå. Êðóïíûì ðåçóëüòàòîì èññëåäîâà-
íèé ñòàë âûâîä î ôóíäàìåíòàëüíîé ðîëè áëî÷íî-
èåðàðõè÷åñêîãî ñòðîåíèÿ ãîðíûõ ïîðîä è ìàññèâîâ 
äëÿ îáúÿñíåíèÿ ñóùåñòâîâàíèÿ øèðîêîé ãàììû 
íåëèíåéíûõ ãåîìåõàíè÷åñêèõ ýôôåêòîâ è âîçíèê-
íîâåíèÿ ñëîæíûõ ñàìîîðãàíèçóþùèõñÿ ãåîñèñòåì. 
Èåðàðõè÷åñêàÿ ñòðóêòóðà õàðàêòåðíà äëÿ ìíîãèõ 
ñèñòåì, îñîáåííî äëÿ ëèòîñôåðû Çåìëè, ãäå ïî 
ãåîôèçè÷åñêèì èññëåäîâàíèÿì âûäåëåíî áîëåå 30 
èåðàðõè÷åñêèõ óðîâíåé — îò òåêòîíè÷åñêèõ ïëèò 
ïðîòÿæåííîñòüþ â òûñÿ÷è êèëîìåòðîâ äî îòäåëü-
íûõ ìèíåðàëüíûõ çåðåí ìèëëèìåòðîâîãî ðàçìåðà 
[6]. Òàêèì îáðàçîì, çåìíàÿ êîðà ïðåäñòàâëÿåò ñî-
áîé ñèñòåìó áëîêîâ è, êàê ëþáîé ñèíåðãåòè÷åñêèé 
äèñêðåòíûé àíñàìáëü, îáëàäàåò ñâîéñòâàìè èåðàð-
õè÷íîñòè è ñàìîïîäîáèÿ [3]. Èçâåñòíî, ÷òî ãåîëî-
ãè÷åñêàÿ ñðåäà ÿâëÿåòñÿ îòêðûòîé äèíàìè÷åñêîé 
ñèñòåìîé, èñïûòûâàþùåé íà ðàçíûõ ìàñøòàáíûõ 
óðîâíÿõ åñòåñòâåííîå è èñêóññòâåííîå âîçäåéñòâèÿ, 
êîòîðûå èçìåíÿþò åå ñîñòîÿíèå, ÷òî ïðèâîäèò â 
ðåçóëüòàòå ê ñëîæíîé ìíîãîðàíãîâîé èåðàðõè÷åñêîé 
ýâîëþöèè [1, 7, 8, 17, 18].

Ïðè âåäåíèè ãîðíûõ ðàáîò â âûñîêîíàïðÿæåí-
íûõ ìàññèâàõ ñêàëüíûõ ïîðîä ïðîÿâëÿåòñÿ òåõíî-
ãåííàÿ ñåéñìè÷íîñòü, âîïðîñàì ïðîãíîçà è ïðî-
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Ðàçðàáîòàí íîâûé ïîäõîä ê èíòåðïðåòàöèè âîëíîâûõ ïîëåé, îïðåäåëåíèþ êîíòóðîâ èëè ïîâåðõíîñòåé ñî-
ñòàâíûõ ëîêàëüíûõ èåðàðõè÷åñêèõ îáúåêòîâ, à òàêæå èòåðàöèîííûé ïðîöåññ ðåøåíèÿ òåîðåòè÷åñêîé îáðàòíîé 
çàäà÷è äëÿ îïðåäåëåíèÿ êîíôèãóðàöèé 2D èåðàðõè÷åñêèõ âêëþ÷åíèé l-ãî, m-ãî è s-ãî ðàíãîâ, ðàñïîëîæåííûõ 
äðóã íàä äðóãîì â ðàçíûõ ñëîÿõ N-ñëîéíîé ñðåäû, è ðàçëè÷íûõ ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ äëÿ àêóñòè-
÷åñêîãî ìîíèòîðèíãà. Ïðè èíòåðïðåòàöèè ðåçóëüòàòîâ ìîíèòîðèíãà íåîáõîäèìî èñïîëüçîâàòü äàííûå òàêèõ 
ñèñòåì íàáëþäåíèÿ, êîòîðûå ìîãóò áûòü íàñòðîåíû íà èññëåäîâàíèå èåðàðõè÷åñêîé ñòðóêòóðû ñðåäû. Ê òàêèì 
ñèñòåìàì îòíîñÿòñÿ àêóñòè÷åñêèå (â äèíàìè÷åñêîì âàðèàíòå) è ýëåêòðîìàãíèòíûå ìîíèòîðèíãîâûå ñèñòåìû. 
Èåðàðõè÷íîñòü ñòðóêòóðû ãåîëîãè÷åñêîé ñðåäû îò÷åòëèâî âèäíà ïðè àíàëèçå îáðàçöîâ ãîðíûõ ïîðîä, îòî-
áðàííûõ â ðóäíûõ øàõòàõ. Îäíàêî ÷åì ñëîæíåå ñðåäà, òåì áîëüøå èíôîðìàöèè ïðèâíîñèò âîëíîâîå ïîëå î åå 
âíóòðåííåé ñòðóêòóðå, ïîýòîìó èíòåðïðåòàöèþ ñåéñìè÷åñêîãî è ýëåêòðîìàãíèòíîãî ïîëåé íåîáõîäèìî âåñòè 
ðàçäåëüíî, íå ñìåøèâàÿ èõ  áàçû äàííûõ. Äàííûé ðåçóëüòàò ñîäåðæèòñÿ â ÿâíîì âèäå óðàâíåíèé òåîðåòè÷å-
ñêîé îáðàòíîé çàäà÷è äëÿ 2D ýëåêòðîìàãíèòíîãî ïîëÿ (Å- è Í-ïîëÿðèçàöèÿ), à òàêæå äëÿ ðàñïðîñòðàíåíèÿ 
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. Ðàññìîòðåíà îáðàòíàÿ 
çàäà÷à äëÿ óñëîæíåííîé èåðàðõè÷åñêîé ìîäåëè âêëþ÷åíèé.

Ключевые слова: ñîñòàâíàÿ èåðàðõè÷åñêàÿ ñðåäà, àêóñòè÷åñêîå ïîëå, èòåðàöèîííûé àëãîðèòì, óðàâíåíèå 
òåîðåòè÷åñêîé îáðàòíîé çàäà÷è.

ôèëàêòèêè êîòîðîé óäåëÿåòñÿ ìíîãî âíèìàíèÿ âî 
âñåõ ñòðàíàõ ñ ðàçâèòîé ãîðíîäîáûâàþùåé ïðîìûø-
ëåííîñòüþ. Âàæíàÿ ðîëü çäåñü ïðèíàäëåæèò êðàòêî-
ñðî÷íîìó ïðîãíîçó, ìåòîäèêà âûäåëåíèÿ êðèòåðèåâ 
äëÿ íåãî âñå åùå íå ðàçðàáîòàíà êàê â ãîðíîì äåëå, 
òàê è â ñåéñìîëîãèè [2]. Ñ òî÷êè çðåíèÿ ïàðàäèãìû 
ôèçè÷åñêîé ìåçîìåõàíèêè, âêëþ÷àþùåé â ñåáÿ ñè-
íåðãåòè÷åñêèé ïîäõîä ê èçìåíåíèþ ñîñòîÿíèÿ ìàñ-
ñèâîâ ãîðíûõ ïîðîä ðàçëè÷íîãî âåùåñòâåííîãî ñî-
ñòàâà, äàííóþ ïðîáëåìó ìîæíî ðåøèòü ñ ïîìîùüþ 
ìåòîäîâ ìîíèòîðèíãà, íàñòðîåííûõ íà èçó÷åíèå 
èåðàðõè÷åñêèõ ñòðóêòóðíûõ ñðåä [5, 11].Èçìåíåíèÿ 
â ñðåäå, ïðèâîäÿùèå ê êðàòêîñðî÷íûì ïðåäâåñòíè-
êàì äèíàìè÷åñêèõ ÿâëåíèé, îáúÿñíÿþòñÿ â ðàìêàõ 
êîíöåïöèè ñàìîîðãàíèçîâàííîé êðèòè÷íîñòè [4], 
äëÿ êîòîðîé êàê ãëàâíûå êðèòåðèè ðàññìàòðèâàþòñÿ 
íåîäíîðîäíîñòü è íåëèíåéíîñòü [5].

Òàê, çà 3 ñóò äî ãîðíîãî óäàðà â îðòàõ 3, 4 
Òàøòàãîëüñêîé øàõòû (ðèñóíîê) â ãåîýëåêòðè÷åñêèõ 
ðàçðåçàõ ïî÷âû áûëè îáíàðóæåíû ñóáâåðòèêàëüíûå 
äèñêðåòíûå ñòðóêòóðû, â êîòîðûå îáúåäèíèëèñü 
çîíû äåçèíòåãðàöèè. Ýòè ñòðóêòóðû ïðîÿâèëèñü â 
ðåçîíàíñíîì ðåæèìå íà ðàçíûõ ÷àñòîòàõ è òîëüêî íà 
îäíîé ÷àñòîòå äëÿ êàæäîãî èç îðòîâ. Òàêîå ÿâëåíèå 
çàôèêñèðîâàíî ðàíåå çà 1 ñóò íà øàõòå Åñòþíèíñêàÿ 
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Ãåîýëåêòðè÷åñêèé ðàçðåç ïî ïðîôèëþ îðò 4, ãîðèçîíò –210. Ñåâåðî-Çàïàäíûé ó÷àñòîê [10]: à — 6 àâãóñòà; á — 8 àâãóñòà 2007 ã., 
÷àñòîòà 10,15 êÃö; 3

0 0 0 10iM M L= ⋅ ⋅ , ãäå M0 — êîýôôèöèåíò, íà êîòîðûé óìíîæàåòñÿ ìîìåíò ýëåêòðè÷åñêîé òîêîâîé ëèíèè, 
ýêâèâàëåíòíîé ïî ïîëþ âëèÿíèþ çîíû ãåîýëåêòðè÷åñêîé íåîäíîðîäíîñòè, è êîòîðûé ïðîïîðöèîíàëåí îòíîøåíèþ ðàçíîñòè 
ïðîâîäèìîñòåé âî âìåùàþùåé ñðåäå è âî âêëþ÷åíèè ê ïðîâîäèìîñòè ýòîé ñðåäû;  L0 — äëèíà òîêîâîé ëèíèè; ñîïðîòèâëå-
íèå âìåùàþùåãî ðàçðåçà ïðèâåäåíî â îììåòðàõ; àáñîëþòíûå îòìåòêè — â ìåòðàõ; äëèíà âûðàáîòêè — â ïèêåòàõ è ìåòðàõ

Geoelectrical section along the profile of ort 4, horizon –210, North-Western section [10]: a — August 6; á — August 8, 2007, fre-

quency 10,15 kHz. 3
0 0 0 10iM M L= ⋅ ⋅ , M0 — coefficient, which multiplies the moment of the electric current line, which is equivalent 

in the field to the influence of the geoelectrical non-uniform zone, and which is proportional to the ratio of the difference between 
the conductivities in the containing medium and the inclusion to the conductivity in the containing medium; L0 — the length of the 
current line; the resistance of the enclosing section is given in ohm.m. Vertically are shown the values in m (absolute elevations), 
horizontally — the length of the hole in pickets (PC) and meters
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è øàõòå 15 ÑÓÁÐ. Ïîÿâëåíèå óêàçàííûõ ñòðóêòóð 
ñóáâåðòèêàëüíîé ìîðôîëîãèè — ïðåäâåñòíèê ñèëü-
íîãî äèíàìè÷åñêîãî ñîáûòèÿ, îäíàêî äëÿ îïðåäå-
ëåíèÿ åãî ìåñòà è ìàãíèòóäû íåîáõîäèìî èìåòü 
èíôîðìàöèþ î ñîñòîÿíèè ìàññèâîâ îðòîâ è èõ ïðè-
íàäëåæíîñòè ê ñîîòâåòñòâóþùèì ðàíãàì óñòîé÷è-
âîñòè ìàññèâà (ñì. ñòàòüþ [10]).

Â íàñòîÿùåå âðåìÿ âîñòðåáîâàíû òåîðåòè÷åñêèå 
ðåçóëüòàòû ïî ìîäåëèðîâàíèþ è èíòåðïðåòàöèè 
âîëíîâûõ ïîëåé, ðàñïðîñòðàíÿþùèõñÿ â ñëîèñòî-
áëîêîâûõ ñðåäàõ ñ âêëþ÷åíèÿìè èåðàðõè÷åñêîãî 
ñòðîåíèÿ. Â ðàáîòàõ [13—16] â ðàìêàõ ïðåäëîæåí-
íîé ìîäåëè ðàññìîòðåíà ïðîáëåìà ïîñòðîåíèÿ àëãî-
ðèòìà ðåøåíèÿ îáðàòíîé çàäà÷è ñ èñïîëüçîâàíèåì 
óðàâíåíèÿ òåîðåòè÷åñêîé îáðàòíîé çàäà÷è äëÿ 2D 
óðàâíåíèÿ Ãåëüìãîëüöà; âûïèñàíû ÿâíûå óðàâíåíèÿ 
òåîðåòè÷åñêîé îáðàòíîé çàäà÷è äëÿ ñëó÷àåâ ðàññåÿ-
íèÿ ýëåêòðîìàãíèòíîãî ïîëÿ (Å- è Í-ïîëÿðèçàöèè) 
è ðàññåÿíèÿ ëèíåéíî ïîëÿðèçîâàííîé óïðóãîé 
âîëíû â ñëîèñòîé ïðîâîäÿùåé è óïðóãîé ñðåäå ñ 
èåðàðõè÷åñêèì ïðîâîäÿùèì èëè óïðóãèì âêëþ÷åíè-
åì êàê îñíîâà äëÿ îïðåäåëåíèÿ êîíòóðîâ íåñîîñíûõ 
âêëþ÷åíèé l-ãî ðàíãà èåðàðõè÷åñêîé ñòðóêòóðû.

Â íàñòîÿùåé ðàáîòå ïîñòðîåí èòåðàöèîííûé àë-
ãîðèòì ðåøåíèÿ îáðàòíîé çàäà÷è ñ èñïîëüçîâàíèåì 
ÿâíîãî óðàâíåíèÿ òåîðåòè÷åñêîé îáðàòíîé çàäà÷è 
äëÿ ñîñòàâíîãî èåðàðõè÷åñêîãî âêëþ÷åíèÿ ïî äàí-
íûì àêóñòè÷åñêîãî ìîíèòîðèíãà.

Àëãîðèòì ðåøåíèÿ îáðàòíîé çàäà÷è 2D äèôðàêöèè 
ëèíåéíî ïîëÿðèçîâàííîé óïðóãîé ïîïåðå÷íîé âîëíû 
äëÿ N-ñëîéíîé ñðåäû ñ ñîñòàâíûìè èåðàðõè÷åñêèìè 
âêëþ÷åíèÿìè. Â ñòàòüå [16] ðåøåíà îáðàòíàÿ çàäà÷à 
î äèôðàêöèè ëèíåéíî ïîëÿðèçîâàííîé óïðóãîé ïî-
ïåðå÷íîé âîëíû íà äâóìåðíîé óïðóãîé íåîäíîðîä-
íîñòè èåðàðõè÷åñêîãî òèïà, ðàñïîëîæåííîé â ñëîå ν 
n-ñëîéíîé ñðåäû. Ýòà çàäà÷à ðàññìîòðåíà â ðàìêàõ 
óñëîæíåííîé ìîäåëè: ïëàñòè÷åñêàÿ èåðàðõè÷åñêàÿ 
íåîäíîðîäíîñòü l-ãî ðàíãà ðàñïîëîæåíà â ñëîå ν–1, 
ìàêñèìàëüíîå çíà÷åíèå íåîäíîðîäíîñòè l-ãî ðàíãà 
ðàâíî L, åå íà÷àëüíîå çíà÷åíèå ll ðàâíî åäèíèöå; 
óïðóãàÿ èåðàðõè÷åñêàÿ íåîäíîðîäíîñòü m-ãî ðàíãà 
ðàñïîëîæåíà â ñëîå ν, ìàêñèìàëüíîå çíà÷åíèå m-ãî 
ðàíãà ðàâíî M, íà÷àëüíîå çíà÷åíèå m-ãî ðàíãà — mm 
ðàâíî åäèíèöå; àíîìàëüíî íàïðÿæåííàÿ èåðàðõè÷å-
ñêàÿ íåîäíîðîäíîñòü s-ãî ðàíãà ðàñïîëîæåíà â ñëîå 
ν+1, åå ìàêñèìàëüíîå çíà÷åíèå s-ãî ðàíãà ðàâíî S, à 
íà÷àëüíîå — ss ðàâíî åäèíèöå. Ðàññìîòðèì àëãîðèòì 
âîññòàíîâëåíèÿ 2D ïîâåðõíîñòåé èåðàðõè÷åñêèõ íå-
îäíîðîäíîñòåé äëÿ ñëó÷àÿ, êîãäà L < M < S.

Çàïèøåì óðàâíåíèå òåîðåòè÷åñêîé îáðàòíîé çà-
äà÷è [16] äëÿ ñêàëÿðíîãî óðàâíåíèÿ Ãåëüìãîëüöà, 
ê êîòîðîìó ñâîäèòñÿ ðàññìàòðèâàåìàÿ çàäà÷à äëÿ 
ñëîÿ ν–1:
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Ïðè ýòîì 

1 1bν− ν−=ξ ; i ib =ξ ; 1 1( ) ( )a l a lb ν− ν−=ξ ; l ll= .

Çäåñü ξ ν–1, ξ i, ξ a(ν – 1) l, ρ ν–1, ρ i, ρ a(ν – 1) l — çíà÷åíèÿ 
ñîîòâåòñòâåííî óïðóãoãî ïàðàìåòðà Ëàìå è ïëîò-
íîñòè â (ν–1)-ì ñëîå, â ñëîå, ãäå íàõîäèòñÿ òî÷êà 
M0, è âíóòðè íåîäíîðîäíîñòè â ñëîå ν–1; ïðè÷åì 

1 1 1 1 2 1( ) ( ) ( ) ( ) ( )'e
a l al al al alν− ν− ν− ν− ν−ξ = μ = μ +μ ω  [15];

1 1ν− ν−ξ = μ ; i iξ = μ ;

xU u+ += ; 1 1( )xU u+ +
ν− ν−= ; 1 1( )

l l
xU uν− ν−= ,

ãäå ux — ñîñòàâëÿþùàÿ âåêòîðà ñìåùåíèÿ, îòëè÷íàÿ 
îò íóëÿ äëÿ âûáðàííîé ìîäåëè.

Åñëè l > 1, òî 1 1( ) ( )
l
x xu uν− ν−=  (ñì. çíà÷åíèå, âû-

÷èñëåííîå ïî ôîðìóëå (8));

( ) ( )0 0, ,SSG M M G M M= ;

 ( ) ( )0, ,a a
SSG M M G M M= ; ∂D, dL,

12 2
2 1

1

( )
( )

( )

a l
a l

a l
k ν−

ν−
ν−

ρ
= ω

ξ
; 

12 2
2 1

1

( )
( )

( )
k ν−

ν−
ν−

ρ
= ω

ξ
; 2 2

2
i

i
i

k
ρ

= ω
ξ

.

Àëãîðèòì âû÷èñëåíèÿ ôóíêöèè Ãðèíà GSS(M, M0) 
ïðèâåäåí â ðàáîòå [9].

Òàêèì îáðàçîì, óðàâíåíèå òåîðåòè÷åñêîé îá-
ðàòíîé çàäà÷è çàïèøåì â âèäå

( ) ( ) ( )( )1 0 1 12 ( ) ( ) ( )
l

x l x l x
Dl

u M u M u M+ +
ν− ν− ν−

∂

π = + ×∫

( ) ( )0 01( ), ,al
SS SS

i

G M M G M M
n n

ν−
⎛ ⎞∂ ∂ξ⎛ ⎞⎜ ⎟× − −⎜ ⎟ξ⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠

1
1 1

1
( ) ( )

( )
x l xu u

n n

+
ν− ν−

ν−

⎛ ⎞∂ ∂
⎜ ⎟−ξ + ×
⎜ ⎟∂ ∂⎝ ⎠

( ) ( )0 0
1

1 1
( )

, ,al
SS SS

a l i
G M M G M M dL

ν−

⎛ ⎞⎛ ⎞ ⎛ ⎞× − ⎜ ⎟⎜ ⎟⎜ ⎟ξ ξ⎝ ⎠⎝ ⎠⎝ ⎠
. 

(2)

Ðåøèâ óðàâíåíèå (2) îòíîñèòåëüíî ôóíêöèè 
rl(φ), îïèñûâàþùåé êîíòóð ∂Dl, âû÷èñëèì ôóíêöèè: 

1( )xu ν− ; uxν; 1( )x lu+
ν− ; 1( )

l
xu ν−  ïî àëãîðèòìó ðåøåíèÿ 

ïðÿìîé çàäà÷è [12] âíóòðè è âíå íåîäíîðîäíîñòè, 
ïîìåùåííîé â ñëîèñòóþ ñðåäó; 1( )

l
xu ν−  — êîìïîíåí-

òà óïðóãîãî ïîëÿ â ñëîèñòîé ñðåäå ïðè îòñóòñòâèè 
íåîäíîðîäíîñòè:

( ) ( )1 1
1 0 1 0

1

( )
( ) ( )

( )
x x

a l
u M u Mν−

ν− ν−
ν−

ξ
= +
ξ

( ) ( )
2 2
2 1 2

1 0
12

( )
( )

( )

,a l
x SS

S l

k k
u M G M M dSν− ν

ν−
ν−

−
+ +

π ∫∫
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( )
1

1
1

12
( )

( )
( )

( )
l

a l SS
x

a l D

G
u M dL

n
ν−

ν ν−
ν−

ν− ∂

ξ − ξ ∂
+

πξ ∂∫ ;

0 1( )lM S ν−∈ ,

( )1
0 1 0( )( )x l xu M u Mν ν−= +

( )
( )

2 2
1 2 1 2

02  M  
( ) ( )a l a lk kν− ν− νξ −

+ ×
π ξ

( ) ( )1 0
1

( )
( )

,x SS
S l

u M G M M dSν−
ν−

× +∫∫

( )
( ) ( )

1

1
1

02
( )

( )
( )

l

a l SS
x

D

G
u M dL

M n
ν−

ν ν−
ν−

∂

ξ − ξ ∂
+

πξ ∂∫ ;

 0 1( )lM S ν−∉ . (3)

Çàïèøåì óðàâíåíèå òåîðåòè÷åñêîé îáðàòíîé çà-
äà÷è [16] äëÿ ñêàëÿðíîãî óðàâíåíèÿ Ãåëüìãîëüöà, 
ê êîòîðîìó ñâîäèòñÿ ðàññìàòðèâàåìàÿ çàäà÷à äëÿ 
ñëîÿ ν, m=mm:

( ) ( ) ( )( )02 l

D

U M U M U M+ +
ν ν

∂

π = + ×∫

( ) ( )0 0, ,a

i

G M M G M Mb
bn n

ν
⎛ ⎞∂ ∂⎛ ⎞⎜ ⎟× − −⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠

( )0
1 ,

l a

a

U U
b M Mbn n

+
ν ν

ν

⎛ ⎞⎛∂ ∂ ⎛ ⎞− + −⎜ ⎟⎜⎜ ⎟⎜⎜ ⎟∂ ∂ ⎝ ⎠⎝⎝ ⎠

 ( )0
1 ,

i
G M M dLb

⎞⎛ ⎞−⎜ ⎟ ⎟⎝ ⎠ ⎠
. (4)

Ïðè ýòîì 

bν ν=ξ ; i ib =ξ ; ( ) ( )a m a mb ν ν=ξ .

Çäåñü ξ ν, ξ i, ξ a(ν)m, ρ ν, ρ i, ρ a(ν)m — çíà÷åíèÿ ñîîòâåò-
ñòâåííî óïðóãoãî ïàðàìåòðè Ëàìå è ïëîòíîñòü â 
(ν)-ì ñëîå, â ñëîå, ãäå íàõîäèòñÿ òî÷êà M0, è âíóòðè 
íåîäíîðîäíîñòè â ñëîå ν, ïðè ýòîì

( ) ( ) ( )
e

a m am amν ν νξ = μ = μ ; ν νξ = μ ; i iξ = μ ;

xU u+ += ; ( )xU u+ +
ν ν= ; ( ) ( )

l l
x x lU u uν ν ν= = , 

âû÷èñëåííîå ïî ôîðìóëå (3), ãäå ux — ñîñòàâëÿþùàÿ 
âåêòîðà ñìåùåíèÿ, îòëè÷íàÿ îò íóëÿ äëÿ âûáðàííîé 
ìîäåëè.

( ) ( )0 0, ,SSG M M G M M= ;

 ( ) ( )0, ,a a
SSG M M G M M= ; ∂D, dl,

2 2
2

( )
( )

( )

a m
a m

a m
k ν

ν
ν

ρ
= ω

ξ
; 2 2

2
( )

( )
( )

k ν
ν

ν

ρ
= ω

ξ
; 2 2

2
i

i
i

k
ρ

= ω
ξ

.

Òàêèì îáðàçîì, óðàâíåíèå òåîðåòè÷åñêîé îá-
ðàòíîé çàäà÷è çàïèøåì â âèäå

( ) ( ) ( )( )1
02 ( ) ( ) ( )x m x m x

Dm

u M u M u M+ +
ν ν ν

∂

π = + ×∫

( ) ( )0 0( ), ,am
SS SS

i

G M M G M M
n n

ν
⎛ ⎞∂ ∂ξ⎛ ⎞⎜ ⎟× − −⎜ ⎟ξ⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠

( )0
1( ) ( )

( )
( )

,
l

x m x am
SS

a m

u u
G M M

n n

+
ν ν

ν
ν

⎛ ⎞∂ ∂ ⎛⎛ ⎞⎜ ⎟−ξ + −⎜⎜ ⎟ξ⎜ ⎟∂ ∂ ⎝ ⎠⎝⎝ ⎠

 ( )0
1 ,SS

i
G M M dL⎞⎛ ⎞−⎜ ⎟ ⎟ξ⎝ ⎠ ⎠

; (5)

Ðåøèâ óðàâíåíèå (5) îòíîñèòåëüíî ôóíêöèè 
rm(φ), îïèñûâàþùåé êîíòóð ∂Dm, âû÷èñëèì ôóíê-
öèè: ( )xu ν ; ( )x mu+

ν ; ( )
l
xu ν  ïî àëãîðèòìó ðåøåíèÿ 

ïðÿìîé çàäà÷è [12] âíóòðè è âíå íåîäíîðîäíîñòè, 
ïîìåùåííîé â ñëîèñòóþ ñðåäó; ( )

l
xu ν  — êîìïîíåí-

òà óïðóãîãî ïîëÿ â ñëîèñòîé ñðåäå ïðè îòñóòñòâèè 
íåîäíîðîäíîñòè:

( ) ( )0 0
( )

( ) ( )
( )

l
x x

a m
u M u Mν

ν ν
ν

ξ
= +
ξ

( ) ( )
2 2
2 2

02
( )

( )
( )

,a m
x SS

S m

k k
u M G M M dSν ν

ν
ν

−
+ +

π ∫∫

( )
2

( )

( )
( )

( )
;

m

a m SS
x

a m D

G
u M dl

n
ν

ν ν
ν

ν ∂

ξ − ξ ∂
+

πξ ∂∫

0 ( )mM S ν∈ ,

( ) ( )1 0 0( ) ( )
l

x m xu M u Mν+ ν= +

( )
( ) ( )

2 2
2 2

0
02  (M  

( ) ( )

( )

,
)

a m a m
x SS

S m

k k
u M G M M dS

ν ν ν
ν

ν

ξ −
+ +

π ξ ∫∫

( )
( ) ( )1

02
( )

( ) ;
m

a m SS
x

D

G
u M dL

M n
ν

ν ν−
ν

∂

ξ − ξ ∂
+

πξ ∂∫

 0 ( )mM S ν∉ . (6)

Çàïèøåì óðàâíåíèå òåîðåòè÷åñêîé îáðàòíîé çà-
äà÷è [16] äëÿ ñêàëÿðíîãî óðàâíåíèÿ Ãåëüìãîëüöà, 
ê êîòîðîìó ñâîäèòñÿ ðàññìàòðèâàåìàÿ çàäà÷à, äëÿ 
ñëîÿ ν +1, s = ss:

( ) ( ) ( )( )0 1 12 l

D

U M U M U M+ +
ν+ ν+

∂

π = + ×∫

( ) ( )0 01
, ,a

i

G M M G M Mb
bn n

ν+
⎛ ⎞∂ ∂⎛ ⎞⎜ ⎟× − −⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠

( )1 1
1 0

1 ,
l

a

a

U U
b G M Mbn n

+
ν+ ν+

ν+

⎛ ⎞∂ ∂ ⎛⎛ ⎞− + −⎜ ⎟ ⎜ ⎟⎜⎜ ⎟∂ ∂ ⎝ ⎠⎝⎝ ⎠

 ( )0
1 ,

i
G M M dLb

⎞⎛ ⎞−⎜ ⎟ ⎟⎝ ⎠ ⎠
.  (7)

Ïðè ýòîì

1 1 1 1( ) ( ); ;i i a s a sb b bν+ ν+ ν+ ν+=ξ =ξ =ξ ;

ξ ν, ξ i, ξ a(ν)s, ρ ν, ρ i, ρ a(ν)s — çíà÷åíèÿ óïðóãoãî ïàðà-
ìåòðà Ëàìå è ïëîòíîñòü â (ν +1)-ì ñëîå, â ñëîå, ãäå 
íàõîäèòñÿ òî÷êà M0, è âíóòðè íåîäíîðîäíîñòè â 
ñëîå ν +1, ïðè÷åì
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1 1 1( ) ( ) ( )
e

a s as asν+ ν+ ν+ξ = μ = μ ;

1 1ν+ ν+ξ = μ ; i iξ = μ ; 1( )i a sν+ρ = ρ ,

xU u+ += ; 1 1( )xU u+ +
ν+ ν+= ; 1 1 1( ) ( )

l l
x x mU u uν+ ν+ ν+= = ,

âû÷èñëåííîå ïî ôîðìóëå (6), ãäå ux — ñîñòàâëÿþùàÿ 
âåêòîðà ñìåùåíèÿ, îòëè÷íàÿ îò íóëÿ äëÿ âûáðàííîé 
ìîäåëè;

( ) ( )0 0, ,SSG M M G M M= ; 

( ) ( )0, ,a a
SSG M M G M M= ; ∂D, dl;

12 2
2 1

1

( )
( )

( )

a s
a s

a s
k ν+

ν+
ν+

ρ
= ω

ξ
; 

12 2
2 1

1

( )
( )

( )
k ν+

ν+
ν+

ρ
= ω

ξ
; 2 2

2
i

i
i

k
ρ

= ω
ξ

.

Òàêèì îáðàçîì, óðàâíåíèå òåîðåòè÷åñêîé îá-
ðàòíîé çàäà÷è çàïèøåì â âèäå

( ) ( ) ( )( )1 0 1 12 ( ) ( ) ( )
l

x s x s x
Ds

u M u M u M+ +
ν+ ν+ ν+

∂

π = + ×∫

( ) ( )0 01( ), ,as
SS SS

i

G M M G M M
n n

ν+
⎛ ⎞∂ ∂ξ⎛ ⎞⎜ ⎟× − −⎜ ⎟ξ⎜ ⎟∂ ∂⎝ ⎠⎝ ⎠

 
1 1

1
( ) ( )

( )

l
x s xu u

n n

+
ν+ ν+

ν+

⎛ ⎞∂ ∂
⎜ ⎟−ξ + ×
⎜ ⎟∂ ∂⎝ ⎠

 (8)

( ) ( )0 0
1

1 1
( )

, ,as
SS SS

a s i
G M M G M M dL

ν+

⎛ ⎞⎛ ⎞ ⎛ ⎞× − ⎜ ⎟⎜ ⎟⎜ ⎟ξ ξ⎝ ⎠⎝ ⎠⎝ ⎠
.

Ðåøèâ óðàâíåíèå (8) îòíîñèòåëüíî ôóíêöèè 
rs(φ), îïèñûâàþùåé êîíòóð ∂Ds, âû÷èñëèì ôóíê-
öèè: 1( )xu ν+ ; 1( )x su+

ν+ ; 1( )
l
xu ν+  ïî àëãîðèòìó ðåøåíèÿ 

ïðÿìîé çàäà÷è [12] âíóòðè è âíå íåîäíîðîäíîñòè, 
ïîìåùåííîé â ñëîèñòóþ ñðåäó; 1( )

l
xu ν+ — êîìïîíåíòà 

óïðóãîãî ïîëÿ â ñëîèñòîé ñðåäå ïðè îòñóòñòâèè íå-
îäíîðîäíîñòè:

( ) ( )1
1 0 1 0

1

( )
( ) ( )

( )

l
x x

a s
u M u Mν+

ν+ ν+
ν+

ξ
= +
ξ

( ) ( )
2 2
2 1 2 1

1 0
12

( ) ( )
( )

( )

,a s
x SS

S s

k k
u M G M M dSν+ ν+

ν+
ν+

−
+ +

π ∫∫

( )
1

1 1
1

12
( )

( )
( )

( )
s

a s SS
x

a s D

G
u M dL

n
ν+

ν+ ν+
ν+

ν+ ∂

ξ − ξ ∂
+

πξ ∂∫ ;

0 1( )sM S ν+∈ .

Åñëè ðàíã l ≤ L, òî âû÷èñëÿþò ( )1 0( )xu Mν−  ïî 
ôîðìóëå

( ) ( )
( )

( )

2 2
1 2 1 2 1

1 0 1 0
02  M  

( ) ( ) ( )
( ) ( )

a s a sl
x x

k k
u M u M

ν+ ν+ ν+
ν− ν+

ξ −
= + ×

π ξ

( ) ( )1 0
1

( )
( )

,x SS
S s

u M G M M dSν+
ν+

× +∫∫

( )
( ) ( )

1

1 1
1

02
( )

( )
( )

s

a s SS
x

D

G
u M dL

M n
ν+

ν+ ν+
ν+

∂

ξ − ξ ∂
+

πξ ∂∫ ;

 0 1( )sM S ν+∉ , (8)

ll=ll +1. Ïåðåõîäèì ê óðàâíåíèþ (1).

Åñëè ðàíã l >L, à m ≤ M, òî âû÷èñëÿþò ( )0( )xu Mν  
ïî ôîðìóëå

( ) ( )
( )2 2

1 2 1 2 1
0 1 0

02  (M  
( ) ( ) ( )

( ) ( ) )
a s a sl

x x

k k
u M u M

ν+ ν+ ν+
ν ν+

ξ −
= + ×

π ξ

( ) ( )1 0
1

( )
( )

,x SS
S s

u M G M M dSν+
ν+

× +∫∫

( )
( ) ( )

1

1 1
1

02
( )

( )
( )

s

a s SS
x

D

G
u M dL

M n
ν+

ν+ ν+
ν+

∂

ξ − ξ ∂
+

πξ ∂∫ ;

0 1( )sM S ν+∉ ; mm = mm+1. Ïåðåõîäèì ê ôîðìóëå (4). 

Åñëè ðàíã m >M, òî âû÷èñëÿåì ( )1 0( )xu Mν+  ïî ôîð-
ìóëå

( ) ( )
( )

( )

2 2
1 2 1 2 11

1 0 1 0
02  M  

( ) ( ) ( )
( ) ( )

a s a s
x x

k k
u M u M

ν+ ν+ ν+
ν+ ν+

ξ −
= + ×

π ξ

( ) ( )1 0
1

( )
( )

,x SS
S s

u M G M M dSν+
ν+

× +∫∫

( )
( ) ( )

1

1 1
1

02
( )

( )
( )

s

a s SS
x

D

G
u M dL

M n
ν+

ν+ ν+
ν+

∂

ξ − ξ ∂
+

πξ ∂∫ ;

0 1( )sM S ν+∉ .

ss=ss +1. Ïåðåõîäèì ê ôîðìóëå (7). Åñëè ðàíã s >S, 
òî âû÷èñëÿåì ux(M0) âî âñåõ ñëîÿõ: ν =1: N ïî ôîð-
ìóëå

( ) ( )
( )

( )

2 2
1 2 1 2 1

1 0 1 0
02  M  

( ) ( ) ( )
( ) ( )

a s a sl
x x

k k
u M u M

ν+ ν+ ν+
ν+ ν+

ξ −
= + ×

π ξ

( ) ( )1 0
1

( )
( )

,x SS
S s

u M G M M dSν+
ν+

× +∫∫

( )
( ) ( )

1

1 1
1

02
( )

( )
( )

s

a s SS
x

D

G
u M dL

M n
ν+

ν+ ν+
ν+

∂

ξ − ξ ∂
+

πξ ∂∫ ;

0 1( )sM S ν+∉ .

Ðåçóëüòàòîì ÿâëÿåòñÿ âîññòàíîâëåíèå âñåõ âëî-
æåííûõ ïîâåðõíîñòåé èåðàðõè÷åñêèõ íåîäíîðîä-
íîñòåé ñîãëàñíî ðàíãàì èõ èåðàðõèè è çàäàííûì 
ôèçèêî-ìåõàíè÷åñêèì ñâîéñòâàì.

Çàêëþ÷åíèå. Ïðè ðåøåíèè îáðàòíîé çàäà÷è â 
êà÷åñòâå èñõîäíûõ äàííûõ ìîíèòîðèíãà íåîáõîäè-
ìî èñïîëüçîâàòü ñèñòåìû íàáëþäåíèÿ, íàñòðîåííûå 
íà èññëåäîâàíèå èåðàðõè÷åñêîé ñòðóêòóðû ñðåäû. 
Âìåñòå ñ òåì, ÷åì ñëîæíåå ñðåäà, òåì áîëüøå èí-
ôîðìàöèè î åå âíóòðåííåé ñòðóêòóðå ïðèâíîñèò 
êàæäîå âîëíîâîå ïîëå. Ïîýòîìó èíòåðïðåòàöèþ 
ñåéñìè÷åñêîãî è ýëåêòðîìàãíèòíîãî ïîëåé íåîáõî-
äèìî âåñòè ðàçäåëüíî, íå ñìåøèâàÿ èõ áàçû äàííûõ. 
Èç ïîñòðîåííîé òåîðèè ñëåäóåò, ÷òî ñ óâåëè÷åíèåì 
ñòåïåíè èåðàðõè÷íîñòè ñðåäû óâåëè÷èâàåòñÿ ñòå-
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ïåíü ïðîñòðàíñòâåííîé íåëèíåéíîñòè ðàñïðåäåëå-
íèÿ ñîñòàâëÿþùèõ ñåéñìè÷åñêîãî è ýëåêòðîìàãíèò-
íîãî ïîëåé, ÷òî ñâèäåòåëüñòâóåò î íåâîçìîæíîñòè 
èñïîëüçîâàíèÿ ìåòîäîâ ëèíåàðèçàöèè çàäà÷è ïðè 
ñîçäàíèè ìåòîäîâ èíòåðïðåòàöèè.
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1²íñòèòóò ãåîô³çèêè ³ì. Þ.Ï. Áóëàøåâ³÷à. ÓðÎ ÐÀÍ, ªêàòåðèíáóðã, Ðîñ³ÿ olgakhachay@yandex.ru
2Óðàëüñüêèé Ôåäåðàëüíèé Óí³âåðñèòåò ³ì. Á. Ì. ªëüöèíà, ªêàòåðèíáóðã, Ðîñ³ÿ

Ðîçðîáëåíî íîâèé ï³äõ³ä äî ³íòåðïðåòàö³¿ õâèëüîâèõ ïîë³â, âèçíà÷åííÿ êîíòóð³â àáî ïîâåðõîíü ñêëàäåíèõ 
ëîêàëüíèõ ³ºðàðõ³÷íèõ îá’ºêò³â, à òàêîæ ³òåðàö³éíèé ïðîöåñ ðîçâ’ÿçêó òåîðåòè÷íî¿ îáåðíåíî¿ çàäà÷³ äëÿ âèçíà-
÷åííÿ êîíô³ãóðàö³é 2D ³ºðàðõ³÷íèõ âêëþ÷åíü l-ãî, m-ãî ³ s-ãî ðàíã³â, ðîçòàøîâàíèõ îäèí íàä îäíèì ó ð³çíèõ 
øàðàõ N-øàðîâîãî ñåðåäîâèùà, ³ ð³çíèõ ô³çèêî-ìåõàí³÷íèõ âëàñòèâîñòåé äëÿ àêóñòè÷íîãî ìîí³òîðèíãó. Ïðè 
³íòåðïðåòàö³¿ ðåçóëüòàò³â ìîí³òîðèíãó ñë³ä âèêîðèñòîâóâàòè äàí³ òàêèõ ñèñòåì ñïîñòåðåæåííÿ, ÿê³ ìîæóòü 
áóòè íàëàøòîâàí³ íà äîñë³äæåííÿ ³ºðàðõ³÷íî¿ ñòðóêòóðè ñåðåäîâèùà. Äî òàêèõ ñèñòåì íàëåæàòü àêóñòè÷í³ (ó 
äèíàì³÷íîìó âàð³àíò³) òà åëåêòðîìàãí³òí³ ìîí³òîðèíãîâ³ ñèñòåìè. ²ºðàðõ³÷í³ñòü ñòðóêòóðè ãåîëîã³÷íîãî ñåðåä-
îâèùà ÷³òêî ñïîñòåð³ãàþòü ïðè àíàë³ç³ çðàçê³â ã³ðñüêèõ ïîð³ä, â³ä³áðàíèõ ó ðóäíèõ øàõòàõ. Îäíàê ÷èì ñêëàäí³øå 
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ñåðåäîâèùå, òèì á³ëüøå ³íôîðìàö³¿ ïðèâíîñèòü êîæíå õâèëüîâå ïîëå ïðî éîãî âíóòð³øíþ ñòðóêòóðó, òîìó 
³íòåðïðåòàö³þ ñåéñì³÷íîãî òà åëåêòðîìàãí³òíîãî ïîë³â íåîáõ³äíî âåñòè îêðåìî, íå çì³øóþ÷è ¿õí³ áàçè äàíèõ. 
Öåé ðåçóëüòàò ì³ñòèòüñÿ â ÿâíîìó âèãëÿä³ ð³âíÿíü òåîðåòè÷íî¿ îáåðíåíî¿ çàäà÷³ äëÿ 2D åëåêòðîìàãí³òíîãî ïîëÿ 
(Å- ³ Í-ïîëÿðèçàö³ÿ), à òàêîæ äëÿ ïîøèðåííÿ ë³í³éíî ïîëÿðèçîâàíî¿ ïðóæíî¿ õâèë³ ïðè çáóäæåíí³ N-øàðîâîãî 
ïðîâ³äíîãî àáî ïðóæíîãî ñåðåäîâèùà ç ³ºðàðõ³÷íèì ïðîâ³äíèì àáî ïðóæíèì âêëþ÷åííÿì, ðîçòàøîâàíèì ó 
ν-ìó øàð³. Ðîçãëÿíóòî îáåðíåíó çàäà÷ó äëÿ óñêëàäíåíî¿ ³ºðàðõ³÷íî¿ ìîäåë³ âêëþ÷åíü.

Êëþ÷îâ³ ñëîâà: ñêëàäåíå ³ºðàðõ³÷íå ñåðåäîâèùå, àêóñòè÷íå ïîëå, ³òåðàö³éíèé àëãîðèòì, ð³âíÿííÿ òåîðåòè÷íî¿ 
îáåðíåíî¿ çàäà÷³.

DEFINING OF THE 2-D SURFACES OF THE COMBINED HIERARCHICAL OBJECT LOCATED IN THE 
LAYERED BLOCKED GEOLOGICAL MEDIUM USING THE DATA OF ACTIVE ACOUSTIC MONITORING

O.A. Hachay1, A.Y. Khachay2, O.Y. Khachay2

1Institute of Geophysics UB RAS (Yekaterinburg, Russian Federation) Dr.Sci(Phys.-Math.),Leading researcher, Institute 
of geophysics UB RAS, Amundsen str. 100, Ekaterinburg, Russia, e-mail: olgakhachay@yandex.ru

2Ural Federal University (Yekaterinburg, Russian Federation) PhD, associated prof. URFU, 620002. Mira str. 19. 
Ekaterinburg, Russia, e-mail: andrey.khachay@gmail.com

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 is as a rule occurred locally and these zones are named as 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 activisation can be searched, using 
wave fields monitoring. For that purpose we had developed earlier new algorithms of modeling wave field propagation 
through the local objects with hierarchical structure. Here we had developed a new approach for interpretation the 
distribution of acoustic fields for defining the contours of these local plastic hierarchical objects.
Design/methodology/approach. We developed an algorithm for constructing the equation of theoretical inverse problem 
for 2D linear polarized longitudinal elastic wave by excitation of the N-layered elastic medium with combined hierarchic 
plastic, elastic and density inclusions located in the (ν–1), ν and (ν +1) elastic layers. An iteration process of solving 
the inverse problem for the case of certain configurations of hierarchical inclusions 2D l, m, s rank is elaborated. The 
ranks are different and they are limited by L,M, and S data.
Findings. From the theory it is obviously that for such complicated medium when we use different wave field each field 
contains its own information about the inner structure of the hierarchical inclusion. Therefore it is needed to inter-
pret the monitoring data for each wave field apart, and not mixes the data base. When interpreting the results of the 
monitoring need to use the data of such systems that are configured to study the hierarchical structure of the medium.
Practical value/implications. These results will be the base for constructing new systems of monitoring observations 
of dynamical geological systems. Especially it is needed to prevent rock shocks in deep mines by their exploitation 
or natural hazards.

Keywords: combined hierarchic medium, acoustic fi eld, iteration algorithms of interpretation, new equation of theoretical inverse 
problem.
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