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Ââåäåíèå. Èññëåäîâàíèå åìêîñòíûõ ñâîéñòâ 
êîìï ëåêñíûõ êîëëåêòîðîâ íåôòè è ãàçà, à òàêæå 
êî ëè ÷åñòâåííàÿ îöåíêà ñòðóêòóðû ïóñòîòíîãî ïðîñò-
ðàíñò âà ïîðîä íåôòåãàçîâûõ êîìïëåêñîâ — îäíî èç 
ïðèî ðèòåòíûõ íàïðàâëåíèé ñîâðåìåííîé ãåîôèçèêè. 
Íà ñåãîäíÿ â ïðîèçâîäñòâåííîé ãåîôèçèêå äàííàÿ 
çàäà÷à ðåøàåòñÿ ìåòîäàìè ìèêðîêîìïüþòåðíîé 
òîìî ãðàôèè (ÌÊÒ) è ÿäåðíî-ìàãíèòíîãî êàðîòàæà 
(ßÌÊ). Ýòè ìåòîäû ïîçâîëÿþò ïîëó÷èòü 3D èçî-
áðàæåíèå âíóòðåííåãî ñòðîåíèÿ ãîðíûõ ïîðîä, â 
òîì ÷èñëå ïîðîâîãî ïðîñòðàíñòâà.

Äàííûå, ïîëó÷åííûå ñ ïîìîùüþ ñðåäñòâ îáðà-
áîò êè èçîáðàæåíèé ñ âûñîêèì ðàçðåøåíèåì, ïðå-
äîñòàâëÿþò ïîäðîáíóþ èíôîðìàöèþ î ñòðóêòóðå 
ïîðîäû, îäíàêî ñóùåñòâóþò íåêîòîðûå îãðàíè÷å-
íèÿ äëÿ øèðîêîãî ïðèìåíåíèÿ óêàçàííûõ ìåòîäèê. 
Îäíî èç íèõ — äîðîãîâèçíà èññëåäîâàíèé, äðóãîå 
— ñëîæíîñòü ÷èñëåííûõ âû÷èñëåíèé ïðè 3D ìîäå-
ëèðîâàíèè, áîëüøèå çàòðàòû âðåìåíè è òðåáîâàíèå 
îãðîìíûõ âû÷èñëèòåëüíûõ ìîùíîñòåé êîìïüþòåðîâ.

Â êà÷åñòâå àëüòåðíàòèâíûõ ðàçðàáàòûâàþòñÿ 
ìåòîäû, îñíîâàííûå íà èçó÷åíèè óïðóãèõ ñâîéñòâ 
ñ ïîìîùüþ àêóñòè÷åñêèõ ìåòîäîâ (îñîáåííî óëüòðà-
àêóñòè÷åñêîãî êàðîòàæà) â êîìïëåêñå ñ ïëîòíîñò-
íûìè êàðîòàæíûìè ìåòîäàìè. Ïðè ýòîì òðóäíîñòè 
èçó÷åíèÿ ñâÿçàíû ñî ñëîæíîé ñòðóêòóðîé ïóñòîòíî-
ãî ïðîñòðàíñòâà è îòñóòñòâèåì îäíîçíà÷íîé ìåòî-
äèêè îïðåäåëåíèÿ ðàñïðåäåëåíèÿ ïóñòîò ðàçëè÷íûõ 
âèäîâ ïî ãåîôèçè÷åñêèì äàííûì.
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Ïðåäñòàâëåíû ðåçóëüòàòû àêóñòè÷åñêîãî 2D ìîäåëèðîâàíèÿ äëÿ óñòàíîâëåíèÿ âëèÿíèÿ ôîðìû è îðèåíòàöèè 
ïîð íà àêóñòè÷åñêèå ñâîéñòâà ïîðîäû. Äëÿ ðåàëèçàöèè ïðîöåäóðû ìîäåëèðîâàíèÿ â ïðîãðàììíîì ïàêåòå 
«Tesseral» ïóñòîòû ðàçìåðîì 0,1 ìì çàíèìàëè îäíó ÿ÷åéêó ãðèäà 1×1 ì, ò. å. ðàçìåðíîñòü ìîäåëè óâåëè÷åíà â 
104 ðàç. Âî ñòîëüêî æå ðàç óìåíüøåíà è ÷àñòîòà çâóêîâîãî ñèãíàëà. Îáùèé ðàçìåð ìîäåëè äëÿ ìîäåëèðîâàíèÿ 
ñîîòâåòñòâóåò ðàçìåðàì àêóñòè÷åñêîãî çîíäà 2×1 ì. Îïèñàíû ðåçóëüòàòû ðàñ÷åòà äëÿ íåñêîëüêèõ ìîäåëåé 
ïåñ÷àíèêà ñ îäíîðîäíûì ñîñòàâîì ïóñòîò, çàïîëíåííûõ âîäîé. Îäíà èçîòðîïíàÿ ìîäåëü çàïîëíåíà äèñêàìè 
äèàìåòðîì 1 ìì, äâå äðóãèå — àíèçîòðîïíûå, òðåùèíû äèàìåòðîì 1 ìì è äëèíîé 10 ìì îðèåíòèðîâàíû 
ñîîòâåòñòâåííî âäîëü è ïîïåðåê äâèæåíèÿ âîëíû. Îñòàëüíûå àíèçîòðîïíûå ìîäåëè çàïîëíåíû ðàçíûìè äèñ-
êàìè â çàâèñèìîñòè îò ñîîòíîøåíèÿ îñåé ýëëèïñîèäà è îðèåíòàöèè â ïðîñòðàíñòâå. Ïîêàçàíî, ÷òî ðàçíûå 
ôîðìà è îðèåíòàöèÿ ïóñòîò â ìàòðèöå ãåîëîãè÷åñêîé ñðåäû ïî-ðàçíîìó âëèÿþò íà åå àêóñòè÷åñêèå ñâîéñòâà. 
Îñîáåííî îùóòèìà ðàçíèöà ìåæäó ïóñòîòàìè êðóãëîé ôîðìû è âûòÿíóòûìè â íàïðàâëåíèè äâèæåíèÿ âîëíû. 
Ïðè óâåëè÷åíèè äëèíû òðåùèíû, âûòÿíóòîé âäîëü íàïðàâëåíèÿ äâèæåíèÿ âîëíû, ñêîðîñòü ïðîõîæäåíèÿ 
àêóñòè÷åñêèõ âîëí çíà÷èòåëüíî ñíèæàåòñÿ. Â ñëó÷àå åñëè òðåùèíû âûòÿíóòû ïîïåðåê íàïðàâëåíèÿ äâèæåíèÿ 
âîëíû, ñêîðîñòü ïðîõîæäåíèÿ àêóñòè÷åñêèõ âîëí ïðàêòè÷åñêè íå èçìåíÿåòñÿ, êîëåáëÿñü â äèàïàçîíå ±100 ì/ñ.

Êëþ÷åâûå ñëîâà: àêóñòè÷åñêèå ñâîéñòâà, òèïû ïîð, ñîîòíîøåíèå ñòîðîí ïóñòîò, ïîðèñòîñòü ïîðîäû, çâóêîâîé 
êàðîòàæ, ñèìóëÿöèÿ çâóêîâîé âîëíû, ýëàñòè÷íîå ìîäåëèðîâàíèå.

Öåëü ðàáîòû — èññëåäîâàíèå âëèÿíèÿ ôîðìû è 
îðèåíòàöèè ïîð íà àêóñòè÷åñêèå ñâîéñòâà ïîðîäû 
ïî ðåçóëüòàòàì àêóñòè÷åñêîãî 2D ìîäåëèðîâàíèÿ 
ïîëíîâîëíîâûì ìåòîäîì â ïðîãðàììíîì ïàêåòå 
«Tesseral».

Òåîðèÿ. Â ðåçóëüòàòå ìíîãîëåòíèõ èññëåäîâàíèé 
â îáëàñòè àêóñòèêè ðàçðàáîòàíî íåñêîëüêî íàïðàâ-
ëåíèé äëÿ èçó÷åíèÿ âëèÿíèÿ òîíêîñëîèñòûõ îáúåê-
òîâ íà àêóñòè÷åñêèå ñâîéñòâà ãåîëîãè÷åñêîé ñðåäû. 
Îäíî èç íàïðàâëåíèé îïèðà åòñÿ íà òåîðèþ ýôôåê-
òèâíîé ñðåäû. Â ðàáîòå [6] ââåäåíà ôîðìóëèðîâêà 
ìåòîäèêè â ñîîòâåòñòâèè ñ äëèí íî âîëíîâîé òåîðèåé 
ðàññåÿíèÿ ïåðâîãî ïîðÿäêà, êîòîðàÿ îöåíèâàåò ýô-
ôåêòèâíûå óïðóãèå ïàðàìåòðû ñðåäû, ñîäåðæàùåé 
ðàçëè÷íûå òèïû ïîð. Â òåîðèè äèôôåðåíöèàëüíîé 
ýôôåêòèâíîé ñðåäû [2] ìîäåëè ñòðîÿòñÿ ïóòåì ïî-
ñòåïåííîãî äîáàâëåíèÿ âêëþ÷åíèé ñ ðàçëè÷íûìè 
ïàðàìåòðàìè ê ìàòðèöå. Íà îñíîâå ìàòåìàòè÷åñêîé 
ìîäåëè äèôôåðåíöèàëüíîé ýôôåêòèâíîé ñðåäû â 
ðàáîòå [3] âìåñòî òîíêîñëîèñòûõ îáúåêòîâ èñïîëü-
çîâàíû ìåëêèå ôîðìû îáúåêòîâ â âèäå ñôåðîèäà 
âðàùåíèÿ ñ ðàçíûì ñîîòíîøåíèåì ñòîðîí. Áûëî 
èçó÷åíî âëèÿíèå ðàçíûõ âèäîâ ïóñòîòíûõ âêëþ÷å-
íèé íà àêóñòè÷åñêèå ñâîéñòâà ñðåäû è ñäåëàí âûâîä 
î òîì, ÷òî ïëîñêèå è áîëåå âûòÿíóòûå ïóñòîòû çíà-
÷èòåëüíåå âëèÿþò íà àêóñòè÷åñêèå ñâîéñòâà ñðåäû, 
÷åì ñôåðîèäàëüíûå ïóñòîòû [3].

Â êà÷åñòâå ýêñïåðèìåíòà áûëè ïîñòðîåíû ðå-
àëüíûå ìîäåëè ãîðíûõ ïîðîä ñ èçâåñòíîé ïîðî-
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âîé ñòðóêòóðîé äëÿ èçó÷åíèÿ âëèÿíèÿ ïîñëåäíåé 
íà ñêîðîñòü ïðîõîæäåíèÿ àêóñòè÷åñêèõ âîëí ïóòåì 
ëàáîðàòîðíûõ èçìåðåíèé.

Ñ ó÷åòîì ðåçóëüòàòîâ îäíîãî èç òàêèõ èññëåäî-
âàíèé [8] áûë ïðåäëîæåí ìåòîä èçó÷åíèÿ ãåîëîãè-
÷åñêîé ñðåäû, â êîòîðîì èñïîëüçîâàíî óðàâíåíèå 
ñòàòèñòè÷åñêè óñðåäíåííîãî çàêîíà Ãóêà: äëÿ ëþáîé 
ìèêðîòî÷êè

( ) ( ) ( ) ( )1
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σ = Λ ε +∑∑x x x x( ) ( )( ), ,

( ) ( ) ( )(0) (0)(0) ,mnkq kqc t+Λ εx x x ,

ãäå (x, t) — òî÷êà â ïðîñòðàíñòâå—âðåìåíè; mnσ  

— òåíçîð íàïðÿæåíèé, (1)
mnkqΛ  — òåíçîð óïðóãèõ ïî-

ñòîÿííûõ âêëþ÷åíèé;
 

(0)
mnkqΛ  — òåíçîð óïðóãèõ ïî-

ñòîÿííûõ ìàòðèöû; c(pr) — êîíöåíòðàöèÿ âêëþ÷åíèé, 
ýëëèïòè÷åñêèå ïîðû ñ ñîîòíîøåíèåì ñòîðîí αp è 
ãëàâíîé îñüþ, îðèåíòèðîâàííîé â íàïðàâëåíèè r; 

c(0) — êîíöåíòðàöèÿ ìàòðèöû; ( )pr
kqε  è (0)

kqε  — 
óñëîâíûå ìàòåìàòè÷åñêèå îæèäàíèÿ òåíçîðà äåôîð-
ìàöèé ñîîòâåòñòâåííî âêëþ÷åíèé è ìàòðèöû. 

Ðàññ÷èòûâàþò óñðåäíåííûå ìîäóëè îáúåìíîãî 
ñæàòèÿ K è ñäâèãà G è íàõîäÿò àêóñòè÷åñêèå ñâîé-
ñòâà ìîäåëè ãåîëîãè÷åñêîé ñðåäû:

( )4 3ÐV K G= + ⋅ ρ ; SV G= ρ ,

ãäå VP, VS — ñêîðîñòè ïðîõîæäåíèÿ ïðîäîëüíûõ 
è ïîïåðå÷íûõ ñêîðîñòè âîëí ñîîòâåòñòâåííî; ρ — 
ïëîòíîñòü ìàòðèöû ãåîëîãè÷åñêîé ñðåäû [9].

Â ðàáîòå [4] ðàññìîòðåíà ìàòåìàòè÷åñêàÿ ìîäåëü 
[8]: ìåòîäîì ïîî÷åðåäíîãî ïåðåáîðà êîíöåíòðàöèé 
ðàçíûõ ôîðì ïóñòîò ïðîäåìîíñòðèðîâàíî èõ âëèÿ-
íèå íà àêóñòè÷åñêèå ñâîéñòâà ðàçíûõ òèïîâ ïîðîä, 
èìåþùèõ ðàçíóþ ïîðèñòîñòü è ñîäåðæàùèõ ðàçíûé 
òèï ôëþèäà. Óñòàíîâëåíî áîëüøåå âëèÿíèå áîëåå 
âûòÿíóòîé è ïëîñêîé ôîðìû ïóñòîò, ÷åì ñôåðè÷å-
ñêîé, è ñóùåñòâåííîå ñíèæåíèå ñêîðîñòè ïðîõîæ-
äåíèÿ àêóñòè÷åñêèõ âîëí ÷åðåç ñðåäó [4].

Äðóãèì âîçìîæíûì íàïðàâëåíèåì ÿâëÿåòñÿ ìå-
òîä ïîëíîâîëíîâîãî ìîäåëèðîâàíèÿ, îñíîâó êîòîðî-
ãî ñîñòàâëÿåò ñèñòåìà ãèïåðáîëè÷åñêèõ äèôôåðåí-
öèàëüíûõ óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ. Äëÿ åå 
ðåøåíèÿ èñïîëüçîâàí ÷èñëåííûé ìåòîä êîíå÷íûõ 
ðàçíîñòåé — ïîäñòàíîâêà çàêîíà óïðóãîñòè Ãóêà â 
ôîðìóëó âòîðîãî çàêîíà Íüþòîíà [1]:

 ( ) ( ) ( ) ( ), , ,t t t′′ρ = ∇ ⋅ +∑x s x x f x , (1)

ãäå (x, t) — òî÷êà â ïðîñòðàíñòâå—âðåìåíè; ρ — 
ïëîòíîñòü ïîðîäû; s″ — âåêòîð ñìåùåíèé; ∑ — 
òåíçîð íàïðÿæåíèé; f — âíåøíÿÿ ñèëà (ñèãíàë); 
îïåðàòîð ∇ îáîçíà÷àåò äèâåðãåíöèþ â ïðîñòðàíñòâå, 
à øòðèõè — ïðîèçâîäíóþ ïî âðåìåíè; ∑ — òåíçîð 
íàïðÿæåíèé — êâàäðàòíàÿ ñèììåòðè÷íàÿ ìàòðèöà 
σkm= σmk, ïðè÷åì σkk — íàïðÿæåíèå ñæàòèÿ/ðàñòÿæå-

íèÿ âäîëü îñè k, à åñëè k ≠ m, òî σkm — íàïðÿæåíèå 
ñäâèãà â ïëîñêîñòè km; f — âíåøíÿÿ ñèëà â çàäà÷àõ 
ìîäåëèðîâàíèÿ ñåéñìîðàçâåäêè, ïðèëàãàåòñÿ â òî÷-
êó èñòî÷íèêà, åå ìîæíî âûðàçèòü ÷åðåç δ-ôóíêöèþ 
Êðîíåêåðà: ( ) ( ) ( )0, Ft t= δ −f x x x .

Êîíêðåòèçàöèÿ ñèñòåìû (1) çàâèñèò îò õàðàêòåðà 
ôèçè÷åñêîé ìîäåëè. Â ýëàñòè÷åñêîì èçîòðîïíîì 
ïðèáëèæåíèè

( ) ( ) ( )( ), ,t t= λ ∇ ⋅ +∑ x x s x I

( ) ( ) ( )( )( )T, ,t t+μ ∇ + ∇x s x s x ,

ãäå I — åäèíè÷íàÿ ìàòðèöà: ( )kmI k m= δ − ; ìî-

äåëü ñðåäû ïðåäñòàâëÿþò êîýôôèöèåíòû Ëàìå 

( ) ( ) ( )2
SVμ = ρx x x  è ( ) ( ) ( ) ( )2 2PVλ = ρ − μx x x x ; îïå-

ðàòîð ∇ îáîçíà÷àåò ãðàäèåíò â ïðîñòðàíñòâå, à MT 

— òðàíñïîíèðîâàííóþ ìàòðèöó M: TM Mkm mk= .
Â îáùåì ñëó÷àå òåíçîð íàïðÿæåíèé àíèçîòðîï-

íîé ôîðìû Σ âûðàæàåòñÿ èç òåíçîðà æåñòêîñòè L:

( ) ( ) ( ), ,k
mn mnkq

qk q

s
t t

x
∂

σ = Λ =
∂∑∑x x x

( ) ( ),mnkq kq
k q

t= Λ ε∑∑ x x ,

ãäå ε — òåíçîð äåôîðìàöèè.
Ñòàòüÿ [9] — îäíà èç ïåðâûõ ðàáîò, â êîòîðîé 

îïèñàíî ïðèìåíåíèå êîíå÷íîðàçíîñòíîãî ãðèäà äëÿ 
ìîäåëè ñðåäû ñ âêëþ÷åíèÿìè òèïà òðåùèí âìåñòî 
òîíêîñëîèñòûõ îáúåêòîâ.

Â ïóáëèêàöèÿõ [7, 10] îïèñàíû è íåêîòîðûå îñî-
áåííîñòè èñïîëüçîâàíèÿ ïîëíîâîëíîâîãî ìîäåëè-
ðîâàíèÿ â ïðîãðàììíîì ïàêåòå «Tesseral». Íàïðè-
ìåð, äëÿ âû÷èñëåíèÿ íà âõîä ïîäàåòñÿ íåêèé ãðèä 
â ôîðìàòå sgy, ÿ÷åéêè êîòîðîãî ðàçäåëåíû íà äâà 
êëàññà: ñðåäó è òîíêîñëîèñòûå îáúåêòû. Ñîãëàñíî 
àíàëèçó çàòðàò âðåìåíè è âû÷èñëèòåëüíûõ ðåñóð-
ñîâ äëÿ 2D, 2,5D è 3D ìîäåëèðîâàíèÿ, ïåðâûå äâà 
ìåòîäà çíà÷èòåëüíî ýêîíîìíåå òðåòüåãî.

Ìåòîä. Äëÿ ïðîâåäåíèÿ èññëåäîâàíèÿ áûëè ïðî-
èçâåäåíû 2D ãðèä-ìîäåëè. Ðàçìåð ãðèäà îïðåäåëÿëè 
ðàçìåðàìè àêóñòè÷åñêîãî çîíäà, äëÿ äàííîãî èñ-
ñëåäîâàíèÿ åãî âûñîòà ñîñòàâèëà 2 ì (ðàññòîÿíèå 
ìåæäó èñòî÷íèêîì è ïðèåìíèêàìè), øèðèíà — 1 ì 
(ãëóáèíà ïðîíèêíîâåíèÿ àêóñòè÷åñêîé âîëíû). Âîç-
ìîæíûå ðàçìåðû ïîð/òðåùèí âàðüèðóþòñÿ â ñëå-
äóþùèõ äèàïàçîíàõ: äèàìåòð ñå÷åíèÿ 0,0002—2 ìì, 
äëèíà òðåùèí 0,1—10 ìì. Èñõîäÿ èç ýòîãî áûëî 
ïðèíÿòî, ÷òî äëÿ äîñòèæåíèÿ ïðèáëèæåíèÿ ìîäåëè 
ê ðåàëüíîé ñðåäå íåîáõîäèìî óñòàíîâèòü äèñêðåò 
ãðèäà 0,1 ìì èëè 10–2 ì, òàê êàê ïðîãðàììíûé 
ïàêåò «Tesseral» ðàññ÷èòàí íà ñåéñìè÷åñêîå ìîäå-
ëèðîâàíèå, ò. å. áîëüøèå ïëîùàäè èññëåäîâàíèÿ. 
Äëÿ èìèòàöèè àêóñòè÷åñêîãî ìîäåëèðîâàíèÿ íå-
îáõîäèìî îòìàñøòàáèðîâàòü ðàçìåðíîñòü ãðèäà â 
ìåòðû (òàáë. 1, ðèñ. 1).
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Ìåòîäèêà ïðîâåäåíèÿ ðàáîò äëÿ âûïîëíåíèÿ 
àêóñòè÷åñêîãî 2D ìîäåëèðîâàíèÿ ñîñòîèò èç äâóõ 
îñíîâíûõ ýòàïîâ [5].

Íà ïåðâîì ýòàïå ñ ïîìîùüþ àâòîðñêîé ïðî-
ãðàììû ðàññ÷èòûâàåòñÿ òåîðåòè÷åñêàÿ ìîäåëü ãåî-
ëîãè÷åñêîé ñðåäû, ñîñòîÿùåé èç ìàòðèöû è ïóñòîò, 
àïïðîêñèìèðóåìûõ ýëëèïñîì. Íà âõîä ïðîãðàììà 
ïðèíèìàåò ñëåäóþùèå ïàðàìåòðû: ïðîäîëüíóþ è 
ïîïåðå÷íóþ ñêîðîñòè ïðîõîæäåíèÿ àêóñòè÷åñêèõ 
âîëí äëÿ ìàòðèöû è ïîð, ïëîòíîñòü ïîð, ïîðèñòîñòü 
ñðåäû. Íàñòðàèâàþòñÿ ðàçìåð ãåîëîãè÷åñêîé ñðåäû, 
ôîðìà, ðàçìåð è îðèåíòàöèÿ ïîð. Ïðîãðàììà ãåíå-
ðèðóåò ãðèä, çàïîëíåííûé âõîäíûìè ïàðàìåòðàìè 
ìàòðèöû ñðåäû. Ïðîïîðöèîíàëüíî ïîðèñòîñòè ñðå-
äû ãðèä çàïîëíåí ïàðàìåòðàìè ïóñòîò — ýëëèïñàìè, 

ðàíäîìíî ðàñïðåäåëåííûìè â çàäàííûõ äèàïàçîíàõ. 
Íà âûõîäå ïðîãðàììà âîçâðàùàåò SGY-ôàéë. 

Íà âòîðîì ýòàïå ðàññ÷èòûâàåòñÿ ñèíòåòè÷åñêàÿ 
ñåéñìîãðàììà ïî çàäàííîé ãåîëîãè÷åñêîé ìîäåëè, 
â äàííîì ñëó÷àå — ñ ïîìîùüþ ìîäóëÿ «Mod2D» 
ïðîãðàììíîãî ïðîäóêòà «Tesseral», ìåòîäîì ýëàñòè-
÷åñêîãî èçîòðîïíîãî ïðèáëèæåíèÿ, òàê êàê ìîæíî 
ðàññ÷èòàòü VP, VS. Äëÿ ðàñ÷åòà èñïîëüçîâàíà ñõåìà, 
èìèòèðóþùàÿ àêóñòè÷åñêèé çîíä ñ îäíèì èñòî÷íè-
êîì è äâóìÿ ïðèåìíèêàìè íà ðàññòîÿíèè 1 è 2 ì. 
×àñòîòà ñèãíàëà ñîñòàâèëà 25 êÃö, íî äëÿ ñîõðàíå-
íèÿ ðàçìåðíîñòè ïîëó÷åííûõ ïàðàìåòðîâ ñêîðîñòü 
òàêæå áûëà îòìàñøòàáèðîâàíà (òàáë. 1). Ðàñ÷åò 
âûïîëíåí íà áàçå ÖÏ Intel Xeon E5-2600 ñ ÷àñòî-
òîé 2,6 ÃÃö, 16 ÿäåð (32 â ðåæèìå HyperThreading), 
íà îáîðóäîâàíèè êëàñòåðíîãî êîìïëåêñà ÑÊÈÒ-4 
Èíñòèòóòà êèáåðíåòèêè èì. Â.Ì. Ãëóøêîâà ÍÀÍ 
Óêðàèíû.

Ðåçóëüòàò. Íèæå ïðåäñòàâëåíû ðåçóëüòàòû ðàñ-
÷åòà ñåìè ìîäåëåé ñ îäíîðîäíûì ñîñòàâîì ïóñòîò, 
çàïîëíåííûõ âîäîé, è ìàòðè÷íûì ñêåëåòîì ñðåäû 
— ïåñ÷àíèêîì. Ðàçìåð, ôîðìà, îðèåíòàöèÿ ïóñòîò 
è äðóãèå ôèçè÷åñêèå õàðàêòåðèñòèêè ìîäåëèðóåìûõ 
ãåîëîãè÷åñêèõ ñðåä ïðèâåäåíû â òàáë. 2, 3 è íà 
ðèñ. 2.

Ñëåäóåò îòìåòèòü, ÷òî â ìîäåëÿõ a, d—g ïëîùàäü 
êàæäîãî îòäåëüíî âçÿòîãî ïóñòîòíîãî âêëþ÷åíèÿ —
êîíñòàíòà, ðàâíàÿ 10–6 π ì2.

Ðåçóëüòàòû ìîäåëèðîâàíèÿ â âèäå ñåéñìîãðàìì 
ïðåäñòàâëåíû íà ðèñ. 3 è â òàáë. 4.

Îùóòèìàÿ ðàçíèöà ïðîñëåæèâàåòñÿ ìåæäó ïó-
ñòîòàìè êðóãëîé ôîðìû (ìîäåëü a) è âûòÿíóòîé â 
íàïðàâëåíèè äâèæåíèÿ âîëíû (ìîäåëü c). Ãåîìå-
òðè÷åñêèå õàðàêòåðèñòèêè  ñóùåñòâåííî ñíèæàþò 
àêóñòè÷åñêèå ñâîéñòâà ìîäåëèðóåìîé ñðåäû. Ýòîò 

Òàáëèöà 1. Ïàðàìåòðû ìîäåëèðîâàíèÿ
Table 1. The simulation parameter

Òèï ìîäåëè Âûñîòà (h), ì
Ãëóáèíà ïðîíèêíî-

âåíèÿ âîëíû (w), ì

×àñòîòà àêóñòè÷å-

ñêîãî cèãíàëà (v), Ãö

Äèàìåòð ïîð, ì

Dmin Dmax

Ìàñøòàáèðîâàííàÿ 20000 10000 2,5 1 1

Ðåàëüíàÿ 2 1 25∙103 10–4 10–4

Ðèñ. 1. Èëëþñòðàöèÿ ìàñøòàáèðîâàíèÿ ðàçìåðà èçó÷àåìîé 
ãåîëîãè÷åñêîé ñðåäû

Fig. 1. Illustration of scaling the size of the studied geological 
environment

Òàáëèöà 2. Ãåîìåòðè÷åñêèå õàðàêòåðèñòèêè ïóñòîò ãåîëîãè÷åñêèõ ìîäåëåé
Table 2. Geometric characteristics of geological model voids

ID ìîäåëè
Äèàìåòð ñå÷å-

íèÿ, D, ì
Ñîîòíîøåíèå ñòîðîí ýë-

ëèïñà — ôîðìàò (b/a)
Óãîë íàêëîíà, 

α, град
a 10–3 1 0
b 10–3 0,1 90
c 10–3 0,1 0
d 0,6∙10–3 0,35 90
e 0,6∙10–3 0,35 0
f 0,4∙10–3 0,16 90
g 0,4∙10–3 0,16 0
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Òàáëèöà 3. Ôèçè÷åñêèå õàðàêòåðèñòèêè ìàòðè÷íîãî ñêåëåòà è ïóñòîò ãåîëîãè÷åñêèõ ìîäåëåé*
Table 3. Physical characteristics of matrix skeleton and voids of geological models

Ìîäåëü VP, ì/c VS, ì/c ρ, êã/ì3

Ìàòðèöà 5700 3500 2650

Ïóñòîòû 1300 0 1100

 * Ïîðèñòîñòü (φ) 10 %

Ðèñ. 2. Ïðèìåð ðàçìåðîì (500×300 10—4 ì) ñãåíåðèðîâàííîé 2D ìîäåëè 
ñ ðàçíîé ôîðìîé îðèåíòàöèåé ïóñòîò (òàáë. 2)

Fig. 2. Example of the size (500×300 10—4 m) of the generated 2D model, 
with different void orientations (tab. 2)

Òàáëèöà 4. ×èñëåííûå ðåçóëüòàòû 2D ìîäåëèðîâàíèÿ

Table 4. Numerical results of 2D modeling

ID ìî-
äåëè

VP, ì/ñ VS, ì/ñ ρ, êã/ì3 G, ÃÏà M, ÃÏà μ E, ÃÏà KBR K, ÃÏà χ

a 5208 2652 2495 17,55 67,68 0,32 46,51 0,48 44,27 2,07

b 5602 2298 2495 13,18 78,30 0,39 36,88 0,66 60,72 1,51

c 3257 2105 2495 11,05 26,47 0,14 25,24 0,16 11,72 6,07

d 4495 2600 2495 16,87 50,39 0,24 42,13 0,33 27,89 3,02

e 5479 2699 2495 18,17 74,91 0,33 48,70 0,51 50,67 1,94

f 3759 2325 2495 13,49 36,11 0,19 32,11 0,23 17,27 4,26

g 5556 2439 2495 14,84 77,01 0,38 40,98 0,61 57,21 1,62

Ïðèìå÷àíèå: М — ìîäóëü ïðîäîëüíîé âîëíû; μ — êîýôôèöèåíò Ïóàññîíà; Е — ìîäóëü Þíãà; KBR — êîýôôèöèåíò áîêîâîãî 
ðàñïîðà; χ — êîýôôèöèåíò ñæèìàåìîñòè.

ýôôåêò ìîæåò áûòü îáúÿñíåí òåì, ÷òî âîëíà ÷àùå 
âçàèìîäåéñòâóåò ñ îáúåêòàìè, âûòÿíóòûìè âäîëü 
åå äâèæåíèÿ, ÷åì ñ îáúåêòàìè êðóãëîé ôîðìû. Îá-

ðàòíàÿ òåíäåíöèÿ ïðîñëåæèâàåòñÿ ìåæäó ïóñòîòàìè 
êðóãëîé ôîðìû (ìîäåëü a) è âûòÿíóòûìè ïîïåðåê 
íàïðàâëåíèÿ âîëíû (ìîäåëü b). Òàêàÿ ãåîìåòðèÿ 
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Ðèñ. 3. Ñåéñìîãðàììû, ïîëó÷åííûå â 
ðåçóëüòàòå 2D ìîäåëèðîâàíèÿ ãåîëîãè-
÷åñêîé ñðåäû (òàáë. 2)

Fig. 3. Seismograms obtained as a result of 
2D modeling of geological voids (tab. 2)

óëó÷øèëà àêóñòè÷åñêèå ñâîéñòâà ìîäåëè, ïîñêîëüêó 
ïðè îäèíàêîâîé ïîðèñòîñòè òðåùèí ìåíüøå, ÷åì 
êðóãëûõ ôîðì, ÷òî óâåëè÷èâàåò øàíñ ñîñòàâëÿþùèõ 
(òàáë. 4).

Ïðè óâåëè÷åíèè äëèíû òðåùèíû, âûòÿíóòîé 
âäîëü íàïðàâëåíèÿ äâèæåíèÿ âîëíû, ñêîðîñòü 
ïðîõîæäåíèÿ àêóñòè÷åñêèõ âîëí ñíèæàåòñÿ (ìîäå-
ëè ïî óáûâàíèþ: d—f—c). Â ñëó÷àå åñëè òðåùèíû 
âûòÿíóòû ïîïåðåê íàïðàâëåíèÿ äâèæåíèÿ âîëíû, 
ñêîðîñòü ïðîõîæäåíèÿ àêóñòè÷åñêèõ âîëí ïðàêòè-

÷åñêè íå èçìåíÿåòñÿ è ñîñòàâëÿåò ±100 ì/ñ (ìîäåëè 
b—e—g). Ýòî îáúÿñíÿåòñÿ íåáîëüøèì äèàìåòðîì 
ñå÷åíèÿ òðåùèí, ÷òî íå ñîçäàåò ïðåïÿòñòâèÿ äëÿ 
ïðîõîäÿùåé âîëíû (òàáë. 4).

Âûâîä. Âïåðâûå ïðèìåíåí ìåòîä ÷èñëåííîãî 
ðåøåíèÿ çàäà÷è ïîëíîâîëíîâîãî ìîäåëèðîâàíèÿ 
ìåòîäîì êîíå÷íûõ ðàçíîñòåé äëÿ èññëåäîâàíèÿ 
âëèÿíèÿ ðàçíûõ òèïîâ ïóñòîò è èõ îðèåíòàöèè â 
ïðîñòðàíñòâå ñ ïîìîùüþ ìîäåëè, ïðèáëèæåííîé ê 
ðåàëüíîé ñêâàæèííîé ñðåäå.
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Ðåçóëüòàò 2D ìîäåëèðîâàíèÿ äåìîíñòðèðóåò, 
÷òî ðàçíûå ôîðìà è îðèåíòàöèÿ ïóñòîò â ìàòðèöå 
ãåîëîãè÷åñêîé ñðåäû ïî-ðàçíîìó âëèÿþò íà åå àêó-
ñòè÷åñêèå ñâîéñòâà.

Íåäîñòàòêîì ðàññìîòðåííîãî ìåòîäà ìîäåëèðî-
âàíèÿ ÿâëÿåòñÿ âðåìÿ, çàòðà÷åííîå íà ðàñ÷åò îäíîé 
ìîäåëè, — îêîëî 50—65 ÷, ÷òî ñâÿçàíî ñ áîëüøîé 
äåòàëüíîñòüþ (ìàëûì øàãîì ãðèäà). Ñíèçèòü âðåìÿ, 
çàòðà÷åííîå íà ïðîâåäåíèå ðàñ÷åòà, ìîæíî äâóìÿ 
ñïîñîáàìè: èñïîëüçîâàòü áîëåå ìîùíûå âû÷èñëè-
òåëüíûå ðåñóðñû, òàêèå êàê âèäåîêàðòà èëè ïðî-
öåññîð, ëèáî óìåíüøèòü äèñêðåòèçàöèþ ãðèäà.

Áëàãîäàðíîñòü. Ñîòðóäíèêàì îòäåëà 145 Èíñòè-
òóòà êèáåðíåòèêè èì. Â.Ì. Ãëóøêîâà ÍÀÍ Óêðàèíû 
çà ïðåäîñòàâëåííûé äîñòóï ê êëàñòåðíîìó êîìïëåê-
ñó ÑÊÈÒ-4 äëÿ ïðîâåäåíèÿ âû÷èñëåíèé.
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Íàâåäåíî ðåçóëüòàòè àêóñòè÷íîãî 2D ìîäåëþâàííÿ äëÿ âñòàíîâëåííÿ âïëèâó ôîðìè ³ îð³ºíòàö³¿ ïîð 
íà àêóñòè÷í³ âëàñòèâîñò³ ïîðîäè. Äëÿ ðåàë³çàö³¿ ïðîöåäóðè ìîäåëþâàííÿ â ïðîãðàìíîìó ïàêåò³ «Tesseral» 
ðîçì³ðí³ñòü ìîäåë³ áóëà ìàñøòàáîâàíà ó òàêèé ñïîñ³á, ùîá ïîðîæíèíè ðîçì³ðîì 0,1 ìì çàéìàëè îäíó 
êë³òèíêó ãðèäó 1×1 ì, òîáòî çá³ëüøåíà ó 104 ðàç³â. Ó ñò³ëüêè ðàç³â áóëà çìåíøåíà é ÷àñòîòà çâóêîâîãî 
ñèãíàëó. Çàãàëüíèé ðîçì³ð ìîäåë³ äëÿ ìîäåëþâàííÿ â³äïîâ³äàº ðîçì³ðàì àêóñòè÷íîãî çîíäà 2×1 ì. Îïè-
ñàíî ðåçóëüòàòè ðîçðàõóíêó äëÿ äåê³ëüêîõ ìîäåëåé ï³ñêîâèêó ç îäíîð³äíèì ñêëàäîì ïóñòîò, çàïîâ íåíèõ 
âîäîþ. Îäíà ìîäåëü ³çîòðîïíà ³ çàïîâíåíà äèñêàìè ä³àìåòðîì 1 ìì, äâ³ ³íø³ — àí³çîòðîïí³, òð³ùèíè 
ä³àìåòðîì 1 ìì ³ çàâäîâæêè 10 ìì îð³ºíòîâàí³ â³äïîâ³äíî óçäîâæ ³ ïîïåðåê ðóõó õâèë³. ²íø³ ìîäåë³ òàêîæ 
àí³çîòðîïí³, çàïîâíåí³ ð³çíèìè âàð³àö³ÿìè çàëåæíî â³ä ñï³ââ³äíîøåííÿ îñåé åë³ïñî¿äà ³ îð³ºíòàö³¿ â ïðî-
ñòîð³. Ðåçóëüòàò 2D ìîäåëþâàííÿ äåìîíñòðóº, ùî ð³çí³ ôîðìà ³ îð³ºíòàö³ÿ ïóñòîò â ìàòðèö³ ãåîëîã³÷íîãî 
ñåðåäîâèùà ïî-ð³çíîìó âïëèâàþòü íà ¿¿ àêóñòè÷í³ âëàñòèâîñò³. Îñîáëèâî â³ä÷óòíà ð³çíèöÿ ì³æ ïîðîæíè-
íàìè êðóãëî¿ ôîðìè ³ âèòÿãíóòèìè ó íàïðÿìêó ðóõó õâèë³. Çà çá³ëüøåííÿ äîâæèíè òð³ùèíè, ÿêùî âîíà 
âèòÿãíóòà óçäîâæ íàïðÿìêó ðóõó õâèë³, øâèäê³ñòü ïîøèðåííÿ àêóñòè÷íèõ õâèëü çíà÷íî çíèæóºòüñÿ. ßêùî 
òð³ùèíè âèòÿãíóò³ ïîïåðåê íàïðÿìêó ðóõó õâèë³, øâèäê³ñòü ïîøèðåííÿ àêóñòè÷íèõ õâèëü ïðàêòè÷íî íå 
çì³íþºòüñÿ, êîëèâàþ÷èñü ó ä³àïàçîí³ ±100 ì/ñ.

Êëþ÷îâ³ ñëîâà: àêóñòè÷í³ âëàñòèâîñò³, ð³çí³ òèïè ï³ð, ñï³ââ³äíîøåííÿ ñòîð³í ïóñòîò, ïîðèñò³ñòü ïî-
ðîäè, çâóêîâèé êàðîòàæ, ñèìóëÿö³ÿ çâóêîâî¿ õâèë³, åëàñòè÷íå ìîäåëþâàííÿ.
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SIMULATION OF WAVE FIELD IN MEDIA WITH DIFFERENT 
ASPECT RATIO AND ORIENTATION OF VOIDS
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Kyiv, 03022, Ukraine, e-mail: valeriikhalimendik@gmail.com

Purpose. This paper describes a study of the results of acoustic 2D modeling to determine the influence of 
the shape and orientation of the pores on the acoustic properties of the rock. The aim of this work is to 
study the influence of the shape and orientation of pores on the acoustic properties of the rock, according 
to the results of 2D acoustic modeling by full-wave method in the software package «Tesseral».
Methodology. For implement the simulation procedure in the software package «Tesseral», the model dimension was 
scaled so that the voids of 0,1 mm occupied one cell of the 1×1 m grid, that is, increased by 104 times. The frequency 
of the acoustic signal was reduced by the same number of times. The total size of the model corresponds to the size of 
the acoustic probe — 2×1 m. The calculation results for several models of Sandstone with a homogeneous composi-
tion of voids filled with water are presented. One model is isotropic and filled by disks with a diameter of 1 mm, the 
other two anisotropic — cracks with a diameter of 1 mm and a length of 10 mm are oriented along and across the 
wave motion. The rest, also anisotropic, filled with different variations which depending on the ratio of the axes of 
the ellipsoid and the orientation in space.
Findings. The result of 2D modeling shows that different not only the shape but also the orientation of voids in the 
matrix of the geological environment have different effects on its acoustic properties. Especially noticeable is the dif-
ference between the voids with round shape and elongated in the direction of the wave.
With increasing crack length, if it is stretched along the direction of the wave, the velocity of acoustic waves is sig-
nificantly reduced. In cases where the cracks are stretched across the direction of the wave, the velocity of acoustic 
waves practically does not change, varies in the range of ±100 m/s.
Implications. For the first time, the method of numerical solution of the problem of full wave modeling by the finite 
difference method was applied to study the influence of different types of voids and their orientation in space, in a 
model close to the real borehole environment.
The disadvantage of the above modeling method is the time spent on the calculation of one model — about 50—65 hours. 
This is due to the great detail (small grid step). There are two ways to reduce the time spent on the calculation: use 
more powerful computing resources such as a graphics card or processor, or reduce the discretization of the grid.

Keywords: àcoustic properties, different types of pores, pore aspect ratio, rock porosity, sonic well log, sonic wave 
simulation, elastic modeling.

References

1. Alterman Z., Karal F.C. Propagation of elastic waves in layered media by finite-difference methods. Bull. Seism. Soc. Amer. 
1968. N 58. P. 367—398. https://doi.org/10.2478/s11600-008-0049-3

2. Berryman J.G. Single-scattering approximations for coefficients in Biot’s equations of poroelasticity. The Journal of the 
Acoustical Society of America. 1992. Vol. 91, N 2. P. 551—571. https://DOI.org/10.1121/1.402518

3. Karimpouli S., Tahmasebi P., Saenger E.H. Estimating 3D elastic moduli of rock from 2D thin-section images using dif-
ferential effective medium theory. Geophysics. 2018. Vol. 83, N 4. MR211-MR219. https://DOI.org/10.1190/geo2017-0504.1

4. Khalimendik V., Virshylo I. Velocities of elastic waves modeling for complex reservoir rocks. In 16th International Confer-
ence on Geoinformatics — Theoretical and Applied Aspects. Kyiv, 2017. https://doi.org/10.3997/2214-4609.201701859

5. Khalimendik V., Virshylo I. Acoustic 2D modeling to determine the influence of aspect ratio and pore orientation on the 
acoustic properties of the rock. In 17th International Conference on Geoinformatics — Theoretical and Applied Aspects. 
Kyiv, 2018. https://doi.org/10.3997/2214-4609.201801803

6. Kuster G.T., Toksöz M.N. Velocity and attenuation of seismic waves in two-phase media. Part I. Theoretical formulations. 
Geophysics. 1974. Vol. 39, N 5. P. 587—606. https://DOI.org/10.1190/1.1440450

7. Lavreniuk S., Roganov Y., Tulchinsky V., Kolomiyets O. Synergy of 2.5 D approach and grid technology for synthesis of 
realistic 3D/3C seismograms in anisotropic media. In 73rd EAGE Conference and Exhibition incorporating SPE EURO-
PEC. 2011. https://doi.org/10.3997/2214-4609.20149522

8. Prodayvoda, G.T., Maslov, B.P., & Korol, V.V, 1995. The spectrum of fraction-porous space structure distribution of 
rocks from inversion results of elastic waves velocity versus pressure relation. Geophysical Journal. 1995. Vol. 17, N 5. 
P. 75—80 (in Russian).

9. Saenger E.H., Shapiro S. A. Effective velocities in fractured media: a numerical study using the rotated staggered finite-
difference grid. Geophysical Prospecting. 2002. Vol. 50, N 2. P. 183—194. https://DOI.org/10.1046/j.1365-2478.2002.00309.x

10. Tulchinsky V.G., Iushchenko R.A., Roganov Y. V. Acceleration of 2.5 D Elastic Anisotropic Modelling. In 74th EAGE 
Conference and Exhibition incorporating EUROPEC. 2012. https://DOI.org/10.3997/2214-4609.20148129

Received 26/02/19


