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Ðàçðàáîòàíà ìåòîäèêà ÷èñëåííîãî èññëåäîâàíèÿ íåëèíåéíîãî íåñòàöèî-
íàðíîãî äåôîðìèðîâàíèÿ è ïîòåðè óñòîé÷èâîñòè öèëèíäðè÷åñêèõ îáîëî÷åê
èç êîìïîçèòíûõ ìàòåðèàëîâ ïðè êîìáèíèðîâàííûõ êâàçèñòàòè÷åñêèõ è èì-
ïóëüñíûõ âîçäåéñòâèÿõ. Êèíåìàòè÷åñêàÿ ìîäåëü äåôîðìèðîâàíèÿ êîìïîçèò-
íîãî ìàòåðèàëà îñíîâàíà íà ïðèêëàäíîé ãåîìåòðè÷åñêè íåëèíåéíîé òåîðèè
îáîëî÷åê. Ãåîìåòðè÷åñêèå çàâèñèìîñòè áàçèðóþòñÿ íà ñîîòíîøåíèÿõ ïðîñòåé-
øåãî êâàäðàòè÷íîãî âàðèàíòà íåëèíåéíîé òåîðèè óïðóãîñòè. Ôèçè÷åñêèå ñî-
îòíîøåíèÿ êîìïîçèòíîãî ñëîÿ ôîðìóëèðóþòñÿ íà îñíîâå îáîáùåííîãî çàêîíà
Ãóêà äëÿ îðòîòðîïíîãî ìàòåðèàëà ñ ó÷åòîì ãèïîòåç ïðèêëàäíîé òåîðèè îáîëî-
÷åê. Ýíåðãåòè÷åñêè ñîãëàñîâàííàÿ ñèñòåìà óðàâíåíèé äâèæåíèÿ â ïðèêëàä-
íîé òåîðèè îáîëî÷åê âûâîäèòñÿ èç óñëîâèÿ ñòàöèîíàðíîñòè ôóíêöèîíàëà ïîë-
íîé ýíåðãèè îáîëî÷êè. Êðèòè÷åñêàÿ íàãðóçêà ïîòåðè óñòîé÷èâîñòè îïðåäå-
ëÿåòñÿ ïî õàðàêòåðíîìó èçëîìó íà êðèâîé çàâèñèìîñòè ìàêñèìàëüíîãî ïðîãè-
áà îò àìïëèòóäû âîçäåéñòâèÿ. ×èñëåííûé ìåòîä ðåøåíèÿ ñôîðìóëèðîâàííîé
çàäà÷è îñíîâûâàåòñÿ íà ÿâíîé âàðèàöèîííî-ðàçíîñòíîé ñõåìå. Êâàçèñòàòè÷åñ-
êèé ðåæèì íàãðóçêè ìîäåëèðóåòñÿ çàäàíèåì âíóòðåííåãî äàâëåíèÿ â âèäå ëè-
íåéíî ðàñòóùåé ôóíêöèè ñ âûõîäîì íà ñòàöèîíàðíîå çíà÷åíèå â òå÷åíèå òðåõ
ïåðèîäîâ êîëåáàíèé êîìïîçèòíîé öèëèíäðè÷åñêîé îáîëî÷êè ïî íèçøåé ôîð-
ìå. Ïðîâåäåíî òåñòèðîâàíèå ïðåäëîæåííîé ìåòîäèêè, è ïðîàíàëèçèðîâàíû
ôîðìû è êðèòè÷åñêèå íàãðóçêè ïîòåðè óñòîé÷èâîñòè êîìïîçèòíîé öèëèíäðè-
÷åñêîé îáîëî÷êè â çàâèñèìîñòè îò óðîâíÿ ïðåäâàðèòåëüíîé íàãðóçêè è ñêî-
ðîñòè ðîñòà èìïóëüñà âíåøíåãî äàâëåíèÿ.

Êëþ÷åâûå ñëîâà: êîìïîçèòíûå ìàòåðèàëû, öèëèíäðè÷åñêèå îáîëî÷êè,
ïîòåðÿ óñòîé÷èâîñòè, ÷èñëåííîå ìîäåëèðîâàíèå, êâàçèñòàòè÷åñêîå è èìïóëüñ-
íîå íàãðóæåíèå.
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Ââåäåíèå

Êîìïîçèòíûå ìàòåðèàëû áëàãîäàðÿ âûñîêèì ïðî÷íîñòíûì è æåñòêîñòíûì õà-
ðàêòåðèñòèêàì îòêðûâàþò øèðîêèå âîçìîæíîñòè äëÿ ñîçäàíèÿ ðàöèîíàëüíûõ êîí-
ñòðóêöèé â ðàçëè÷íûõ îáëàñòÿõ ñîâðåìåííîé òåõíèêè. Äëÿ ýôôåêòèâíîãî èñïîëü-
çîâàíèÿ ïîòåíöèàëüíûõ âîçìîæíîñòåé êîìïîçèòíûõ ìàòåðèàëîâ íåîáõîäèìî âñå-
ñòîðîííåå èññëåäîâàíèå äèíàìè÷åñêîãî äåôîðìèðîâàíèÿ è ïîòåðè óñòîé÷èâîñòè
ýëåìåíòîâ êîíñòðóêöèé èç êîìïîçèòíûõ ìàòåðèàëîâ ïðè ñîâìåñòíûõ êâàçèñòàòè-
÷åñêèõ è äèíàìè÷åñêèõ âîçäåéñòâèÿõ.

Èìåþùèåñÿ â ýòîì íàïðàâëåíèè èññëåäîâàíèÿ ïîñâÿùåíû, êàê ïðàâèëî, àíàëè-
çó íåëèíåéíîãî ïîâåäåíèÿ è ïîòåðè óñòîé÷èâîñòè öèëèíäðè÷åñêèõ îáîëî÷åê èç
òðàäèöèîííûõ èçîòðîïíûõ ìàòåðèàëîâ [1−10]. Â ñòàòüå [1] ïðèâåäåíû ðåçóëüòàòû
ýêñïåðèìåíòàëüíî-òåîðåòè÷åñêîãî èññëåäîâàíèÿ îáëàñòè íåóñòîé÷èâîñòè ñòàëüíîé
öèëèíäðè÷åñêîé îáîëî÷êè ïðè èìïóëüñíîì íàãðóæåíèè âíåøíèì äàâëåíèåì â êîì-
áèíàöèè ñ âíåøíèì (èëè âíóòðåííèì) ñòàòè÷åñêèì äàâëåíèåì. Â [2] ïðåäñòàâëåíû
ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé âëèÿíèÿ âíóòðåííåãî ñòàòè÷åñêîãî
äàâëåíèÿ è ñêîðîñòè íàãðóæåíèÿ íà óñòîé÷èâîñòü àëþìèíèåâûõ öèëèíäðè÷åñêèõ
îáîëî÷åê ïðè èìïóëüñíîì íàãðóæåíèè âíåøíèì äàâëåíèåì.

Ýêñïåðèìåíòàëüíûé àíàëèç âûïó÷èâàíèÿ òîíêîñòåííûõ öèëèíäðè÷åñêèõ îáî-
ëî÷åê ïðè ëîêàëüíîì èìïóëüñíîì íàãðóæåíèè âíåøíèì äàâëåíèåì è ðàçëè÷íûõ
çíà÷åíèÿõ óñèëèé îñåâîãî ñòàòè÷åñêîãî ñæàòèÿ ïðåäñòàâëåí â [3]. Â ïóáëèêàöèÿõ
[4, 5] ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ óñòîé÷èâîñòè öèëèíäðè÷åñêèõ îáîëî-
÷åê, ïîäâåðãàþùèõñÿ âîçäåéñòâèþ îñåâûõ ñòàòè÷åñêèõ ñèë è íàáåãàþùåé â íàïðàâ-
ëåíèè ïðîäîëüíîé îñè âîëíû äàâëåíèÿ.

Â òî æå âðåìÿ íåëèíåéíûå ïðîñòðàíñòâåííûå çàäà÷è äèíàìè÷åñêîãî äåôîð-
ìèðîâàíèÿ è ïîòåðè óñòîé÷èâîñòè ïðåäâàðèòåëüíî íàãðóæåííûõ êîìïîçèòíûõ öè-
ëèíäðè÷åñêèõ îáîëî÷åê èññëåäîâàíû ÿâíî íåäîñòàòî÷íî [11−15].

Â íàñòîÿùåé ñòàòüå èçëîæåíà ìåòîäèêà ÷èñëåííîãî èññëåäîâàíèÿ íåëèíåéíîãî
íåñòàöèîíàðíîãî äåôîðìèðîâàíèÿ è ïîòåðè óñòîé÷èâîñòè öèëèíäðè÷åñêèõ îáîëî-
÷åê èç êîìïîçèòíûõ ìàòåðèàëîâ ïðè êîìáèíèðîâàííûõ êâàçèñòàòè÷åñêèõ è èìïóëü-
ñíûõ âîçäåéñòâèÿõ.

1. Ïîñòàíîâêà è ìåòîä ðåøåíèÿ çàäà÷è

Ðàññìîòðèì öèëèíäðè÷åñêóþ îáîëî÷êó, îáðàçîâàííóþ ïåðåêðåñòíîé íàìîòêîé
îäíîíàïðàâëåííîãî êîìïîçèòíîãî ìàòåðèàëà, â îðòîãîíàëüíîé êðèâîëèíåéíîé ñèñ-
òåìå êîîðäèíàò ,3,1 )( =α ii  ñîâïàäàþùåé ñ ëèíèÿìè ãëàâíûõ êðèâèçí è âíåøíåé
íîðìàëüþ ê âíóòðåííåé ïîâåðõíîñòè îáîëî÷êè. Êîýôôèöèåíòû Ëàìå ðàññìàòðèâà-
åìîé îáîëî÷êè H1 = 1, H2 = 1 + k2α3, H3 = 1, ãëàâíûå êðèâèçíû k1 = 0, k2 = 1/R, ãäå
R − ðàäèóñ âíóòðåííåé ïîâåðõíîñòè îáîëî÷êè.

Êîìïîíåíòû íåëèíåéíîãî òåíçîðà äåôîðìàöèé ïðèêëàäíîé òåîðèè öèëèíäðè-
÷åñêèõ îáîëî÷åê ìîæíî ïðåäñòàâèòü â âèäå [16]:
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ÿõ îñåé αi ; ϕi (i = 1, 2) − óãëû ïîâîðîòà íîðìàëè ê âíóòðåííåé ïîâåðõíîñòè.

Ñèìâîë (1↔2), íàõîäÿùèéñÿ îäèí â ñòðîêå, îçíà÷àåò, ÷òî êàæäîå ïðèâåäåííîå
ñîîòíîøåíèå, ðàñïîëîæåííîå ïåðåä äàííûì ñèìâîëîì, äîïîëíÿåòñÿ åùå îäíèì ñî-
îòíîøåíèåì ïóòåì çàìåíû èíäåêñîâ 1 íà 2, 2 íà 1. Óêàçàííûé ñèìâîë, ðàñïîëîæåí-
íûé â ñòðîêå ñ äðóãèìè ñîîòíîøåíèÿìè, îçíà÷àåò òó æå îïåðàöèþ ñ ñîîòíîøåíèÿ-
ìè ýòîé ñòðîêè.

Ôèçè÷åñêèå ñîîòíîøåíèÿ ýëåìåíòàðíîãî ñëîÿ ñ ó÷åòîì ãèïîòåç ïðèêëàäíîé
òåîðèè îáîëî÷åê çàïèøåì â âèäå:
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ãäå Amn − æåñòêîñòè îäíîíàïðàâëåííîãî ñëîÿ, êîòîðûå âû÷èñëÿþòñÿ ÷åðåç ìîäóëè
óïðóãîñòè è êîýôôèöèåíòû Ïóàññîíà ýëåìåíòàðíîãî ñëîÿ è ÿâëÿþòñÿ ñòóïåí÷àòî
èçìåíÿþùèìèñÿ ôóíêöèÿìè ïåðåìåííîé α3.

Îïðåäåëÿþùèå ñîîòíîøåíèÿ â èçîòðîïíîé îáîëî÷êå ôîðìóëèðóþòñÿ íà îñíî-
âå äèôôåðåíöèàëüíîé òåîðèè ïëàñòè÷íîñòè ñ ëèíåéíûì óïðî÷íåíèåì [17]:
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êèå êîìïîíåíòû òåíçîðà äåôîðìàöèè; δij − òåíçîð Êðîíåêåðà; σ*, g − ïðåäåë òåêó÷å-
ñòè è ìîäóëü óïðî÷íåíèÿ ìàòåðèàëà; γ&  − ñêàëÿðíûé ïàðàìåòð.

Ýíåðãåòè÷åñêè ñîãëàñîâàííàÿ ñèñòåìà óðàâíåíèé äâèæåíèÿ â ïðèêëàäíîé òåî-
ðèè öèëèíäðè÷åñêèõ îáîëî÷åê âûâîäèòñÿ èç óñëîâèÿ ìèíèìèçàöèè ôóíêöèîíàëà
ïîëíîé ýíåðãèè îáîëî÷êè, êîòîðûé äëÿ öèëèíäðè÷åñêîé îáîëî÷êè ñî ñâîáîäíûìè
òîðöàìè, íàãðóæåííîé èìïóëüñîì âíóòðåííåãî (âíåøíåãî) äàâëåíèÿ, çàïèñûâàåì â
âèäå [17]:
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S − âíóòðåííÿÿ ïîâåðõíîñòü îáîëî÷êè, F3 − íàãðóçêà ïî íàïðàâëåíèþ êîîðäèíàò-
íîé îñè α3; ρ − ïëîòíîñòü ìàòåðèàëà îáîëî÷êè, h − òîëùèíà îáîëî÷êè.

Óñèëèÿ è ìîìåíòû â ñîîòíîøåíèÿõ (5) ìîæíî ïðåäñòàâèòü ÷åðåç îáîáùåííûå
äåôîðìàöèîííûå õàðàêòåðèñòèêè ε11, ε22, ε12, ε21, ε13, ε23, χ11, χ22, χ12, χ21 âíóòðåí-
íåé ïîâåðõíîñòè îáîëî÷êè â âèäå [18]:
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è çàäàâàÿ íà÷àëüíóþ ïîãèáü, ïîëó÷èì ïîëíóþ ñèñòåìó óðàâíåíèé äëÿ àíàëèçà íå-
ëèíåéíûõ âîëíîâûõ ïðîöåññîâ äåôîðìàöèè è ïîòåðè óñòîé÷èâîñòè öèëèíäðè÷åñ-
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êèõ îáîëî÷åê, ïîëó÷åííûõ óêëàäêîé ýëåìåíòàðíûõ ñëîåâ îäíîíàïðàâëåííîãî êîì-
ïîçèòíîãî ìàòåðèàëà.

Êðèòè÷åñêàÿ íàãðóçêà ïîòåðè óñòîé÷èâîñòè îïðåäåëÿåòñÿ ïî õàðàêòåðíîìó èç-
ëîìó íà êðèâîé àìïëèòóäà âîçäåéñòâèÿ − ìàêñèìàëüíûé ïðîãèá.

×èñëåííûé ìåòîä ðåøåíèÿ ñôîðìóëèðîâàííîé çàäà÷è îñíîâûâàåòñÿ íà ÿâíîé
âàðèàöèîííî-ðàçíîñòíîé ñõåìå [17, 19]. Ïðè ýòîì êâàçèñòàòè÷åñêèé ðåæèì íàãðóç-
êè ìîäåëèðóåòñÿ çàäàíèåì âíóòðåííåãî äàâëåíèÿ â âèäå ëèíåéíî ðàñòóùåé ôóíê-
öèè ñ âûõîäîì íà ñòàöèîíàðíîå çíà÷åíèå â òå÷åíèå òðåõ ïåðèîäîâ êîëåáàíèé êîì-
ïîçèòíîé öèëèíäðè÷åñêîé îáîëî÷êè ïî íèçøåé ôîðìå.

2. Ðåçóëüòàòû èññëåäîâàíèÿ

Äëÿ îáîñíîâàíèÿ äîñòîâåðíîñòè è òî÷íîñòè ïðåäëàãàåìîé ìåòîäèêè ïðîâåäåíî
ñîïîñòàâëåíèå ÷èñëåííûõ ðàñ÷åòîâ ñ ýêñïåðèìåíòàëüíûìè äàííûìè [2] ïî äèíà-
ìè÷åñêîé óñòîé÷èâîñòè èçîòðîïíûõ öèëèíäðè÷åñêèõ îáîëî÷åê, ïðåäâàðèòåëüíî
íàãðóæåííûõ âíóòðåííèì äàâëåíèåì è ïîñëåäóþùèì èìïóëüñîì âíåøíåãî äàâëå-
íèÿ ñ ðàçëè÷íûìè ñêîðîñòÿìè.

Ãåîìåòðè÷åñêèå è ôèçèêî-ìåõàíè÷åñêèå ïàðàìåòðû ìàòåðèàëà îáîëî÷êè: R/h =
= 104; h = 0,0005 ì; L/R = 1,9; E = 73 ÃÏà; ν = 0,3; ρ = 2700 êã/ì3, σ* = 0,37 ÃÏà;
g = 0,6 ÃÏà, L − äëèíà îáîëî÷êè.

Ñòàòè÷åñêîå âíóòðåííåå äàâëåíèå ñîçäàâàëîñü ñæàòûì âîçäóõîì, à èìïóëüñíîå
äàâëåíèå îñóùåñòâëÿëîñü â ðåçóëüòàòå ýëåêòðîãèäðàâëè÷åñêîãî ðàçðÿäà ïðè ïîäðû-
âå êàëèáðîâàííûõ ìåäíûõ ïðîâîëî÷åê [2]. Çàêðåïëåíèå êðàåâ îáîëî÷êè áûëî áëèç-
êî ê æåñòêîìó çàùåìëåíèþ.

Íà ðèñ. 1 ïðèâåäåíû ýêñïåðèìåíòàëüíûå è ðàñ÷åòíûå çàâèñèìîñòè êîýôôèöè-
åíòà äèíàìè÷íîñòè 

0
3

*
3 /FFK =  îò ñêîðîñòè íàãðóæåíèÿ èìïóëüñîì âíåøíåãî äàâ-

ëåíèÿ 3F&  
0

3
*

3 ,( FF  − êðèòè÷åñêèå íàãðóçêè ïîòåðè óñòîé÷èâîñòè ïðè äèíàìè÷åñêîì
è ñòàòè÷åñêîì âíåøíåì äàâëåíèè). Ïðèâåäåííûå ðåçóëüòàòû ïîëó÷åíû ïðè óðîâíå
ñòàòè÷åñêîãî âíóòðåííåãî äàâëåíèÿ ,3

+F  êîòîðûé â áåçðàçìåðíîì âèäå îïðåäåëÿåò-
ñÿ âûðàæåíèåì 

2
33 )/)(/( hREFF ++ =  è ðàâåí 0,07.

Ïîëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò î õîðîøåì ñîîòâåòñòâèè ðåçóëüòàòîâ
ðàñ÷åòîâ ýêñïåðèìåíòàëüíûì äàííûì.

Íà ðèñ. 2 ïðåäñòàâëåíû õàðàêòåðíûå ôîðìû ïîòåðè óñòîé÷èâîñòè ïðè ñòàòè-
÷åñêîì íàãðóæåíèè âíåøíèì äàâëåíèåì (à) è äèíàìè÷åñêîì íàãðóæåíèè ñ ðàçëè÷-
íûìè ñêîðîñòÿìè âíåøíåãî äàâëåíèÿ (á − 10 ÃÏà/ñ, â − 30 ÃÏà/ñ, ã − 50 ÃÏà/ñ) ñ
ó÷åòîì ïðåäâàðèòåëüíîãî âíóòðåííåãî äàâëåíèÿ .42,03 =+F

0                10               20               30               40           F
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3, ÃÏà/ñ
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4

Ðèñ. 1. Çàâèñèìîñòü êîýôôèöèåíòà äèíàìè÷åñêîé ïåðåãðóçêè îò ñêîðîñòè íàãðóæåíèÿ
(òî÷êè − ýêñïåðèìåíò [2], êðèâàÿ − ðàñ÷åò)
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Èç ïðèâåäåííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî ðîñò ñêîðîñòè âíåøíåãî äàâëåíèÿ
ïðèâîäèò ê ñóùåñòâåííîìó ïîâûøåíèþ êîýôôèöèåíòà äèíàìè÷åñêîé ïåðåãðóçêè.
Ïîäòâåðæäàåòñÿ òåíäåíöèÿ óâåëè÷åíèÿ ÷èñëà âîëí ïî îêðóæíîñòè è ïî äëèíå îáî-
ëî÷êè ïðè óâåëè÷åíèè ñêîðîñòè íàãðóæåíèÿ, îòìå÷åííàÿ â ñòàòüå [2].

Äàëåå ðàññìàòðèâàëàñü öèëèíäðè÷åñêàÿ îáîëî÷êà, âûïîëíåííàÿ èç êîìïîçèò-
íîãî ìàòåðèàëà ñî ñëåäóþùèìè ãåîìåòðè÷åñêèìè è ôèçèêî-ìåõàíè÷åñêèìè ïàðà-
ìåòðàìè ìàòåðèàëà: R = 0,072 ì; R/h = 112; L/R = 2,22; E1 = 200 ÃÏà; E2 = E1/30;
G12 = G13 = G23 = E2/2; ν12 = 0,25; ρ = 1800 êã/ì3. Ïðåäâàðèòåëüíî áûëî îïðåäåëåíî
çíà÷åíèå êðèòè÷åñêîãî âíåøíåãî äàâëåíèÿ ïîòåðè óñòîé÷èâîñòè ïðè êâàçèñòàòè-
÷åñêîì íàãðóæåíèè îáîëî÷êè .Ì5 Ïà0

3 =F
Ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ ïðåäâàðèòåëüíîãî ñòàòè÷åñêîãî íàãðóæåíèÿ

âíóòðåííèì äàâëåíèåì íà ïîòåðþ óñòîé÷èâîñòè îáîëî÷êè ïðè ïîñëåäóþùåì äèíà-
ìè÷åñêîì íàãðóæåíèè âíåøíèì äàâëåíèåì ñî ñêîðîñòüþ ÃÏà/ñ53 =F&  ïðåäñòàâëå-
íû íà ðèñ. 3, 4.

Íà ðèñ. 3 ïîêàçàíû çàâèñèìîñòè ìîäóëÿ ìàêñèìàëüíûõ ïðîãèáîâ âî âðåìåíè
äëÿ ðàçëè÷íûõ óðîâíåé ñòàòè÷åñêîãî âíóòðåííåãî äàâëåíèÿ. Óðîâåíü âíóòðåííåãî
ñòàòè÷åñêîãî äàâëåíèÿ 

+
3F  âàðüèðîâàëñÿ îò 0 äî 0,5.

Õàðàêòåðíûå ôîðìû ïîòåðè óñòîé÷èâîñòè îáîëî÷êè ïðè ñòàòè÷åñêîì è äèíàìè-
÷åñêîì íàãðóæåíèÿõ âíåøíèì äàâëåíèåì ñî ñêîðîñòüþ ÃÏà/ñ53 =F&  äëÿ ðàçëè÷-
íûõ óðîâíåé ñòàòè÷åñêîãî âíóòðåííåãî äàâëåíèÿ ïðèâåäåíû íà ðèñ. 4 (à − ñòàòè-
÷åñêîå íàãðóæåíèå; á − äèíàìè÷åñêîå íàãðóæåíèå; â, ã è ä − äèíàìè÷åñêîå íàãðóæå-

à) á)

â) ã)
Ðèñ. 2. Õàðàêòåðíûå ôîðìû âîëíîîáðàçîâàíèÿ èçîòðîïíûõ öèëèíäðè÷åñêèõ îáîëî÷åê

ïðè ðàçëè÷íûõ ñêîðîñòÿõ èìïóëüñà äàâëåíèÿ
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íèå ñ ó÷åòîì ïðåäâàðèòåëüíîãî ñòàòè÷åñêîãî íàãðóæåíèÿ ,3
+F  ñîîòâåòñòâåííî ðàâ-

íîãî 0,07, 0,21 è 0,5.

Èç ðèñ. 3, 4 âèäíî, ÷òî âíóòðåííåå äàâëåíèå îêàçûâàåò ñóùåñòâåííîå âëèÿíèå
êàê íà âåëè÷èíó êðèòè÷åñêîé íàãðóçêè ïîòåðè óñòîé÷èâîñòè îáîëî÷êè, òàê è íà
õàðàêòåðíûå ôîðìû âîëíîîáðàçîâàíèÿ êîìïîçèòíûõ öèëèíäðè÷åñêèõ îáîëî÷åê.

à) á)

â) ã)
Ðèñ. 4. Õàðàêòåðíûå ôîðìû ïîòåðè óñòîé÷èâîñòè êîìïîçèòíûõ öèëèíäðè÷åñêèõ îáîëî÷åê

ä)

U3
*, ñì

0              0,5          1,0          1,5          2,0          2,5           t, ìñ

0,01

0,02

0,03

0,04

F3
+ = 0,50

F3
+ = 0,42

F3
+ = 0,35

F3
+ = 0,28

F3
+ = 0,21

F3
+ = 0,14

F3
+ = 0,07

Ðèñ. 3. Ìàêñèìàëüíûå çíà÷åíèÿ ïðîãèáà îò âðåìåíè
ïðè ðàçëè÷íûõ óðîâíÿõ ïðåäâàðèòåëüíîãî âíóòðåííåãî íàãðóæåíèÿ

F3
+ = 0

0,05

0,06
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Íà ðèñ. 5 ïðèâåäåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ ñêîðîñòè íàãðóæåíèÿ
íà êîýôôèöèåíò äèíàìè÷åñêîé ïåðåãðóçêè äëÿ äâóõ óðîâíåé ïðåäâàðèòåëüíîãî íà-
ãðóæåíèÿ âíóòðåííèì äàâëåíèåì 1,0*

3 =F  (êðèâàÿ 1) è 5,0*
3 =F  (êðèâàÿ 2).

Âèäíî, ÷òî ñ óâåëè÷åíèåì ñêîðîñòè èìïóëüñà äàâëåíèÿ êîýôôèöèåíò äèíàìè÷-
íîñòè ïîâûøàåòñÿ, ïðè÷åì óâåëè÷åíèå âíóòðåííåãî ñòàòè÷åñêîãî äàâëåíèÿ ïðèâî-
äèò ê áî′ëüøèì çíà÷åíèÿì êîýôôèöèåíòà äèíàìè÷åñêîé ïåðåãðóçêè.

Õàðàêòåðíûå ôîðìû ïîòåðè óñòîé÷èâîñòè ïðè óðîâíå âíóòðåííåãî äàâëåíèÿ
1,03 =+F  è ñêîðîñòÿõ âíåøíåãî äàâëåíèÿ ,3F&  ðàâíûõ 10, 30 è 50 ÃÏà/ñ, ïðåäñòàâëå-

íû íà ðèñ. 6à, á è â ñîîòâåòñòâåííî.

Èç ðèñ. 6 ñëåäóåò, ÷òî äëÿ êîìïîçèòíûõ îáîëî÷åê ñ ðîñòîì ñêîðîñòè èìïóëüñà
äàâëåíèÿ íàáëþäàåòñÿ óâåëè÷åíèå ÷èñëà âîëí êàê â îêðóæíîì, òàê è ïðîäîëüíîì
íàïðàâëåíèÿõ.

Èç ïîëó÷åííûõ ðåçóëüòàòîâ ñëåäóåò, ÷òî ñêîðîñòü íàãðóæåíèÿ è óðîâåíü ïðåä-
âàðèòåëüíîé ñòàòè÷åñêîé íàãðóçêè îêàçûâàþò ñóùåñòâåííîå âëèÿíèå íà âåëè÷èíó
êîýôôèöèåíòà äèíàìè÷åñêîé ïåðåãðóçêè è íà õàðàêòåðíûå ôîðìû âîëíîîáðàçîâà-
íèÿ â ïðîöåññå ïîòåðè óñòîé÷èâîñòè êîìïîçèòíûõ öèëèíäðè÷åñêèõ îáîëî÷åê.

Çàêëþ÷åíèå

Ïî ðåçóëüòàòàì ïðîâåäåííûõ èññëåäîâàíèé ìîæíî ñäåëàòü ñëåäóþùèå âûâî-
äû: âíóòðåííåå ñòàòè÷åñêîå äàâëåíèå ïðèâîäèò ê ñóùåñòâåííîìó ïîâûøåíèþ êðè-
òè÷åñêîé íàãðóçêè ïîòåðè óñòîé÷èâîñòè öèëèíäðè÷åñêîé îáîëî÷êè; ñ óâåëè÷åíèåì

à) á) â)

Ðèñ. 6. Õàðàêòåðíûå ôîðìû âîëíîîáðàçîâàíèÿ ïðè ïîòåðå óñòîé÷èâîñòè  êîìïîçèòíûõ
öèëèíäðè÷åñêèõ îáîëî÷åê ïðè ðàçëè÷íûõ ñêîðîñòÿõ èìïóëüñà âíåøíåãî äàâëåíèÿ

Ðèñ. 5. Çàâèñèìîñòü êîýôôèöèåíòà äèíàìè÷åñêîé ïåðåãðóçêè
îò ñêîðîñòè èìïóëüñà äàâëåíèÿ ïðè ðàçíûõ óðîâíÿõ ïðåäâàðèòåëüíîãî íàãðóæåíèÿ

0                1                2                3                4            F
.
3, ÃÏà/ñ

K

3

1

2

2

1



459

ñêîðîñòè íàãðóæåíèÿ íàáëþäàåòñÿ òåíäåíöèÿ ê óâåëè÷åíèþ ÷èñëà âîëí êàê â îê-
ðóæíîì, òàê è ïðîäîëüíîì íàïðàâëåíèÿõ îáîëî÷êè.
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NUMERICALLY ANALYZING DYNAMIC DEFORMATION AND LOSS
OF STABILITY OF PRESTRESSED COMPOSITE CYLINDRICAL SHELLS

Abrosimov N.A., Yelesin À.V.

Research Institute of Mechanics University of Nizhni Novgorod,
Nizhni Novgorod, Russian Federation

A methodology has been developed for numerically analyzing nonlinear nonstationary deformation
and loss of stability of cylindrical shells made of composite materials under combined quasi-static
and pulsed loading. The kinematical model of deformation of a composite material is based on the
applied geometrically nonlinear shell theory. The geometrical relations are based on relations of
the simplest quadratic version of the nonlinear theory of elasticity. Physical relations of the composite
layer are formulated using generalized Hook law for the orthotropic material, accounting for the
hypotheses of the applied shell theory. An energy-correlated system of equation of motion in the
applied shell theory is derived from the condition of stationarity of the total energy potential of the
shell. The critical load of loss of stability is manifested by a break of the maximal deflection −
loading amplitude curve. The numerical method of analyzing the formulated problem is based on
an explicit variational-difference scheme. The quasi-static loading regime is modeled by assigning
internal pressure in the form of a linearly-increasing function finishing in a stationary value during
three periods of vibrations of the composite cylindrical shell along the lowest form.
The introduced methodology has been tested; the forms and critical loads of loss of stability of a
composite cylindrical shell as a function of the preloading value and rate of the increase of the
external pressure pulse have been analyzed.

Keywords: composite materials, cylindrical shells, loss of stability, numerical modeling, quasi-
static and pulsed loading.


