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Âñòóï. Êîë³ç³ÿ êîíòèíåíò³â º ïðîöåñîì ç³òêíåí-
íÿ ³ ïîäàëüøî¿ âçàºìîä³¿ äâîõ ³ á³ëüøå êîíòèíåí-
òàëüíèõ ë³òîñôåðíèõ ïëèò, ÿê³ ÷åðåç â³äíîñíî ìàëó
ãóñòèíó íå ìîæóòü çàíóðèòèñÿ îäíà â³äíîñíî ³íøî¿
[10, 11]. Âíàñë³äîê âçàºìîä³¿ â³äáóâàºòüñÿ ïðîöåñ
çìèíàííÿ çåìíî¿ êîðè ³ óòâîðåííÿ ãåîñòðóêòóð ó
ð³çíèõ ìàñøòàáàõ – ï³äíÿòò³â ³ îïóñêàíü çåìíî¿
ïîâåðõí³. Öèìè ãåîñòðóêòóðàìè ôîðìóþòüñÿ âå-
ëèê³ ã³ðñüê³ ëàíêè ç³ ñêëàäíèìè òåêòîí³÷íèìè ïî-
êðèâàìè (øàð’ÿæàìè), à òàêîæ äð³áí³ø³ çà ìàñøòà-
áàìè íàñóâè. ßê ïðàâèëî, ïðîöåñó êîë³ç³¿
êîíòèíåíò³â ïåðåäóº ïðîöåñ ñóáäóêö³¿ îêåàí³÷íî¿
ë³òîñôåðè, ÿêà çíàõîäèëàñÿ ðàí³øå ì³æ âçàºìîä³þ-
÷èìè êîíòèíåíòàëüíèìè ïëèòàìè. Íàéÿñêðàâ³øèì
ïðèêëàäîì ïðîöåñó êîë³ç³¿ º ïîÿâà Àëüï³éñüêî-
Ã³ìàëàéñüêîãî ñêëàä÷àñòîãî ïîÿñó, ÿêèé óòâîðèâñÿ
âíàñë³äîê çàêðèòòÿ äàâíüîãî îêåàíó Òåò³ñó ³
ç³òêíåííÿ ªâðàç³éñüêî¿ ïëèòè ç ²íä³éñüêîþ, Àðà-
â³éñüêîþ òà Àôðèêàíñüêîþ ïëèòàìè. Âíàñë³äîê
âåëèêîìàñøòàáíî¿ êîë³ç³¿ ïîòóæí³ñòü çåìíî¿ êîðè
ï³ä ñêëàä÷àñòèì ïîÿñîì ñèëüíî çá³ëüøóºòüñÿ. Íà-
ïðèêëàä, ï³ä Ã³ìàëàÿìè âîíà ñÿãàº òîâùèíè 70 êì
[10, 11].

Ðîçóì³ííÿ ïðîöåñ³â äåôîðìóâàííÿ êîíòèíåí-
òàëüíî¿ ë³òîñôåðè â çîí³ êîë³ç³¿ º êëþ÷îâèì äëÿ
ðåàë³çàö³¿ âàæëèâèõ ïðîáëåì ñó÷àñíî¿ ãåîòåêòîí³-
êè, òàêèõ ÿê ãåîìîðôîëîã³ÿ, îðîãåíåç, ôîðìóâàí-
íÿ ãåîñòðóêòóð â óìîâàõ òåêòîí³÷íîãî ñòèñêàííÿ
òà áàãàòüîõ ³íøèõ. Íå âèïàäêîâî ïèòàííÿì âè-
â÷åííÿ êîë³ç³¿ êîíòèíåíò³â ïðèñâÿ÷åíà âåëèêà
ê³ëüê³ñòü ïóáë³êàö³é [1, 10–16]. Â íèõ â³äîáðàæå-
íî áàãàòî àñïåêò³â çàçíà÷åíèõ âèùå ïðîáëåì. Óò³ì
äîñ³ çàëèøàºòüñÿ áàãàòî ïèòàíü, ÿê³ ïîâ’ÿçàí³ ³ç
çàãàëüíèìè ìåõàí³÷íèìè çàêîíîì³ðíîñòÿìè óòâî-
ðåííÿ òà ðîçâèòêó ãåîñòðóêòóð â çîí³ êîë³ç³¿ ó

â³äïîâ³äíèõ óìîâàõ ³ ìàñøòàáàõ. Äëÿ îòðèìàííÿ
ïîâíî¿ êàðòèíè  öèõ ãåîòåêòîí³÷íèõ ïîä³é íåîá-
õ³äíå ðîçóì³ííÿ ïðîöåñ³â ôîðìóâàííÿ ãåîñòðóê-
òóð ó ìàñøòàá³ äåôîðìóâàííÿ âñüîãî øàðó çåìíî¿
êîðè. Ó ö³é ñòàòò³ íà îñíîâ³ âàð³àö³éíî¿ ñê³í÷åí-
íî-åëåìåíòíî¿ ìåòîäèêè äëÿ øàðóâàòèõ â’ÿçêî-
ïðóæíèõ îáîëîíîê çðîáëåíî ñïðîáó ìîäåëþâàííÿ
ïðîöåñ³â ôîðìóâàííÿ ãåîñòðóêòóð ó çîí³ êîë³ç³¿
êîíòèíåíò³â çà óìîâè äåôîðìóâàííÿ ïîâíîãî
øàðó çåìíî¿ êîðè.

Ïîñòàíîâêà ³ ìåòîä ðîçâ’ÿçàííÿ çàäà÷³. Ðîç-
ãëÿíåìî ïðîöåñ ôîðìóâàííÿ âåëèêîìàñøòàáíèõ
ãåîñòðóêòóð ó çîí³ êîë³ç³¿ êîíòèíåíò³â ï³ä ä³ºþ
ñóáãîðèçîíòàëüíèõ ñòèñêàëüíèõ ãåîòåêòîí³÷íèõ
çóñèëü, â ÿêîìó äåôîðìóºòüñÿ óâåñü  øàð çåìíî¿
êîðè. Ïðè öüîìó âðàõîâóºìî ä³þ ñèëè òÿæ³ííÿ.
Äëÿ îïèñàííÿ ìåõàí³÷íî¿ ïîâåä³íêè ïðåäñòàâëå-
íîãî òðèâèì³ðíîãî ï³âïðîñòîðó çåìíî¿ êîðè
ñêîðèñòàºìîñÿ òåîð³ºþ òðèøàðîâèõ îðòîòðîïíèõ
â’ÿçêîïðóæíèõ îáîëîíîê ç óðàõóâàííÿì çñóâíî¿
æîðñòêîñò³ [4, 5]. Äîñë³äæóâàòèìåìî îáîëîíêè ó
êðèâîë³í³éí³é ñèñòåì³ êîîðäèíàò (s, ϕ, z), ÿêó ââà-
æàòèìåìî æîðñòêî çàêð³ïëåíîþ ç âåëèêèì òåêòî-
í³÷íèì ìåãàáëîêîì (s, ϕ – êîîðäèíàòè óçäîâæ ïî-
âåðõí³ îáîëîíêè; z – êîîðäèíàòà çà òîâùèíîþ
îáîëîíêè). Ïåðåì³ùåííÿ óçäîâæ êîîðäèíàò s, ϕ, z
äëÿ j-ãî øàðó îáîëîíêè ìîæíà çàïèñàòè ó âèãëÿä³
[4, 5]

0 1( , ) ( , )ju u s zu s= ϕ + ϕ ;

0 1( , ) ( , );jv v s zv s= ϕ + ϕ                (1)

0 1( , ) ( , ),jw w s zw s= ϕ + ϕ

äå u0, v0, w0 – êîìïîíåíòè ïåðåì³ùåííÿ ñåðåäèí-
íî¿ ïîâåðõí³ îáîëîíêè; u1, v1 – êóòè ïîâîðîòó
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Íà îñíîâ³ âàð³àö³éíî¿ ñê³í÷åííî-åëåìåíòíî¿ ìåòîäèêè äëÿ â’ÿçêîïðóæíèõ áàãàòîøàðîâèõ îðòîòðîïíèõ îáîëî-
íîê çìîäåëüîâàíî ïðîöåñè óòâîðåííÿ ãåîñòðóêòóð ó çîí³ êîë³ç³¿ êîíòèíåíò³â çà óìîâè äåôîðìóâàííÿ ïîâíîãî
øàðó çåìíî¿ êîðè. Âñòàíîâëåíî, ùî  ôîðìè ³ øâèäêîñò³ ðîñòó â³äïîâ³äíèõ âåëèêîìàñøòàáíèõ ñêëàäîê ñóòòºâî
çàëåæàòü â³ä ðîçì³ð³â ïëîùèíè çìèíàííÿ çåìíî¿ êîðè ó íàïðÿìêó ä³¿ ñóáãîðèçîíòàëüíî¿ ãåîòåêòîí³÷íî¿ ñèëè ³
ìàëî çàëåæàòü â³ä ðîçì³ð³â ó íàïðÿìêó, ïîïåðå÷íîìó äî ä³¿ ñèëè. Ïðè öüîìó ä³¿ ñóáãîðèçîíòàëüíèõ ãåîòåêòî-
í³÷íèõ çóñèëü ï³ä ð³çíèìè êóòàìè äî ïëîùèíè  çìèíàííÿ çåìíî¿ êîðè çóìîâëþþòü óòâîðåííÿ ëîêàëüíèõ
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äî ÿê³ñíèõ çì³í çàãàëüíî¿ êàðòèíè ôîðìóâàííÿ âåëèêîìàñøòàáíèõ ãåîñòðóêòóð ó çîí³ êîë³ç³¿ êîíòèíåíò³â, àëå
ïðîÿâëÿþòüñÿ ïîì³òí³ ê³ëüê³ñí³ â³äì³íè ó øâèäêîñò³ ðîñòó â³äïîâ³äíèõ ñêëàäîê.
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íîðìàë³ äî ñåðåäèííî¿ ïîâåðõí³ â³äíîñíî êîîðäè-
íàòíèõ ë³í³é ϕ = const, s = const â³äïîâ³äíî; w1 –
îáòèñíåííÿ íîðìàëüíîãî åëåìåíòà äî ñåðåäèííî¿
ïîâåðõí³ îáîëîíêè.

Ïðîöåñ äåôîðìóâàííÿ ðîçãëÿíóòîãî ï³âïðîñ-
òîðó çåìíî¿ êîðè ï³ä ä³ºþ ñòèñêàëüíèõ ñóáãîðè-
çîíòàëüíèõ ãåîòåêòîí³÷íèõ ñèë º äîñèòü ïî-
â³ëüíèì óñòàíîâëåíèì óð³âíîâàæåíèì ïðîöåñîì,
ïðîòÿãîì ÿêîãî ïåðåõ³äíèìè ñòàä³ÿìè ìîæíà
çíåõòóâàòè. Òàêèì ÷èíîì, ïîâ³ëüíèé íåñòàö³îíàð-
íèé ïðîöåñ äåôîðìóâàííÿ â’ÿçêîïðóæíîãî
ï³âïðîñòîðó çåìíî¿ êîðè ìîæíà óìîâíî ðîçãëÿäà-
òè ÿê óð³âíîâàæåíèé ïðîöåñ ïîâ³ëüíèõ ãàðìîí³÷-
íèõ (êâàç³ñòàö³îíàðíèõ) êîëèâàíü. Ó öüîìó âè-
ïàäêó ÷àñîâó çàëåæí³ñòü ìîæíà âðàõóâàòè íà
îñíîâ³ ïåðåõîäó â ÷àñòîòíèé ïðîñò³ð, çà óìîâ ÿêî-
ãî äèôåðåíö³þâàííÿ çà ÷àñîì ìîæå áóòè çàì³íåíî
ìíîæåííÿì íà iω, äå ³ – óÿâíà îäèíèöÿ, ω –
÷àñòîòà êâàç³ñòàö³îíàðíèõ êîëèâàíü [8]. Ïðèéíÿâ-
øè õàðàêòåðíó öèêë³÷íó ÷àñòîòó ïîâ³ëüíîãî âñòà-
íîâëåíîãî ïðîöåñó äåôîðìóâàííÿ â’ÿçêîïðóæíî-
ãî ï³âïðîñòîðó çåìíî¿ êîðè çà ω, íà îñíîâ³ òåîð³¿
áàãàòîøàðîâèõ â’ÿçêîïðóæíèõ îðòîòðîïíèõ îáî-
ëîíîê ñêëàäåìî êîìïëåêñíèé ôóíêö³îíàë Ëàãðàí-
æà [5, 9], ùî âèðàæàº ïîâíó ìåõàí³÷íó åíåðã³þ
ï³âïðîñòîðó çåìíî¿ êîðè, ÿêèé çíàõîäèòüñÿ â óìî-
âàõ êâàç³ñòàö³îíàðíîãî íàâàíòàæåííÿ, à òàêîæ ï³ä
ä³ºþ ñèëè òÿæ³ííÿ:
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Òóò RÇ – ðàä³óñ êðèâèçíè Çåìë³; g – ïðèñêîðåííÿ
ñèëè òÿæ³ííÿ; S – ïëîùà ïîâåðõí³ ï³âïðîñòîðó
çåìíî¿ êîðè; hj – òîâùèíà j-ãî øàðó çåìíî¿ êîðè;
ρj – ãóñòèíà j-ãî øàðó; j

αβε  – êîìïîíåíòè òåíçîðà
äåôîðìàö³é j-ãî øàðó; αβ

jE  – ä³éñí³ ìîäóë³ ïðóæ-
íîñò³ j-ãî øàðó; j j j

vG G iαβ αβ= + ωη%  – êîìïëåêñí³
êîìïîíåíòè óçàãàëüíåíîãî ìîäóëÿ çñóâó j-ãî
øàðó, ùî ñêëàäàþòüñÿ ç ä³éñíî¿ ÷àñòèíè äëÿ ïðóæ-
íîãî ìàòåð³àëó ³ êîìïëåêñíî¿ ÷àñòèíè äëÿ ë³í³éíî-
â’ÿçêîãî ìàòåð³àëó; η j

v  – êîåô³ö³ºíò äèíàì³÷íî¿
â’ÿçêîñò³ j-ãî øàðó; Tα, Tαβ – çóñèëëÿ, ÿê³ ä³þòü
íà êîíòóð ï³âïðîñòîðó çåìíî¿ êîðè â íàïðÿìêàõ
äîòè÷íèõ éîãî ïîâåðõí³. Â’ÿçêîïðóæí³ñòü ï³âïðî-
ñòîðó çåìíî¿ êîðè ó öüîìó âèïàäêó òðàêòóºìî íà
îñíîâ³ â’ÿçêîïðóæíî¿ ìîäåë³ Êåëüâ³íà–Ôîéòà [6],
êîëè çàãàëüíå íàïðóæåííÿ çñóâó çà çàäàíèõ äå-
ôîðìàö³é ³ øâèäêîñòåé äåôîðìàö³é ìàº âèãëÿä
ë³í³éíî¿ ñóïåðïîçèö³¿ ïðóæíîãî ³ â’ÿçêîãî íàïðó-

æåíü. Çà ãðàíè÷í³ óìîâè çàäà÷³ âçÿòî ñòèñêàëüí³
ñóáãîðèçîíòàëüí³ çóñèëëÿ, ÿê³ ä³þòü íà êîíòóð
ï³âïðîñòîðó. Â óìîâàõ êâàç³ñòàö³îíàðíîãî íàâàí-
òàæåííÿ ä³¿ öèõ çóñèëü ìîæóòü áóòè çàì³íåí³ åê-
â³âàëåíòíèì çàâäàííÿì øâèäêîñòåé íà â³äïîâ³ä-
íèõ ä³ëÿíêàõ êîíòóðó.

Äëÿ ðîçâ’ÿçàííÿ ïðåäñòàâëåíî¿ âèùå êâàç³ñòà-
ö³îíàðíî¿ â’ÿçêîïðóæíî¿ çàäà÷³ äåôîðìóâàííÿ
ï³âïðîñòîðó çåìíî¿ êîðè ñêîðèñòàºìîñÿ ìåòîäîì
ñê³í÷åííèõ åëåìåíò³â, ÿêèé ´ðóíòóºòüñÿ  íà âàð³à-
ö³éíîìó ïðèíöèï³ Ëàãðàíæà, ùî âèðàæàº ì³í³ìóì
ïîâíî¿ ìåõàí³÷íî¿ åíåðã³¿ ñèñòåìè [9]:

0 0 0 1 1 1( , , , , , ) 0W u v w u v wδ =% .            (3)

Äëÿ ðîçâ’ÿçàííÿ âàð³àö³éíîãî ð³âíÿííÿ (3) çà-
ñòîñîâóºìî äåâ’ÿòèâóçëîâèé ³çîïàðàìåòðè÷íèé ÷î-
òèðèêóòíèé îáîëîíêîâèé ñê³í÷åííèé åëåìåíò ç êðè-
âîë³í³éíîþ ïîâåðõíåþ [5]. ßê ãëîáàëüíó ñèñòåìó
êîîðäèíàò, òîáòî ñèñòåìó, â ÿê³é ïîºäíóþòüñÿ óñ³
ñê³í÷åíí³ åëåìåíòè (íà ÿê³ ðîçáèâàºìî îáëàñòü äî-
ñë³äæóâàííÿ), âèêîðèñòîâóºìî êðèâîë³í³éíó ñèñòå-
ìó êîîðäèíàò (s, ϕ, z). ßê ëîêàëüíó ñèñòåìó êîîðäè-
íàò, ó ÿê³é âèçíà÷àºìî ôóíêö³¿ ôîðìè ñê³í÷åííîãî
åëåìåíòà ³ ïðîâîäèìî ÷èñåëüíå ³íòåãðóâàííÿ, çàñòî-
ñîâóºìî äîïîì³æíó íîðìàë³çîâàíó ñèñòåìó êîîðäè-
íàò (ξ, θ). Ï³ä ÷àñ ïîáóäîâè ôóíêö³é ôîðìè, ùî
àïðîêñèìóþòü â ìåæàõ ñê³í÷åííîãî åëåìåíòà ñêëà-
äîâ³ ïåðåì³ùåíü: u0, v0, w0, u1, v1, w1, äëÿ âèêîíàííÿ
óìîâ ãëàäêîñò³ òà çá³æíîñò³ ñê³í÷åííî-åëåìåíòíîãî
ðîçâ’ÿçêó, âèêîðèñòîâóºìî àëãåáðè÷í³ òà òðèãîíî-
ìåòðè÷í³ ïîë³íîìè [5].

Àëãîðèòì ñê³í÷åííî-åëåìåíòíîãî ðîçâ’ÿçàí-
íÿ âàð³àö³éíî¿ çàäà÷³ (3) ïîëÿãàº ó òàêîìó [5].
Íà ïåðøîìó åòàï³ â ëîêàëüí³é ñèñòåì³ êîîðäèíàò
(ξ, θ) àïðîêñèìóºìî âñ³ êîìïîíåíòè ïåðåì³ùåíü ³
äåôîðìàö³é, ùî âõîäÿòü äî ôóíêö³îíàëà Ëàãðàí-
æà (2), ÿê³ º ôóíêö³ÿìè â³ä ñêëàäîâèõ ïåðå-
ì³ùåíü: u0, v0, w0, u1, v1, w1. Ó ö³é ñàì³é ñèñòåì³
ïðîâîäèìî àíàë³òè÷íå ³íòåãðóâàííÿ óñåðåäèí³
êîæíîãî øàðó îáîëîíêè, à ïîò³ì ï³äñóìîâóâàííÿ
âñüîãî ïàêåòà øàð³â îáîëîíêè. Íà äðóãîìó åòàï³
âàð³þºìî ôóíêö³îíàë (2) çà âñ³ìà  âóçëîâèìè
ñêëàäîâèìè ïåðåì³ùåíü u0, v0, w0, u1, v1, w1 ³ ïðè-
ð³âíþºìî â³äïîâ³äí³ âàð³àö³¿  äî íóëÿ. Â ðåçóëü-
òàò³ äëÿ êîæíîãî ñê³í÷åííîãî åëåìåíòà îäåðæóº-
ìî ë³í³éíó êîìïëåêñíó àëãåáðè÷íó ñèñòåìó, ùî
ñêëàäàºòüñÿ ç 54 ð³âíÿíü. Íà òðåòüîìó åòàï³ ó
ãëîáàëüí³é ñèñòåì³ êîîðäèíàò (s, ϕ, z) ï³äñóìî-
âóºìî ëîêàëüí³ ë³í³éí³ ñèñòåìè êîìïëåêñíèõ
àëãåáðè÷íèõ ð³âíÿíü çà óñ³ìà ñê³í÷åííèìè åëå-
ìåíòàìè, íà ÿê³ ðîçáèòî îáîëîíêó, ³ ôîðìóºìî
ãëîáàëüíó ñèñòåìó ë³í³éíèõ êîìïëåêñíèõ
ð³âíÿíü. Ïîäâ³éí³ ³íòåãðàëè çà ïëîùåþ îáîëîí-
êè îá÷èñëþºìî ÷èñåëüíèì ³íòåãðóâàííÿì íà îñ-
íîâ³ êâàäðàòóðíèõ ôîðìóë Ãàóñà [9]. Ãëîáàëüíó
ñèñòåìó ë³í³éíèõ àëãåáðè÷íèõ ð³âíÿíü ðîçâ’ÿçóº-
ìî çà äîïîìîãîþ ÷èñåëüíîãî ìåòîäó Ãàóñà [9].
Â ðåçóëüòàò³ âèçíà÷àºìî êîìïëåêñí³ ñêëàäîâ³ ïå-
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ðåì³ùåíü u0, v0, w0, u1, v1, w1 â óñ³õ âóçëîâèõ òî÷-
êàõ ñê³í÷åííî-åëåìåíòíî¿ ñ³òêè. Çà çíàéäåíèìè
âóçëîâèìè ñêëàäîâèìè ïåðåì³ùåíü ìîæóòü áóòè
âèçíà÷åí³ êîìïëåêñí³ êâàç³ñòàö³îíàðí³ êîìïîíåí-
òè ïåðåì³ùåíü, øâèäêîñòåé, äåôîðìàö³é, íàïðó-
æåíü òà ³íø³ âåëè÷èíè ó äîâ³ëüí³é òî÷ö³ ñê³í÷åí-
íîãî åëåìåíòà, òîáòî ó áóäü-ÿê³é òî÷ö³
ï³âïðîñòîðó çåìíî¿ êîðè. Äëÿ ïåðåõîäó ç ÷àñòîò-
íîãî êâàç³ñòàö³îíàðíîãî ïðîñòîðó â ÷àñîâèé
ïðîñò³ð íåîáõ³äíî âèä³ëèòè ðåàëüíó ÷àñòèíó â³ä
îòðèìàíèõ êîìïëåêñíèõ çíà÷åíü.

Ìîäåëþâàííÿ ïðîöåñ³â ôîðìóâàííÿ âåëèêî-
ìàñøòàáíèõ ãåîñòðóêòóð ó çîí³ êîë³ç³¿. Ïðè ìîäå-
ëþâàíí³ ïðîöåñ³â ôîðìóâàííÿ âåëèêîìàñøòàáíèõ

ãåîñòðóêòóð ó çîí³ êîë³ç³¿ êîíòèíåíò³â ðîçãëÿíå-
ìî äåôîðìóâàííÿ ïðÿìîêóòíèõ ïëîùèí çìèíàí-
íÿ çåìíî¿ êîðè ð³çíîãî ìàñøòàáó, íà ÿê³ ó ïîç-
äîâæíüîìó íàïðÿìêó ä³þòü êâàç³ñòàö³îíàðí³
ñòèñêàëüí³ ñóáãîðèçîíòàëüí³ ãåîòåêòîí³÷í³ çóñèë-
ëÿ. Ä³¿ öèõ çóñèëü åêâ³âàëåíòí³ çàäàííþ íà îäí³é
ç ïîïåðå÷íèõ ñòîð³í ïëîùèíè äåÿêî¿ õàðàêòåðíî¿
øâèäêîñò³ ðóõó â ïîçäîâæíüîìó íàïðÿìêó, ïðè
öüîìó ïðîòèëåæíà ñòîðîíà ïëîùèíè çàëèøàºòüñÿ
æîðñòêî çàêð³ïëåíîþ. ßê õàðàêòåðíó øâèäê³ñòü
ãåîòåêòîí³÷íîãî ñòèñêàííÿ âèáåðåìî çíà÷åííÿ
10 ñì/ð³ê [7]. Çàóâàæèìî, ùî íà ðîçãëÿíóòèé
ï³âïðîñò³ð çåìíî¿ êîðè ä³º ñèëà òÿæ³ííÿ. Âèáå-
ðåìî äåÿê³ îñåðåäíåí³ òðèøàðîâ³ òîâù³ çåìíî¿

Ðèñ. 1. Ïðîöåñè ôîðìóâàííÿ ãåîñòðóêòóð ó çîí³ êîë³ç³¿ ï³ä ä³ºþ ïîçäîâæíüîãî ãîðèçîíòàëüíîãî ãåîòåêòîí³÷íîãî ñòèñ-
êàííÿ ó çåìí³é êîð³ ñåðåäíüî¿ òîâùèíè: à – 1000×800 êì; á – 1000×500 êì; â – 500×500 êì; ã – 250×500 êì; ä –
250×300 êì; å – 125×300 êì

à á

â ã

ä å
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Ðèñ. 2. Ïðîöåñè ôîðìóâàííÿ ãåîñòðóêòóð ó çîí³ êîë³ç³¿ ï³ä ä³ºþ ð³çíîñïðÿìîâàíîãî ãîðèçîíòàëüíîãî ãåîòåêòîí³÷íîãî
ñòèñêàííÿ ó êîð³ ñåðåäíüî¿ òîâùèíè (ç ïëîùèíîþ çìèíàííÿ 500×500 êì) ï³ä êóòàìè äî ïîçäîâæíüîãî íàïðÿìó: à – 30°;
á – 45°; â – 60°

êîðè, ÿê³ ñêëàäàþòüñÿ ç îñàäîâèõ ïîð³ä, ãðàí³ò³â
³ áàçàëüò³â. Ïðèïóñòèìî, ùî òîíêà çåìíà êîðà
ñêëàäàºòüñÿ ç 10-êì øàðó îñàäîâèõ ïîð³ä, 10-êì –
ãðàí³ò³â ³ 10-êì øàðó – áàçàëüò³â. Çåìíà êîðà
ñåðåäíüî¿ òîâùèíè ñêëàäàºòüñÿ ç 10-êì øàðó îñà-
äîâèõ ïîð³ä, 15-êì – ãðàí³ò³â, 15-êì øàðó – áà-
çàëüò³â. Òîâñòà çåìíà êîðà ñêëàäàºòüñÿ ç 10-êì
øàðó îñàäîâèõ ïîð³ä, 20-êì – ãðàí³ò³â, 20-êì
øàðó áàçàëüò³â. Íà îñíîâ³ äàíèõ ïóáë³êàö³é [2,
3, 10] çàäàìî äëÿ îñàäîâèõ, ãðàí³òíèõ ³ áàçàëüòî-
âèõ ïîð³ä â³äïîâ³äí³ ìåõàí³÷í³ âëàñòèâîñò³: ãóñ-
òèíà (êã/ì3) – 2500, 2650, 2950; ìîäóëü Þíãà
(×1010 Ïà) – 3,5; 6,0; 7,0; ìîäóëü çñóâó
(×1010 Ïà) – 1,5; 2,5; 3,0; êîåô³ö³ºíò Ïóàññîíà –
0,22; 0,24; 0,25; äèíàì³÷íà â’ÿçê³ñòü (×1020 Ïà·ñ) –
2, 9, 9. Íà ðèñ. 1–4 ïðåäñòàâëåí³ ïðîöåñè ôîð-
ìóâàííÿ âåëèêîìàñøòàáíèõ ãåîñòðóêòóð ó çåìí³é
êîð³ ð³çíîãî òèïó â çîí³ êîë³ç³¿.

Íà ðèñ. 1 ïîêàçàíî, ùî ïðîöåñè ôîðìóâàííÿ
âåëèêîìàñøòàáíèõ ãåîñòðóêòóð ó çîí³ êîë³ç³¿ êîí-
òèíåíò³â ñóòòºâî çàëåæàòü â³ä ðîçì³ð³â ïëîùèíè
çìèíàííÿ çåìíî¿ êîðè ó íàïðÿìêó ä³¿ ñóáãîðèçîí-
òàëüíî¿ ãåîòåêòîí³÷íî¿ ñèëè ³ ìàëî çàëåæàòü â³ä
ðîçì³ð³â ó ïîïåðå÷íîìó íàïðÿìêó. Òàê, äëÿ ïëî-
ùèí çìèíàííÿ çåìíî¿ êîðè ç âåëèêèìè ïîçäîâæ-
í³ìè ðîçì³ðàìè (ó íàïðÿìêó ä³¿ ãåîòåêòîí³÷íèõ
ñèë) â³ä 1000 êì ³ á³ëüøå äî 270 êì õàðàêòåðíèé

ïðîöåñ óòâîðåííÿ ï³äíÿòò³â çåìíî¿ ïîâåðõí³ (àíòè-
êë³íîð³¿â). Äëÿ ïëîùèí çìèíàííÿ çåìíî¿ êîðè ç
ïîçäîâæí³ìè ðîçì³ðàìè ìåíøå ö³º¿ âåëè÷èíè õà-
ðàêòåðíèé ïðîöåñ óòâîðåííÿ îïóñêàíü çåìíî¿ ïî-
âåðõí³ (ñèíêë³íîð³¿â). Ïðè öüîìó øâèäêîñò³ ðîñòó
â³äïîâ³äíèõ âåëèêîìàñøòàáíèõ ñêëàäîê òàêîæ çà-
ëåæàòü â³ä ïîçäîâæí³õ ðîçì³ð³â ïëîùèíè çìèíàí-
íÿ çåìíî¿ êîðè. Âîíè ìàþòü äåÿê³ õàðàêòåðí³ ìàê-
ñèìóìè, à ïîò³ì ïîñòóïîâî çìåíøóþòüñÿ äî íóëÿ
çà íàáëèæåííÿ äî íåñê³í÷åííîñò³, òî÷êè ïåðåã³áó

~270 êì ³ íóëÿ. Çà ä³¿ çìèíàííÿ çåìíî¿ êîðè ãîðè-
çîíòàëüíèìè ãåîòåêòîí³÷íèìè çóñèëëÿìè ï³ä
ð³çíèìè êóòàìè äî ïîçäîâæíüîãî íàïðÿìêó ôîð-
ìóþòüñÿ ëîêàëüí³ ï³äíÿòòÿ ³ îïóñêàííÿ çåìíî¿ ïî-
âåðõí³, ïðè öüîìó ãåîìåòð³ÿ öèõ óòâîðåíü çàëå-
æèòü â³ä ðîçì³ð³â ïëîùèíè çìèíàííÿ (ðèñ. 2).
Øâèäêîñò³ ðîñòó â³äïîâ³äíèõ ñêëàäîê íåçíà÷íî
ï³äâèùóþòüñÿ ç³ çá³ëüøåííÿì êóòà äî ïîçäîâæíüî-
ãî íàïðÿìêó. Çì³íåííÿ òîâùèíè çåìíî¿ êîðè íå
ïðèâîäèòü äî ÿê³ñíèõ çì³í çàãàëüíî¿ êàðòèíè ôîð-
ìóâàííÿ âåëèêîìàñøòàáíèõ ãåîñòðóêòóð â çîí³
êîë³ç³¿ êîíòèíåíò³â (ðèñ. 3, 4). Îäíàê  òóò ïðîÿâ-
ëÿþòüñÿ ïîì³òí³ ê³ëüê³ñí³ â³äì³íè ó øâèäêîñò³ ðîñ-
òó â³äïîâ³äíèõ ñêëàäîê. Òàê, äëÿ òîíêî¿ êîðè õà-
ðàêòåðí³ ³íòåíñèâí³ø³ ïðîöåñè ôîðìóâàííÿ
â³äïîâ³äíèõ ãåîñòðóêòóð ó çîí³ êîë³ç³¿. Â ì³ðó ñòîâ-
ùóâàííÿ çåìíî¿ êîðè ö³ ïðîöåñè óïîâ³ëüíþþòüñÿ.
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Ðèñ. 3. Ïðîöåñè ôîðìóâàííÿ ãåîñòðóêòóð ó çîí³ êîë³ç³¿ ï³ä ä³ºþ ïîçäîâæíüîãî ãîðèçîíòàëüíîãî ãåîòåêòîí³÷íîãî ñòèñ-
êàííÿ ó òîíê³é çåìí³é êîð³ ç ðîçì³ðàìè ïëîùèíè çìèíàííÿ: à – 1000×500 êì; á – 500×500 êì; â – 250×500 êì; ã –
125×300 êì

à á

â

Ðèñ. 4. Ïðîöåñè ôîðìóâàííÿ ãåîñòðóêòóð ó çîí³ êîë³ç³¿ ï³ä ä³ºþ ïîçäîâæíüîãî ãîðèçîíòàëüíîãî ãåîòåêòîí³÷íîãî ñòèñ-
êàííÿ ó òîâñò³é çåìí³é êîð³ ç ðîçì³ðàìè ïëîùèíè çìèíàííÿ: à – 1000×500 êì; á – 500×500 êì; â – 250×500 êì
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Âèñíîâêè. Çàãàëüíèé àíàë³ç ðåçóëüòàò³â ÷è-
ñåëüíîãî ìîäåëþâàííÿ ïðîöåñ³â ñòâîðåííÿ âåëè-
êîìàñøòàáíèõ ãåîñòðóêòóð ó çîí³ êîë³ç³¿ êîíòè-
íåíò³â ïîêàçàâ, ùî ö³ ïðîöåñè ñóòòºâî çàëåæàòü
â³ä ðîçì³ð³â ïëîùèíè çìèíàííÿ çåìíî¿ êîðè ó
íàïðÿìêó ä³¿ ñóáãîðèçîíòàëüíî¿ ãåîòåêòîí³÷íî¿
ñèëè ³ ìàëî çàëåæàòü â³ä ðîçì³ð³â ó ïîïåðå÷íîìó
íàïðÿìêó äî ä³¿ ñèëè. Äëÿ ïëîùèí çìèíàííÿ çåì-
íî¿ êîðè ç âåëèêèìè ïîçäîâæí³ìè ðîçì³ðàìè
(ó íàïðÿìêó ä³¿ ãåîòåêòîí³÷íèõ ñèë) â³ä 1000 êì ³
á³ëüøå äî 270 êì óòâîðþþòüñÿ âåëèêîìàñøòàáí³
ï³äíÿòòÿ (àíòèêë³íîð³¿). Äëÿ ïëîùèí çìèíàííÿ
çåìíî¿ êîðè ç ïîçäîâæí³ìè ðîçì³ðàìè ìåíøå çà-
çíà÷åíèõ õàðàêòåðíèé ïðîöåñ óòâîðåííÿ âåëèêî-
ìàñøòàáíèõ îïóñêàíü (ñèíêë³íîð³¿â). Ïðè öüîìó
øâèäêîñò³ ðîñòó â³äïîâ³äíèõ âåëèêîìàñøòàáíèõ
ñêëàäîê òàêîæ çàëåæàòü â³ä ïîçäîâæí³õ ðîçì³ð³â
ïëîùèí çìèíàííÿ çåìíî¿ êîðè. Âîíè ìàþòü âè-
çíà÷åí³ ìàêñèìóìè, à ïîò³ì ïîñòóïîâî çìåíøó-
þòüñÿ äî íóëÿ ç íàáëèæåííÿì ïîçäîâæí³õ ðîçì³ð³â
ïëîùèí çìèíàííÿ äî íåñê³í÷åííîñò³, òî÷êè ïåðå-
ã³áó ~270 êì ³ íóëÿ â³äïîâ³äíî. Âñòàíîâëåíî, ùî
ï³ä ä³ºþ ñóáãîðèçîíòàëüíèõ ãåîòåêòîí³÷íèõ çó-
ñèëü, ÿêà ñïðÿìîâàíà ï³ä ð³çíèìè êóòàìè äî ïî-
çäîâæíüîãî íàïðÿìêó ïëîùèíè çìèíàííÿ çåìíî¿
êîðè, ôîðìóþòüñÿ ëîêàëüí³ ï³äíÿòòÿ òà îïóñêàí-
íÿ çåìíî¿ ïîâåðõí³, ïðè öüîìó ãåîìåòð³ÿ öèõ óò-
âîðåíü çàëåæèòü â³ä ðîçì³ð³â ïëîùèíè çìèíàííÿ.

Îòðèìàí³ ðåçóëüòàòè ìîæóòü áóòè âèêîðèñ-
òàí³ äëÿ äîñë³äæåííÿ ïðîöåñ³â ìîðôîëîã³¿, îðîãå-
íåçó ³  ôîðìóâàííÿ âåëèêîìàñøòàáíèõ ãåîñòðóê-
òóð â óìîâàõ ñèëüíîãî òåêòîí³÷íîãî ñòèñêàííÿ.
Ó ïîäàëüøîìó ñòàíîâèòü ³íòåðåñ âèêîðèñòàííÿ
ïðåäñòàâëåíî¿ ìåòîäèêè äëÿ ìîäåëþâàííÿ ó çîí³
êîë³ç³¿ êîíòèíåíò³â ïðîöåñ³â óòâîðåííÿ ãåîñòðóê-
òóð ó ð³çíèõ (çà ðîçì³ðàìè ³ ñêëàäîì) ðîçð³çàõ
çåìíî¿ êîðè.
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ÏÐÎÖÅÑÑ ÎÁÐÀÇÎÂÀÍÈß ÊÐÓÏÍÎÌÀÑØÒÀÁÍÛÕ ÃÅÎÑÒÐÓÊÒÓÐ
Â ÇÎÍÅ ÊÎËËÈÇÈÈ ÊÎÍÒÈÍÅÍÒÎÂ

Ì.Â. Ëóáêîâ

Ïîëòàâñêàÿ ãðàâèìåòðè÷åñêàÿ îáñåðâàòîðèÿ Èíñòèòóòà ãåîôèçèêè èì. Ñ.È. Ñóááîòèíà ÍÀÍ Óêðàèíû,
óë. Ìÿñîåäîâà, 27/29, Ïîëòàâà 36029, Óêðàèíà, e-mail: mikhail.lubkov@mail.ru

Íà îñíîâå òð¸õìåðíîé âàðèàöèîííîé êîíå÷íî-ýëåìåíòíîé ìåòîäèêè, â ïðèáëèæåíèè âÿçêîóïðóãèõ îðòîòðîï-
íûõ ìíîãîñëîéíûõ îáîëî÷åê, ïðîâåäåíî ìîäåëèðîâàíèå ïðîöåññà îáðàçîâàíèÿ ãåîñòðóêòóð â çîíå êîëëèçèè
êîíòèíåíòîâ â ñëó÷àå äåôîðìèðîâàíèÿ ïîëíîãî ñëîÿ çåìíîé êîðû. Ïîêàçàíî, ÷òî ýòè ïðîöåññû ñóùåñòâåííî
çàâèñÿò îò ðàçìåðîâ ïëîñêîñòè ñìÿòèÿ çåìíîé êîðû â íàïðàâëåíèè äåéñòâèÿ ñóáãîðèçîíòàëüíîé ãåîòåêòîíè÷åñ-
êîé ñèëû è ìàëî çàâèñÿò îò ðàçìåðîâ â ïîïåðå÷íîì íàïðàâëåíèè äåéñòâèÿ ñèëû. Äëÿ ïëîñêîñòåé ñìÿòèÿ
çåìíîé êîðû ñ áîëüøèìè ðàçìåðàìè â íàïðàâëåíèè äåéñòâèÿ ãåîòåêòîíè÷åñêèõ ñèë (îò 1000 êì è áîëüøå äî
270 êì) ïðîÿâëÿåòñÿ ïðîöåññ îáðàçîâàíèÿ êðóïíîìàñøòàáíûõ ïîäíÿòèé (àíòèêëèíîðèåâ). Äëÿ ïëîñêîñòåé ñìÿ-
òèÿ çåìíîé êîðû ñ ñîîòâåòñòâóþùèìè ðàçìåðàìè ìåíüøå ýòîé âåëè÷èíû õàðàêòåðåí ïðîöåññ îáðàçîâàíèÿ
êðóïíîìàñøòàáíûõ îïóñêàíèé (ñèíêëèíîðèåâ). Ïðè ýòîì ñêîðîñòè ðîñòà ñîîòâåòñòâóþùèõ êðóïíîìàñøòàá-
íûõ ñêëàäîê çàâèñÿò îò ðàçìåðîâ ïëîñêîñòåé ñìÿòèÿ çåìíîé êîðû â íàïðàâëåíèè äåéñòâèÿ ãåîòåêòîíè÷åñêèõ
ñèë. Óñòàíîâëåíî, ÷òî ïîä äåéñòâèåì ñóáãîðèçîíòàëüíûõ ãåîòåêòîíè÷åñêèõ óñèëèé, íàïðàâëåííûõ ïîä ðàçíû-
ìè óãëàìè ê ïëîñêîñòè ñìÿòèÿ çåìíîé êîðû, ôîðìèðóåòñÿ ïîñëåäîâàòåëüíîñòü ëîêàëüíûõ ïîäíÿòèé è îïóñêà-
íèé çåìíîé ïîâåðõíîñòè, ïðè ýòîì ãåîìåòðèÿ è ñêîðîñòè ðîñòà äàííûõ îáðàçîâàíèé òàêæå çàâèñÿò îò ðàçìåðîâ
ïëîñêîñòè ñìÿòèÿ çåìíîé êîðû. Èçìåíåíèå òîëùèíû çåìíîé êîðû íå âëèÿåò íà êà÷åñòâåííîå èçìåíåíèå îá-
ùåé êàðòèíû ôîðìèðîâàíèÿ êðóïíîìàñøòàáíûõ ãåîñòðóêòóð â çîíå êîëëèçèè êîíòèíåíòîâ. Âìåñòå ñ òåì ïðî-
ÿâëÿþòñÿ çàìåòíûå êîëè÷åñòâåííûå ðàçëè÷èÿ â ñêîðîñòè ðîñòà ñîîòâåòñòâóþùèõ ñêëàäîê. Òàê, äëÿ òîíêîé
çåìíîé êîðû õàðàêòåðíû áîëåå èíòåíñèâíûå ïðîöåññû ôîðìèðîâàíèÿ ñîîòâåòñòâóþùèõ ãåîñòðóêòóð, ïî ìåðå
óâåëè÷åíèÿ òîëùèíû êîðû (åå îáùåé æ¸ñòêîñòè) ýòè ïðîöåññû çàìåäëÿþòñÿ.

Êëþ÷åâûå ñëîâà: êîìïüþòåðíîå ìîäåëèðîâàíèå, ïðîöåññû ôîðìèðîâàíèÿ ãåîñòðóêòóð, çîíà êîëëèçèè êîíòè-
íåíòîâ, çåìíàÿ êîðà.

PROCESS OF LARGE SCALE GEOSTRUCTURES FORMING IN THE CONTINENTAL COLLISION ZONE

M.V. Lubkov

Poltava Gravimetric Observatory of Institute of Geophysics of Ukraine National Academy of Science,
27/29 Mysoedova Str., Poltava 36029, Ukraine, e-mail: mikhail.lubkov@mail.ru

Purpose. Comprehension of the continental lithosphere deforming processes in the continental collision zone is the key
point in realizing important problems of modern geotectonics, such as geomorphology, orogeny, geostructures compress
forming processes and many others.  Not accidentally a lot of works are devoted to the study of the questions. There are
many aspects of the above-mentioned problems presented in the works. But there still are questions connected with the
common mechanical laws of the forming and developing of geostructures in the continental collision zone in certain
conditions and scales.  The purpose of this article is to understand the geostructures forming processes in the scale of the
whole crust layer in order to get the whole picture of geotectonic events.
Design/methodology/approach. Based on the variation finite element method elaborated for viscoelastic foliated orthotropic
shells in view of shift rigidity what permits to allow for heterogeneities of both  rheological and geometrical characters of
the geodynamic objects, in question, we carried out, modeling of  the geostructures forming processes in the continental
collision zone in the case of the whole crust layer deforming.
Findings. The results of computer modeling of large-scale geostructures forming processes in the continental collision zone
show that such processes essentially depend on sizes of the crust contortion planes in the direction of the sub horizontal
geotectonic forces action and depend little on the transversal plane sizes. For crust contortion planes with large sizes (in the
direction of geotectonic forces action) from 1000 km and more to approximately 270 km, processes of forming large-scale
risings (anticlinorium) occur. For crust contortion planes with respective sizes smaller than that value, large-scale fallings
(synclinorium) forming processes take place. Growth velocities of respective large-scale folds also depend on sizes of crust
contortion planes in the direction of the geotectonic forces action. Subhorizontal geotectonic force actions at different
angles to the crust contortion planes causes formation of alternations of local elevations and depressions, with geometry
and growth velocities of the local formations also depending on the crust contortion plane sizes. Changing of the crust
power was not found to cause qualitative changes of large-scale geostructures forming processes in the collision zone. But
there appear to be noticeable quantitative distinctions in the growth velocities of respective folds. For the thin crust,
respective geostructures forming processes are more intensive; as the crust thickness becomes bigger, the processes become
slower.
Practical value/implications. The obtained results can be used in the study of morphology and orogeny processes, as well
as for large-scale geostructures forming processes under large tectonic compression conditions. For further investigation, it
is interesting to use the presented method for modeling, in the continental collision zone, geostructures forming processes
in different (in scales and compositions) crust vertical incisions.

Keywords: computer modeling, geostructures forming processes, continental collision zone, the crust.
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