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×èñëåííî è ýêñïåðèìåíòàëüíî èññëåäóåòñÿ óïðóãîïëàñòè÷åñêàÿ äèíà-
ìè÷åñêàÿ ïîòåðÿ óñòîé÷èâîñòè è çàêðèòè÷åñêèå äåôîðìàöèè óäëèíåííîé öè-
ëèíäðè÷åñêîé îáîëî÷êè ïðè îñåâîì óäàðíîì ñæàòèè. Êîìïüþòåðíîå ìîäå-
ëèðîâàíèå äåôîðìèðîâàíèÿ îáîëî÷êè ïðîâîäèòñÿ íà îñíîâå ìåòîäà êîíå÷íûõ
ýëåìåíòîâ è ÿâíîé ñõåìû èíòåãðèðîâàíèÿ ïî âðåìåíè, ïðîãðàììíî ðåàëè-
çîâàííûõ â êîìïëåêñå LS-DYNA. Óðàâíåíèÿ ñîñòîÿíèÿ ìàòåðèàëà îáîëî÷êè
ôîðìóëèðóþòñÿ â ðàìêàõ òåîðèè òå÷åíèÿ ñ èçîòðîïíûì óïðî÷íåíèåì. Äëÿ ðå-
øåíèÿ çàäà÷è ðàçðàáîòàí ðÿä äèñêðåòíûõ ìîäåëåé ðàçìåðíîñòüþ îò 2,5 äî
340 òûñ. òâåðäîòåëüíûõ è îáîëî÷å÷íûõ êîíå÷íûõ ýëåìåíòîâ. ×èñëåííûå ýêñ-
ïåðèìåíòû ïîêàçûâàþò, ÷òî ëó÷øåå ñîãëàñèå ñ ýêñïåðèìåíòàìè äåìîíñòðèðó-
þò äèñêðåòíûå ìîäåëè íà îñíîâå ÷åòûðåõóçëîâûõ îáîëî÷å÷íûõ ýëåìåíòîâ
ñ áèëèíåéíûìè ôóíêöèÿìè ôîðìû Belitschko, Lin, Tsay, èìåþùèå ðàçìåðû
1×1 ìì.

Ïðèâîäèòñÿ àíàëèç õàðàêòåðíûõ îñîáåííîñòåé ïðîöåññà äåôîðìèðîâà-
íèÿ â óñëîâèÿõ ñëîæíîãî íàãðóæåíèÿ ïðè ïåðåõîäå â çàêðèòè÷åñêóþ îáëàñòü.
Äîñòîâåðíîñòü ÷èñëåííûõ ðåçóëüòàòîâ ïîäòâåðæäàåòñÿ èõ áëèçîñòüþ ñ ýêñïå-
ðèìåíòàëüíûìè äàííûìè ïî èçìåíåíèþ òîðöåâîé óäàðíîé íàãðóçêè è õàðàê-
òåðíûì ðàçìåðàì äåôîðìèðîâàííîé îáîëî÷êè. Îòìå÷àåòñÿ, ÷òî â ðåçóëüòàòå
óäàðíîãî íàãðóæåíèÿ îáîëî÷êà òåðÿåò óñòîé÷èâîñòü ñ îáðàçîâàíèåì â îáëàñòè
âåðõíåãî òîðöà äâóõ êîëüöåâûõ è îäíîé íåîñåñèììåòðè÷íîé ñêëàäîê. Ñ íà-
ðóæíîé ñòîðîíû îáîëî÷êè íà ãðåáíÿõ äâóõ ïåðâûõ ñêëàäîê çàìåòíî ðàçðûõëå-
íèå ìàòåðèàëà, îäíàêî ìàêðîòðåùèíû îòñóòñòâóþò. Ðàñ÷åòû ïîêàçûâàþò, ÷òî
íà ôîðìèðîâàíèå ïåðâîé ñêëàäêè ðàñõîäóåòñÿ 51% êèíåòè÷åñêîé ýíåðãèè óäàð-
íèêà, íà îáðàçîâàíèå âòîðîé − 28%, à íà òðåòüþ ñêëàäêó òðàòèòñÿ 21%. Èñ-
ñëåäîâàí âèä íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ â îáëàñòè ñêëàäêî-
îáðàçîâàíèÿ. Óñòàíîâëåíî, ÷òî â äåâèàòîðíîì ïðîñòðàíñòâå À.À. Èëüþøèíà
ïðè ïëàñòè÷åñêîì âûïó÷èâàíèè îáîëî÷êè òðàåêòîðèè äåôîðìàöèé â õàðàê-
òåðíûõ òî÷êàõ èìåþò áîëüøèå óãëû èçëîìà. Íà ïîâåðõíîñòè ñêëàäîê â çîíàõ
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äâóõîñíîãî ðàñòÿæåíèÿ óãëû èçëîìà òðàåêòîðèé ïðåâûøàþò 90° ïðè óïðóãîé
ðàçãðóçêå. Â çîíàõ äâóõîñíîãî ñæàòèÿ òðàåêòîðèè èìåþò ìàëóþ è ñðåäíþþ
êðèâèçíó. Ïîêàçàíî, ÷òî ïðè ñëîæíîì íàãðóæåíèè â îòäåëüíûõ ëîêàëüíûõ çî-
íàõ îáîëî÷êè òåîðèÿ òå÷åíèÿ ïîçâîëÿåò ñ ïðèåìëåìîé òî÷íîñòüþ îïèñûâàòü
èíòåãðàëüíûå ñèëîâûå è êèíåìàòè÷åñêèå ïàðàìåòðû ïðîöåññà óïðóãîïëàñòè-
÷åñêîé ïîòåðè óñòîé÷èâîñòè.

Êëþ÷åâûå ñëîâà: äèíàìè÷åñêàÿ ïîòåðÿ óñòîé÷èâîñòè, çàêðèòè÷åñêàÿ äå-
ôîðìàöèÿ, öèëèíäðè÷åñêèå îáîëî÷êè, ìåòîä êîíå÷íûõ ýëåìåíòîâ, èçîòðîï-
íîå óïðî÷íåíèå, ýêñïåðèìåíò.

Ââåäåíèå

Àíàëèç äèíàìè÷åñêîé ïîòåðè óñòîé÷èâîñòè îáîëî÷åê èãðàåò âàæíóþ ðîëü â
ðåøåíèè øèðîêîãî êðóãà çàäà÷ ìåõàíèêè [1]. Îá àêòóàëüíîñòè ðàññìàòðèâàåìîé
ïðîáëåìû ñâèäåòåëüñòâóþò ìíîãî÷èñëåííûå òåîðåòè÷åñêèå è ýêñïåðèìåíòàëüíûå
èññëåäîâàíèÿ [2−13]. Ïîäðîáíûé îáçîð íàó÷íûõ ðàáîò ïî äèíàìè÷åñêîìó âûïó÷è-
âàíèþ è çàêðèòè÷åñêîé äåôîðìàöèè îáîëî÷åê ïðåäñòàâëåí â [14]. Ñ ïðàêòè÷åñêîé
òî÷êè çðåíèÿ ïðîáëåìà ïëàñòè÷åñêîé ïîòåðè óñòîé÷èâîñòè îáîëî÷åê ïî-ïðåæíåìó
ÿâëÿåòñÿ àêòóàëüíîé äëÿ ïîèñêà îïòèìàëüíûõ òåõíè÷åñêèõ ðåøåíèé ðàçëè÷íûõ
ïðèêëàäíûõ çàäà÷.

1. Ïîñòàíîâêà çàäà÷è

Ðàññìàòðèâàåòñÿ óïðóãîïëàñòè÷åñêàÿ ïîòåðÿ óñòîé÷èâîñòè è çàêðèòè÷åñêàÿ äå-
ôîðìàöèÿ àëþìèíèåâîé öèëèíäðè÷åñêîé îáîëî÷êè (h0×R×H = 1,5×18,5×190 ìì)
ïîä äåéñòâèåì îñåâîé ñæèìàþùåé äèíàìè÷åñêîé íàãðóçêè (ðèñ. 1). Õàðàêòåðèñòè-
êè ìàòåðèàëà îáîëî÷êè: ïëîòíîñòü ρ = 2710 êã/ì3, ìîäóëü óïðóãîñòè Å = 71000 ÌÏà,
êîýôôèöèåíò Ïóàññîíà ν = 0,3, ïðåäåë òåêó÷åñòè σò = 210 ÌÏà, ïðåäåë ïðî÷íîñòè
σâ = 250 ÌÏà, îòíîñèòåëüíîå óäëèíåíèå δ = 13%. Â ðàñ÷åòàõ èñïîëüçóåòñÿ áèëè-
íåéíàÿ äèàãðàììà äåôîðìèðîâàíèÿ ìàòåðèàëà îáîëî÷êè.

Ðèñ. 1. Ñõåìà èñïûòàòåëüíîé óñòàíîâêè
è êîíòðîëüíûå ðàçìåðû äåôîðìèðîâàííîãî îáðàçöà

V0

D0

D1

D2

D3

D4

L 2
L 1

L 3
L 4

H

1

2

3

4
5

h 0



211

Íàãðóçêà ôîðìèðóåòñÿ ãðóçîì ìàññîé m = 86 êã, ïàäàþùèì ñî ñêîðîñòüþ V0 =
= 4,13 ì/ñ íà âåðõíþþ âòóëêó 1, ïðèâàðåííóþ ê ñòàëüíîìó ñåðäå÷íèêó 3 èñïûòà-
òåëüíîãî óñòðîéñòâà, â êîòîðîì óñòàíîâëåíà îáîëî÷êà 2. Ñåðäå÷íèê ìîæåò ñâîáîä-
íî ñêîëüçèòü îòíîñèòåëüíî íèæíåé âòóëêè 4, æåñòêî çàêðåïëåííîé íà îñíîâàíèè 5.
Öåëüþ ðàáîòû ÿâëÿåòñÿ ðàñ÷åòíî-ýêñïåðèìåíòàëüíîå èññëåäîâàíèå îñîáåííîñòåé
ïðîöåññà äèíàìè÷åñêîãî äåôîðìèðîâàíèÿ îáîëî÷êè ïðè óïðóãîïëàñòè÷åñêîé ïîòå-
ðå óñòîé÷èâîñòè è çàêðèòè÷åñêîé äåôîðìàöèè.

2. Îñíîâíûå ñîîòíîøåíèÿ è ìåòîä ðåøåíèÿ

Äèíàìè÷åñêîå äåôîðìèðîâàíèå îáîëî÷êè îïèñûâàåòñÿ â ïåðåìåííûõ Ëàãðàí-
æà. Óðàâíåíèå äâèæåíèÿ âûâîäèòñÿ èç âàðèàöèîííîãî ïðèíöèïà Æóðäåíà:
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ïîâåðõíîñòü êîíòàêòà; Γp − îáëàñòü äåéñòâèÿ âíåøíåãî äàâëåíèÿ; òî÷êà íàä ñèìâî-
ëîì îçíà÷àåò ÷àñòíóþ ïðîèçâîäíóþ ïî âðåìåíè t. Ïî ïîâòîðÿþùèìñÿ èíäåêñàì
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Óðàâíåíèÿ ñîñòîÿíèÿ óñòàíàâëèâàþòñÿ ðàçäåëüíî äëÿ øàðîâûõ 
vv σε ,&  è äåâèà-

òîðíûõ ijij ', σε′&  ñîñòàâëÿþùèõ ñêîðîñòåé äåôîðìàöèé è íàïðÿæåíèé. Ïðè óïðóãî-
ïëàñòè÷åñêîì äåôîðìèðîâàíèè äåâèàòîðíûå ñîñòàâëÿþùèå ñêîðîñòè äåôîðìàöèè
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ñîñòàâëÿþùèå òåíçîðà íàïðÿæåíèé âû÷èñëÿþòñÿ íà îñíîâå ñîîòíîøåíèé òåîðèè
òå÷åíèÿ ñ èçîòðîïíûì óïðî÷íåíèåì:
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Çäåñü D/Dt − ïðîèçâîäíàÿ ïî ßóìàííó, G − ìîäóëü ñäâèãà, Sij − êîìïîíåíòû òåíçîðà
àêòèâíûõ íàïðÿæåíèé.

×èñëåííîå ðåøåíèå çàäà÷è ïðîâîäèòñÿ ìåòîäîì êîíå÷íûõ ýëåìåíòîâ ïî ÿâíîé
ñõåìå èíòåãðèðîâàíèÿ ïî âðåìåíè â ïðîãðàììíîì êîìïëåêñå LS-DYNA [15]. Ðàçðà-
áîòàí ðÿä äèñêðåòíûõ ìîäåëåé ðàçìåðíîñòüþ îò 2,5 äî 340 òûñ. òâåðäîòåëüíûõ è
îáîëî÷å÷íûõ ýëåìåíòîâ. ×èñëåííûå ýêñïåðèìåíòû ïîêàçûâàþò, ÷òî ëó÷øåå ñîãëà-
ñèå ñ ýêñïåðèìåíòàìè äåìîíñòðèðóþò äèñêðåòíûå ìîäåëè íà îñíîâå ÷åòûðåõóçëî-
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âûõ îáîëî÷å÷íûõ ýëåìåíòîâ ñ áèëèíåéíûìè ôóíêöèÿìè ôîðìû Belitschko, Lin, Tsay
[16, 17] ïðè õàðàêòåðíîì ïðîñòðàíñòâåííîì ðàçðåøåíèè 1×1 ìì.

3. Àíàëèç ðåçóëüòàòîâ ýêñïåðèìåíòîâ è ðàñ÷åòîâ

Ýêñïåðèìåíòû ïîêàçûâàþò, ÷òî â ðåçóëüòàòå óäàðíîãî íàãðóæåíèÿ îáîëî÷êà òå-
ðÿåò óñòîé÷èâîñòü ñ îáðàçîâàíèåì â îáëàñòè âåðõíåãî òîðöà ïåðâîé îñåñèììåòðè÷-
íîé êîëüöåâîé ñêëàäêè, çà êîòîðîé ñëåäóåò âòîðàÿ ïî÷òè îñåñèììåòðè÷íàÿ ñêëàäêà,
à çàòåì òðåòüÿ íåîñåñèììåòðè÷íàÿ ëîêàëüíàÿ ñêëàäêà (ðèñ. 2). Ñ íàðóæíîé ñòîðîíû
îáîëî÷êè íà ãðåáíÿõ ñêëàäîê çàìåòíî ðàçðûõëåíèå ìàòåðèàëà, îäíàêî ìàêðîòðåùè-
íû îòñóòñòâóþò. Â ðåçóëüòàòå äåôîðìàöèè îáîëî÷êè åå ïîïåðå÷íîå ñå÷åíèå îáðåòà-
åò ñëåãêà îâàëüíóþ ôîðìó íà áîëüøåé ÷àñòè äëèíû. Âáëèçè íèæíåãî òîðöà çàðîæ-
äàåòñÿ ñëàáàÿ êîëüöåâàÿ ñêëàäêà.

Ôîðìèðîâàíèå ïåðâîé îñåñèììåòðè÷íîé êîëüöåâîé ñêëàäêè îáóñëîâëåíî âëè-
ÿíèåì êðàåâûõ óñëîâèé íà âåðõíåì òîðöå îáîëî÷êè [14]. Ñ îáðàçîâàíèåì ïåðâîé
ñêëàäêè âëèÿíèå òîðöà îñëàáåâàåò, âòîðè÷íàÿ ïîòåðÿ óñòîé÷èâîñòè îáîëî÷êè ïåðå-
õîäèò â ýíåðãåòè÷åñêè ìåíåå çàòðàòíóþ íåîñåñèììåòðè÷íóþ ôîðìó. Ðàñ÷åòû ïîêà-
çûâàþò, ÷òî íà ôîðìèðîâàíèå ïåðâîé ñêëàäêè ðàñõîäóåòñÿ 51% êèíåòè÷åñêîé ýíåð-
ãèè óäàðíèêà, íà îáðàçîâàíèå âòîðîé − 28%, à íà òðåòüþ ñêëàäêó òðàòèòñÿ 21%.

Íà ðèñ. 3 ïîêàçàíî ñðàâíåíèå ðàñ÷åòíîé êðèâîé (ãîëóáàÿ ëèíèÿ) è äâóõ ýêñïå-
ðèìåíòàëüíûõ êðèâûõ (êîðè÷íåâûå ëèíèè) ïåðåãðóçîê íà ïàäàþùåé ìàññå. Âèäíî,
÷òî ïðîöåññ íàãðóæåíèÿ äëèòñÿ îêîëî 20 ìñ. Ïèêè íàãðóçêè ñîîòâåòñòâóþò ìîìåí-
òàì îáðàçîâàíèÿ êîëüöåâûõ ñêëàäîê. Ðàñ÷åòíàÿ êðèâàÿ êà÷åñòâåííî è êîëè÷åñòâåí-
íî áëèçêà ê ýêñïåðèìåíòàëüíûì êðèâûì.

Â òàáëèöå 1 ïðèâîäèòñÿ ñðàâíåíèå õàðàêòåðíûõ ðàñ÷åòíûõ è ýêñïåðèìåíòàëü-
íûõ ðàçìåðîâ (ñì. ðèñ. 1) äåôîðìèðîâàííîé îáîëî÷êè íà ðàçëè÷íûõ ðàññòîÿíèÿõ:
L1 = 5 ìì, L2 = 75 ìì, L3 = 136 ìì îò îñíîâàíèÿ. Áëèçîñòü ðàñ÷åòíûõ è îïûòíûõ
ðàçìåðîâ äåôîðìèðîâàííîé îáîëî÷êè ïîäòâåðæäàåò äîñòîâåðíîñòü ÷èñëåííîãî
ìîäåëèðîâàíèÿ.

Ðèñ. 2. Äåôîðìèðîâàííûé âåðõíèé òîðåö îáîëî÷êè
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Òàáëèöà 1
Õàðàêòåðíûå

Îïûò, ìì Ðàñ÷åò, ìì Δ, %ðàçìåðû
D1 40,6 40,9 +0,7
D2min 39,5 39,4 −0,3
D2max 40,7 43,6 +7,1
D3min 36,2 35,6 −1,7
D3max 44,3 48,3 +9,0
D4 50,0 52,7 +5,4
L4 161,0 157,9 −1,9

Ìàêñèìàëüíûå ïðîãèáû â ïåðâîé ñêëàäêå áîëåå ÷åì â 3 ðàçà ïðåâûøàþò òîëùè-
íó îáîëî÷êè: w1max/h0 = 3,4, âî âòîðîé è â òðåòüåé ñêëàäêàõ ñîîòâåòñòâåííî w2max/h0 =
= 3,7 è w3max/h0 = 0,7. Ïðîäîëüíûå ñæèìàþùèå íàïðÿæåíèÿ ê ìîìåíòó âðåìåíè t1 ~
~ 400 ìêñ äîñòèãàþò ïðåäåëà òåêó÷åñòè ïðè ïåðåãðóçêå nmax = 44 (ñì. ðèñ. 3). Äàëåå
ôîðìèðóåòñÿ ïåðâàÿ êîëüöåâàÿ ñêëàäêà äî ìîìåíòà âðåìåíè t2 ~ 5 ìñ, ïîñëå ÷åãî
íà÷èíàåòñÿ ôîðìèðîâàíèå âòîðîé è òðåòüåé ñêëàäîê.

Íà ðèñ. 4 ïðèâåäåíû çàâèñèìîñòè èçìåíåíèÿ äëèíû òðàåêòîðèé ïëàñòè÷åñêèõ
äåôîðìàöèé (ïàðàìåòð Îäêâèñòà) â õàðàêòåðíûõ òî÷êàõ äâóõ âçàèìíî ïåðïåíäèêó-
ëÿðíûõ ñå÷åíèé X = 0 è Z = 0.

1 − ýêñïåðèìåíò
2 − ðàñ÷åò (LS-DYNA)

Ðèñ. 3. Èçìåíåíèå îñåâîé ïåðåãðóçêè óäàðíèêà
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Ðèñ. 4. Äëèíà òðàåêòîðèè ïëàñòè÷åñêèõ äåôîðìàöèé â õàðàêòåðíûõ òî÷êàõ
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Ðàñ÷åòíàÿ ñèñòåìà êîîðäèíàò èçîáðàæåíà íà ðèñ. 2. Íîìåðà êðèâûõ ñîâïàäàþò
ñ íîìåðàìè òî÷åê íà ðèñ. 4, ïðè ýòîì ñïëîøíûå ëèíèè ñîîòâåòñòâóþò íàðóæíîé
ïîâåðõíîñòè, øòðèõîâûå − âíóòðåííåé. Èç ðèñóíêà âèäíî, ÷òî ôîðìèðîâàíèå ïåð-
âîé îñåñèììåòðè÷íîé ñêëàäêè ïðèâîäèò ê âåñüìà âûñîêèì óðîâíÿì ïëàñòè÷åñêîé
äåôîðìàöèè, êîòîðûå âíóòðè è ñíàðóæè ãðåáíÿ äîñòèãàþò ìàêñèìàëüíûõ çíà÷å-
íèé: κâíóò ~100%, κíàð ~70%. Âòîðàÿ íåîñåñèììåòðè÷íàÿ ñêëàäêà ôîðìèðóåòñÿ òàê-
æå ïðèìåðíî â òå÷åíèå 4,5 ìñ, åå ìàêñèìàëüíûå ïëàñòè÷åñêèå äåôîðìàöèè íà ~25%
íèæå. Ïðè ôîðìèðîâàíèè ïåðâîé ñêëàäêè ñêîðîñòè äåôîðìàöèè íà âíóòðåííåé ïî-
âåðõíîñòè äîñòèãàþò çíà÷åíèé ,700~ 1

âíóò ñ−ε&  íà íàðóæíîé ,200~ 1
íàð ñ−ε&  âî âòî-

ðîé ñêëàäêå .100~,400~ 1
íàð

1
âíóò ññ −− εε &&

Íà ðèñ. 5 ïîêàçàíû çàâèñèìîñòè èçìåíåíèÿ ïàðàìåòðà âèäà íàïðÿæåííîãî ñî-
ñòîÿíèÿ Π [18] â õàðàêòåðíûõ òî÷êàõ íà âíåøíåé ïîâåðõíîñòè â ñå÷åíèè Õ = 0:

.
3

1
2
3

2
2

2
1

321

σ+σ+σ

σ+σ+σ
⋅=Π

Èç ðèñ. 5 âèäíî, ÷òî íà âíåøíåé ïîâåðõíîñòè îáîëî÷êè íà ãðåáíå ïåðâîé ñêëàäêè
(òî÷êà 1) íàïðÿæåííîå ñîñòîÿíèå áëèçêî ê äâóõîñíîìó ðàñòÿæåíèþ âî âðåìÿ âñåãî
ïðîöåññà äåôîðìèðîâàíèÿ. Â òî÷êå 2 íàïðÿæåííîå ñîñòîÿíèå â òå÷åíèå ïðèìåðíî
3 ìñ áëèçêî ê îäíîîñíîìó ñæàòèþ (Π ~ −0,6), à çàòåì, ñ ôîðìèðîâàíèåì âòîðîé
ñêëàäêè, ïåðåõîäèò â äâóõîñíîå ðàñòÿæåíèå (Π ~ +0,8). Â òî÷êå 3 íàïðÿæåííîå ñî-
ñòîÿíèå èìååò ñëîæíûé êîëåáàòåëüíûé õàðàêòåð, íåîäíîêðàòíî èçìåíÿþùèéñÿ îò
äâóõîñíîãî ñæàòèÿ äî îäíîîñíîãî ðàñòÿæåíèÿ. Íà âíóòðåííåé ïîâåðõíîñòè íàïðÿ-
æåííîå ñîñòîÿíèå â òî÷êàõ 1 è 2 áëèçêî ê îäíîîñíîìó è äâóõîñíîìó ñæàòèþ â òå÷å-
íèå âñåãî ïðîöåññà, à â òî÷êå 3 äî ìîìåíòà âðåìåíè t ~ 10 ìñ áëèçêî ê äâóõîñíîìó
ðàñòÿæåíèþ, çàòåì èçìåíÿåòñÿ ïî ñëîæíîìó çàêîíó. Õàðàêòåð èçìåíåíèÿ ïàðàìåòðà
Π â ñå÷åíèè Z = 0 ïðèìåðíî òàêîé æå. Òàêèì îáðàçîì, â íàèáîëåå íàãðóæåííîé
òî÷êå íà âíåøíåé ïîâåðõíîñòè ãðåáíÿ ïåðâîé ñêëàäêè ïëàñòè÷åñêèå äåôîðìàöèè
äîñòèãàþò ìàêñèìàëüíîãî óðîâíÿ κíàð ~70% â óñëîâèÿõ äâóõîñíîãî ðàñòÿæåíèÿ, à
íà âíóòðåííåé ïîâåðõíîñòè κâíóò ~100% ðàçâèâàþòñÿ â óñëîâèÿõ îäíî- è äâóõîñíî-
ãî ñæàòèÿ.

Àíàëèç ýôôåêòîâ ñëîæíîãî íàãðóæåíèÿ â äåâèàòîðíîì ïðîñòðàíñòâå À.À. Èëüþ-
øèíà ïîêàçûâàåò, ÷òî ïðè ïëàñòè÷åñêîì âûïó÷èâàíèè ïëàñòèí è îáîëî÷åê òðàåêòî-

Ðèñ. 5. Ïàðàìåòð Π â õàðàêòåðíûõ òî÷êàõ âíåøíåé ïîâåðõíîñòè
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ðèè äåôîðìàöèé â õàðàêòåðíûõ òî÷êàõ èìåþò áîëüøèå óãëû èçëîìà êàê ïðè îñå-
ñèììåòðè÷íîé [19, 20], òàê è ïðè íåîñåñèììåòðè÷íîé [21, 22] ôîðìàõ ïîòåðè óñ-
òîé÷èâîñòè. Ðåçóëüòàòû òðåõìåðíîãî ðåøåíèÿ ðàññìàòðèâàåìîé çàäà÷è òàêæå ñâè-
äåòåëüñòâóþò, ÷òî íà ïîâåðõíîñòè ñêëàäîê â çîíàõ äâóõîñíîãî ðàñòÿæåíèÿ óãëû èç-
ëîìà òðàåêòîðèé ïðåâûøàþò 90° ïðè óïðóãîé ðàçãðóçêå. Â çîíàõ äâóõîñíîãî ñæà-
òèÿ òðàåêòîðèè èìåþò ìàëóþ è ñðåäíþþ êðèâèçíó. Ïðè ñëîæíîì õàðàêòåðå íàãðó-
æåíèÿ â îòäåëüíûõ ëîêàëüíûõ çîíàõ îáîëî÷êè òåîðèÿ òå÷åíèÿ ïîçâîëÿåò ñ ïðèåì-
ëåìîé òî÷íîñòüþ îïèñûâàòü èíòåãðàëüíûå ñèëîâûå è êèíåìàòè÷åñêèå ïàðàìåòðû
ïðîöåññà óïðóãîïëàñòè÷åñêîé ïîòåðè óñòîé÷èâîñòè.

Çàêëþ÷åíèå

Äîñòîâåðíîñòü ÷èñëåííîãî ìîäåëèðîâàíèÿ ïîäòâåðæäàåòñÿ áëèçîñòüþ ðàñ÷åò-
íûõ è ýêñïåðèìåíòàëüíûõ äàííûõ êàê ïî èçìåíåíèþ îñåâîé äèíàìè÷åñêîé íàãðóç-
êè, òàê è ïî õàðàêòåðíûì ðàçìåðàì äåôîðìèðîâàííîé îáîëî÷êè.

Ïîòåðÿ óñòîé÷èâîñòè îáîëî÷êè ïðîèñõîäèò ïðè äîñòèæåíèè ïðåäåëà òåêó÷åñòè
ñ îáðàçîâàíèåì ïåðâîé îñåñèììåòðè÷íîé êîëüöåâîé ñêëàäêè, çàòåì âòîðîé è òðå-
òåé íåîñåñèììåòðè÷íûõ ñêëàäîê ñ ðàçâèòèåì ðàäèàëüíûõ ïðîãèáîâ äî wmax/h0 =
= 3,7. Ïðè âûïó÷èâàíèè îáîëî÷êè ñêîðîñòè äåôîðìàöèé ëåæàò â äèàïàçîíå

.c 1700100 −−=ε&
Ìàêñèìàëüíûå ïëàñòè÷åñêèå äåôîðìàöèè íà ãðåáíå ïåðâîé ñêëàäêè (ïàðàìåòð

Îäêâèñòà) âîçðàñòàþò äî óðîâíÿ κíàð ~70% óñëîâèÿõ äâóõîñíîãî ðàñòÿæåíèÿ, âíóò-
ðè â äâóõîñíîì ñæàòèè äî κâíóò ~100%, ïðè ýòîì â ýêñïåðèìåíòå íàáëþäàåòñÿ õà-
ðàêòåðíîå ðàçðûõëåíèå ìàòåðèàëà íàðóæíîé ïîâåðõíîñòè ïåðâîé ñêëàäêè, îäíàêî
ìàêðîòðåùèíû îòñóòñòâóþò.
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DYNAMIC BUCKLING AND POST BUCKLING DEFORMATION
OF CYLINDRICAL SHELLS

Bazhenov V.G.1, Ryabov À.À.2, Ptitsyn S.Î.2

1Research Institute of Mechanics University of Nizhni Novgorod,
Nizhni Novgorod, Russian Federation

2Sarov Engineering Center, Nizhni Novgorod region, Diveevo district,
Satis, Russian Federation

Elastoplastic dynamic buckling and post buckling deformation of an elongated cylindrical shell
loaded in axial impact compression is studied numerically and experimentally. Deformation of the
shell is computer-modeled using the finite-element method and the explicit time-integration scheme
realized in complex LS-DYNA. The equations of state of the material of the shell are formulated in
the framework of the isotropic hardening flow theory. To analyze the problem, a number of discrete
models with the dimensions of 2,5 to 340 thousand solid and shell finite elements have been
developed. The numerical experiments show that the best agreement with the experiments is achieved
when using the discrete models with 1×1 mm 4-node shell elements with bilinear functions of the
type of Belitschko, Lin, Tsay.
The characteristic features of the deformation process in the conditions of complex loading at its
transition to the post buckling area are analyzed. The reliability of the numerical results is
corroborated by their close agreement with the experimental data on the variation of the end impact
load and characteristic dimensions of the deformed shell. It is noted that as a result of impact
loading the shell loses its stability, forming two circular folds and a non-axisymmetric one in the
vicinity of the upper end. Loosening of the material is observed on the outer side of the shell along
the edges of the two former folds; however, no macro-cracks are formed. The calculations show
that 51% of the kinetic energy of the striker is spent on forming the first fold, 28% on the second
one, and 21% on the third one. The type of stressed-strained state in the region of the fold formation
is studied. It is found that in Ilyushin's deviatoric space, when a shell buckles plastically, the
deformation trajectories in characteristic points have abrupt jogs. Along the fold surfaces in the
zones of biaxial tension, the trajectories jog at angles of over 90° under elastic unloading. In the
zones of biaxial compression, the trajectories have low or moderate curvatures. It is demonstrated
that, for complex loading, in separate local zones of the shell the flow theory makes it possible to
describe reasonably accurately the integral force and kinematic parameters of the process of
elastoplastic buckling.

Keywords: dynamic buckling, post buckling deformation, cylindrical shell, finite-element method,
isotropic hardening, experiment.


