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Ìíîãîñëîéíûå ïàêåòû èç ìåòàëëè÷åñêèõ ñåòîê èñïîëüçóþòñÿ äëÿ çàùè-
òû êîðïóñîâ âçðûâíûõ êàìåð è äðóãèõ êîíñòðóêöèé îò îñêîëî÷íîãî ïîâðåæäå-
íèÿ è èìïóëüñíûõ âîçäåéñòâèé. Ïàêåò ñåòîê ôîðìèðóåòñÿ, êàê ïðàâèëî, ïóòåì
íàëîæåíèÿ ñëîåâ äðóã íà äðóãà ñ ñîõðàíåíèåì íàïðàâëåíèé ïðîâîëîê, ïîýòî-
ìó ìíîãîñëîéíûé ïàêåò ìîæíî ñ÷èòàòü âûñîêîïîðèñòûì äåôîðìèðóåìûì ýëå-
ìåíòîì êîíñòðóêöèè, îáëàäàþùèì îðòîòðîïíûìè ñâîéñòâàìè. Ðàíåå â ðåçóëü-
òàòå ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé áûëè ïîëó÷åíû êðèâûå äåôîðìèðîâà-
íèÿ ïîðèñòûõ ïàêåòîâ ïëåòåíîé ñåòêè ïðè äèíàìè÷åñêîì è ñòàòè÷åñêîì ñæà-
òèè ïî íîðìàëè ê ñëîþ. Ñ öåëüþ âûÿâëåíèÿ ôàêòîðîâ, âûçûâàþùèõ îòëè÷èÿ
äèíàìè÷åñêèõ è ñòàòè÷åñêèõ êðèâûõ äåôîðìèðîâàíèÿ, ïðîâåäåíî ÷èñëåííîå
ìîäåëèðîâàíèå ñæàòèÿ ïî íîðìàëè ñèììåòðè÷íîãî ôðàãìåíòà ïàêåòà èç ïëå-
òåíûõ ñåòîê ïðè ñòàòè÷åñêîì è äèíàìè÷åñêîì ðåæèìàõ íàãðóæåíèÿ, íàáëþäà-
åìûõ â ýêñïåðèìåíòàëüíûõ èññëåäîâàíèÿõ. ×èñëåííîå ìîäåëèðîâàíèå òðåõ-
ìåðíûõ ïðîöåññîâ óïðóãîïëàñòè÷åñêîãî äåôîðìèðîâàíèÿ ôðàãìåíòà ïëåòå-
íîé ñòàëüíîé ñåòêè ñ ó÷åòîì êîíòàêòíîãî âçàèìîäåéñòâèÿ ïðîâîëîê ïðîâîäè-
ëîñü â âû÷èñëèòåëüíûõ ñèñòåìàõ ANSYS è ANSYS LS-DYNA ìåòîäîì êîíå÷-
íûõ ýëåìåíòîâ. Ðàñ÷åòíàÿ îáëàñòü ñîñòîÿëà èç ÷åòûðåõ òðåõìåðíûõ öèëèíä-
ðè÷åñêèõ òåë. Ñæàòèå ïðîâîäèëîñü ïàðîé àáñîëþòíî æåñòêèõ ïëàñòèí, äâè-
æóùèõñÿ ñèììåòðè÷íî íàâñòðå÷ó äðóã äðóãó. Äëÿ îïèñàíèÿ ïîâåäåíèÿ ïðîâî-
ëîê èñïîëüçîâàëàñü ìîäåëü ïëàñòè÷íîñòè ñ èçîòðîïíûì óïðî÷íåíèåì. Äëÿ
ïîëó÷åíèÿ äîñòîâåðíûõ ðåçóëüòàòîâ ðàñ÷åòîâ áûëà ýêñïåðèìåíòàëüíî ïîëó-
÷åíà ñòàòè÷åñêàÿ äèàãðàììà äåôîðìèðîâàíèÿ ñòàëè, èç êîòîðîé èçãîòîâëåíà
ñåòêà. Èçó÷àëîñü âëèÿíèå îãðàíè÷åííîñòè âî âðåìåíè äåéñòâèÿ íàãðóæàþùå-
ãî èìïóëüñà è âëèÿíèå îòëè÷èÿ ñòàòè÷åñêèõ è äèíàìè÷åñêèõ äèàãðàìì äåôîð-
ìèðîâàíèÿ ìàòåðèàëà, èç êîòîðîãî èçãîòîâëåíà ñåòêà. Ïîêàçàíî, ÷òî îñíîâíîå
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âëèÿíèå íà äèíàìè÷åñêîå ïîâåäåíèå ôðàãìåíòà ïîðèñòîãî ïàêåòà ñòàëüíîé
ñåòêè îêàçûâàþò äèíàìè÷åñêèå ñâîéñòâà ìàòåðèàëà ïðîâîëîê, òî åñòü îòëè-
÷èå äèíàìè÷åñêîé äèàãðàììû äåôîðìèðîâàíèÿ îò ñòàòè÷åñêîé. Êîíå÷íàÿ äëè-
òåëüíîñòü íàãðóæàþùåãî èìïóëüñà è òðåíèå ìåæäó ïðîâîëîêàìè äëÿ äàííîãî
âèäà ñåòîê ñóùåñòâåííîãî âëèÿíèÿ íå îêàçûâàþò.

Êëþ÷åâûå ñëîâà: ïëåòåíûå ñåòêè, óïðóãîïëàñòè÷åñêîå ñæàòèå, ýêñïåðè-
ìåíò, ÷èñëåííîå ìîäåëèðîâàíèå, ñòàòèêà, äèíàìèêà, òðåõìåðíàÿ çàäà÷à.

Ââåäåíèå

Îäèí èç ñïîñîáîâ ñíèæåíèÿ èìïóëüñíûõ è âèáðàöèîííûõ íàãðóçîê − ýòî ïðè-
ìåíåíèå â êîíñòðóêöèÿõ ïîðèñòûõ ýëåìåíòîâ â âèäå ãðàíóëèðîâàííûõ ñëîåâ, ïðî-
âîëî÷íûõ ðåøåòîê, ýêðàíîâ, ñåòîê, ïåðôîðèðîâàííûõ ïåðåãîðîäîê [1−9]. Â ÷àñòíîñ-
òè, äëÿ çàùèòû ñèëîâûõ êîðïóñîâ âçðûâíûõ êàìåð îò îñêîëî÷íîãî ïîâðåæäåíèÿ â
íàñòîÿùåå âðåìÿ ïðèìåíÿþòñÿ ìíîãîñëîéíûå ìåòàëëè÷åñêèå ñåòêè òêàíîãî ïëåòå-
íèÿ [10−12]. Çàùèòíûé ïàêåò ñåòîê îáû÷íî ôîðìèðóåòñÿ ïóòåì íàëîæåíèÿ ñëîåâ
äðóã íà äðóãà ñ ñîõðàíåíèåì íàïðàâëåíèé ïðîâîëîê, ïîýòîìó ìíîãîñëîéíûé ïàêåò
ìîæíî ñ÷èòàòü âûñîêîïîðèñòûì äåôîðìèðóåìûì ýëåìåíòîì êîíñòðóêöèé, îáëàäà-
þùèì îðòîòðîïíûìè ñâîéñòâàìè [12]. Â [13−17] ïðèâåäåíû íåêîòîðûå ðåçóëüòàòû
ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé äåôîðìàöèîííûõ ñâîéñòâ ìíîãîñëîéíûõ ïàêå-
òîâ ñåòîê íà ñæàòèå ïî íàïðàâëåíèþ íîðìàëè ê ñëîÿì ñåòîê. Ïîêàçàíî, ÷òî ïðè
èíòåíñèâíûõ íàãðóçêàõ äèàãðàììû äåôîðìèðîâàíèÿ íåëèíåéíû è íåîáðàòèìû.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ [15] ïîêàçàëè ñóùåñòâåííûå îòëè÷èÿ êðè-
âûõ äåôîðìèðîâàíèÿ ïàêåòîâ ñåòîê â ñòàòè÷åñêîì è äèíàìè÷åñêîì ðåæèìàõ ñæà-
òèÿ. Äèíàìè÷åñêèå èñïûòàíèÿ ïðîâîäèëèñü íà ãàçîâûõ ïóøêàõ â ñèñòåìå ðàçðåçíî-
ãî ñòåðæíÿ Ãîïêèíñîíà ïî ìåòîäèêàì Êîëüñêîãî [18−20]. Èññëåäîâàíèÿ ïðîâåäåíû
äëÿ ñåòêè äèàìåòðîì 0,5 ìì è øàãîì ïëåòåíèÿ 2,5 ìì, èçãîòîâëåííîé èç ñòàëè Ñò 3.
Ñêîðîñòü äåôîðìàöèè â ýêñïåðèìåíòàõ èçìåíÿëàñü â ïðåäåëàõ 1500−3500 ñ−1. Äå-
ôîðìèðîâàíèå îáðàçöà ïðîõîäèëî â íåñêîëüêî öèêëîâ, ñâÿçàííûõ ñ ðàñïðîñòðàíå-
íèåì âîëí ñæàòèÿ è ðàñòÿæåíèÿ â ìåðíûõ ñòåðæíÿõ. Íà ðèñ. 1 ïîêàçàíû äèàãðàììû
äåôîðìèðîâàíèÿ îáðàçöîâ ïðè ñæàòèè ïî íîðìàëè ê ñëîÿì ñåòîê, âêëþ÷àþùèå â ñå-
áÿ ó÷àñòêè àêòèâíîãî íàãðóæåíèÿ è ðàçãðóçêè (1 − îáðàçåö èç 10 ñëîåâ; 2 − îáðàçåö
èç 20 ñëîåâ, 3 − ðåçóëüòàòû ñòàòè÷åñêèõ èñïûòàíèé [15]).

Ðèñ. 1. Äèàãðàììû ñæàòèÿ ïëåòåíîé ìåòàëëè÷åñêîé ñåòêè
ïðè ñòàòè÷åñêîì è äèíàìè÷åñêîì ðåæèìàõ íàãðóæåíèÿ
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Ñòàòè÷åñêèå èñïûòàíèÿ íà ñæàòèå ïî íîðìàëè ïðîâîäèëèñü íà ñåðâîãèäðàâëè-
÷åñêîé óñòàíîâêå Zwick/Roell Amsler HA 100 äëÿ ïàêåòîâ ñåòîê èç 10 è 20 ñëîåâ.
Âèäíî, ÷òî äåôîðìèðîâàíèå ïðè àêòèâíîì íàãðóæåíèè èìååò íåëèíåéíûé õàðàê-
òåð, â òî âðåìÿ êàê ðàçãðóçî÷íûå âåòâè áëèçêè ê ïðÿìûì ëèíèÿì. Êðèâûå äåôîðìè-
ðîâàíèÿ äëÿ îáðàçöîâ, ñîñòîÿùèõ áîëåå ÷åì èç 10 ñëîåâ, ñëàáî çàâèñÿò îò êîëè÷å-
ñòâà ñëîåâ è ôîðìû îáðàçöà. Ïîëó÷åííûå ïðè àêòèâíîì íàãðóæåíèè äèíàìè÷åñêèå
êðèâûå äåôîðìèðîâàíèÿ ðàñïîëàãàþòñÿ çíà÷èòåëüíî âûøå ñòàòè÷åñêîé êðèâîé.

Â íàñòîÿùåé ñòàòüå äëÿ âûÿñíåíèÿ ôàêòîðîâ, îáóñëîâëèâàþùèõ ðàçëè÷èå êðè-
âûõ äåôîðìèðîâàíèÿ â ðàçëè÷íûõ ðåæèìàõ, ïðîâåäåíû ÷èñëåííûå èññëåäîâàíèÿ
òðåõìåðíûõ ïðîöåññîâ óïðóãîïëàñòè÷åñêîãî ñòàòè÷åñêîãî è äèíàìè÷åñêîãî ñæàòèÿ
ñèììåòðè÷íûõ ôðàãìåíòîâ ìíîãîñëîéíîãî ïàêåòà ïëåòåíûõ ñòàëüíûõ ñåòîê.

Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ
ñòàòè÷åñêîãî è äèíàìè÷åñêîãî ñæàòèÿ

Ïàêåò ñåòîê ôîðìèðóåòñÿ, êàê ïðàâèëî, ïóòåì íàëîæåíèÿ ñëîåâ ñ ñîõðàíåíèåì
íàïðàâëåíèé ïðîâîëîê. Òàêîé ïàêåò èìååò êâàçèïåðèîäè÷åñêóþ ñòðóêòóðó, â íåì
ìîæíî âûäåëèòü íåêîòîðûé ñèììåòðè÷íûé ôðàãìåíò. Äëÿ ìîäåëèðîâàíèÿ âûáðàíà
òèïîâàÿ ñèììåòðè÷íàÿ ÿ÷åéêà îäíîãî ñëîÿ ïëåòåíîé ñåòêè (ðèñ. 2). Ïðåäïîëàãàåò-
ñÿ, ÷òî ýòà ÿ÷åéêà ÿâëÿåòñÿ ïðåäñòàâèòåëüíûì îáúåìîì, äåôîðìèðîâàíèå êîòîðîãî
îïðåäåëÿåò äåôîðìàöèþ ìíîãîñëîéíîãî ïàêåòà â öåëîì.

×èñëåííîå ìîäåëèðîâàíèå ïðîöåññà ñòàòè÷åñêîãî äåôîðìèðîâàíèÿ ïëåòåíîé
ìåòàëëè÷åñêîé ñåòêè ïðè åå ñæàòèè ïåðïåíäèêóëÿðíî ïëîñêîñòè ñëîÿ ïðîâîäèëîñü
â âû÷èñëèòåëüíîé ñèñòåìå ANSYS v. 17.2 ìåòîäîì êîíå÷íûõ ýëåìåíòîâ (ëèöåíçèÿ
Academic Research, Customer #623640). Ðàñ÷åòíàÿ îáëàñòü ñîñòîèò èç ÷åòûðåõ òðåõ-
ìåðíûõ öèëèíäðè÷åñêèõ òåë (ïðîâîëîê). Â ñèëó ñèììåòðèè ðàññìàòðèâàåòñÿ ïîëî-
âèíà ïîïåðå÷íîãî ñå÷åíèÿ ïðîâîëîê. Íà òîðöàõ ïðîâîëîê òàêæå âûïîëíÿþòñÿ óñëî-
âèÿ ñèììåòðèè. Â íà÷àëüíûé ìîìåíò âðåìåíè íàïðÿæåíèÿ è äåôîðìàöèè îòñóò-
ñòâóþò. Â ýòîé çàäà÷å ïðèìåíåí àëãîðèòì ðàñ÷åòà èäåàëüíîãî ñèììåòðè÷íîãî êîí-
òàêòà òåë áåç òðåíèÿ è ñ òðåíèåì, êîãäà â êàæäîé êîíòàêòíîé îáëàñòè èñïîëüçóþòñÿ
äâå êîíòàêòíûå ïàðû. Êîýôôèöèåíò òðåíèÿ ïðèíèìàëñÿ ðàâíûì 0,3. Ñæàòèå ïðî-
âîäèëîñü ïàðîé àáñîëþòíî æåñòêèõ ïëàñòèí (ïëîñêîñòåé ñèììåòðèè), äâèæóùèõñÿ
â íàïðàâëåíèè îñè Z íàâñòðå÷ó äðóã äðóãó (êèíåìàòè÷åñêàÿ ñõåìà íàãðóæåíèÿ), è
ïðîäîëæàëîñü äî äîñòèæåíèÿ ïîëîâèíû íà÷àëüíîé òîëùèíû ôðàãìåíòà (äî äèà-
ìåòðà îäíîé ïðîâîëîêè).

Ðèñ. 2. Ðàñ÷åòíàÿ ìîäåëü
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Ãåîìåòðè÷åñêàÿ ìîäåëü ïðîâîëîêè ïîëó÷åíà âûòÿãèâàíèåì ïîëóêðóãëîãî ñå÷å-
íèÿ âäîëü îñè ïðîâîëîêè. Îñü ñîñòîèò èç äâóõ ñîïðÿæåííûõ äóã îêðóæíîñòè. Äëÿ
ïîñòðîåíèÿ êîíå÷íî-ýëåìåíòíîé ìîäåëè èñïîëüçîâàëñÿ 20-óçëîâîé êîíå÷íûé ýëå-
ìåíò (ÊÝ) âòîðîãî ïîðÿäêà SOLID185 ñ ñîêðàùåííûì (2×2×2) èíòåãðèðîâàíèåì.
Ìîäåëü êàæäîé èç ïðîâîëîê ñîñòîèò èç 6144 ÊÝ, âñåãî 24576 ÊÝ. Îáùåå êîëè÷åñò-
âî íåèçâåñòíûõ ñîñòàâèëî 321660. Äëÿ îïèñàíèÿ ïîâåäåíèÿ ìàòåðèàëà ïðèìåíÿ-
ëàñü ìîäåëü ïëàñòè÷íîñòè ñ èçîòðîïíûì óïðî÷íåíèåì. Â ðàñ÷åòàõ èñïîëüçîâàëàñü
ýêñïåðèìåíòàëüíàÿ äèàãðàììà ñæàòèÿ äëÿ ñòàëè Ñò 3, èç êîòîðîé èçãîòîâëåíà ñåòêà
(ðèñ. 3) ñ ïàðàìåòðàìè: ìîäóëü óïðóãîñòè 200 ÃÏà, êîýôôèöèåíò Ïóàññîíà 0,3, ïðå-
äåë òåêó÷åñòè 235 ÌÏà, ëèíåéíûé ìîäóëü óïðî÷íåíèÿ ïðè áîëüøèõ äåôîðìàöèÿõ
ïðèíÿò ðàâíûì 1 ÃÏà. Ìîäåëèðîâàíèå ñæàòèÿ ðåàëèçîâàíî çà 200 øàãîâ. Çàäà÷à ðå-
øàëàñü â ïàðàëëåëüíîì ðåæèìå íà ñåðâåðå HP ProLiant DL580.

Íà ðèñ. 4 ïðèâåäåíî ðàñïðåäåëåíèå ýêâèâàëåíòíûõ ïëàñòè÷åñêèõ äåôîðìàöèé
ïîñëå ñíÿòèÿ íàãðóçêè. Íàáëþäàåòñÿ ðàçâèòîå ïëàñòè÷åñêîå òå÷åíèå âî âñåõ ïðîâî-
ëîêàõ, ìàêñèìàëüíûå çíà÷åíèÿ ýêâèâàëåíòíûõ ïëàñòè÷åñêèõ äåôîðìàöèé â óçëå
ïëåòåíèÿ äîñòèãàþò 1,3. Èìååò ìåñòî âûñîêàÿ íåîäíîðîäíîñòü äåôîðìèðîâàííîãî
ñîñòîÿíèÿ, îñîáåííî â îêðåñòíîñòè ñæàòîãî óçëà ïëåòåíèÿ. Ñðàâíåíèå ðåçóëüòàòîâ
ìîäåëèðîâàíèÿ ñ ó÷åòîì è áåç ó÷åòà òðåíèÿ íà êîíòàêòíûõ ïîâåðõíîñòÿõ ïîêàçàëî
íåçíà÷èòåëüíîå âëèÿíèå ñèë òðåíèÿ.
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Ðèñ. 4. Ðàñïðåäåëåíèå ýêâèâàëåíòíûõ ïëàñòè÷åñêèõ äåôîðìàöèé
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Íà ðèñ. 5 ïðèâåäåíî ðàñïðåäåëåíèå ýêâèâàëåíòíûõ íàïðÿæåíèé ïî Ìèçåñó â
êîíöå îáæàòèÿ, êîãäà ñìåùåíèå íàãðóæàþùèõ ïëàñòèí ìàêñèìàëüíî. Ýêâèâàëåíò-
íûå íàïðÿæåíèÿ âî âñåõ ïðîâîëîêàõ, çà èñêëþ÷åíèåì íåáîëüøèõ ëîêàëèçîâàííûõ
çîí, ïðåâûøàþò 450 ÌÏà, ÷òî ñâèäåòåëüñòâóåò î âûñîêîì óðîâíå âíóòðåííèõ íà-
ïðÿæåíèé è îá èõ íåîäíîðîäíîì ðàñïðåäåëåíèè.

×èñëåííàÿ äèàãðàììà äåôîðìèðîâàíèÿ ïîðèñòîãî ôðàãìåíòà ïàêåòà ïëåòåíûõ
ñåòîê âäîëü îñè Z â êâàçèñòàòè÷åñêîì ðåæèìå íàãðóæåíèÿ ïîêàçàíà íà ðèñ. 6 (êðàñ-
íàÿ ëèíèÿ ñ öèôðîé 1). Äèàãðàììà ñâÿçûâàåò ñðåäíåå âåðòèêàëüíîå íàïðÿæåíèå ñ
äåôîðìàöèåé ôðàãìåíòà. Âû÷èñëåíèå ñðåäíèõ íàïðÿæåíèé ïðîâîäèëîñü ïî ôîð-
ìóëå:

∑σ=σ
e

e
c

e
ijij V

V
,1

c.cell

ãäå óãëîâûå ñêîáêè îáîçíà÷àþò ñðåäíåå çíà÷åíèå; Vc.cell − òåêóùèé îáúåì äåôîðìè-
ðóåìîé îáëàñòè âìåñòå ñ ïóñòîòàìè, ðàâíûé (2d − Uz)l2; Uz − ñìåùåíèå âåðòèêàëü-
íîé ïëîñêîñòè; 

e
ijσ  − íàïðÿæåíèÿ â êîíå÷íîì ýëåìåíòå; e

cV  − òåêóùèé îáúåì êîíå÷-
íîãî ýëåìåíòà, l = 2,5 ìì − øàã ïëåòåíèÿ, d = 0,5 ìì − äèàìåòð ïðîâîëîêè. Ðåçêèé
èçëîì äèàãðàììû ñâÿçàí ñ âîçðàñòàþùèì ñîïðîòèâëåíèåì ñæèìàþùèõñÿ ïðîâî-
ëîê ïðè ñìåùåíèÿõ, ñðàâíèìûõ ñ èõ äèàìåòðîì.
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×èñëåííîå ìîäåëèðîâàíèå äèíàìè÷åñêîãî äåôîðìèðîâàíèÿ ôðàãìåíòà ïëåòå-
íîé ñåòêè âûïîëíåíî â ïðîãðàììíîì îáåñïå÷åíèè ANSYS LS-DYNA (ÿâíàÿ ñõåìà
èíòåãðèðîâàíèÿ ïî âðåìåíè, ëèöåíçèÿ Customer #244793). Íàãðóæåíèå àíàëîãè÷íî-
ãî ôðàãìåíòà ïàêåòà ñåòêè (ñì. ðèñ. 2) ïðîâîäèëîñü ñ ïîñòîÿííîé ñêîðîñòüþ 1,25 ì/ñ
â òå÷åíèå âðåìåíè 0,4 ìñ. Õàðàêòåðèñòèêè èìïóëüñà è ñêîðîñòè íàãðóæåíèÿ ñîîò-
âåòñòâóþò ýêñïåðèìåíòàëüíî íàáëþäàåìûì è èçìåðÿåìûì âîçäåéñòâèÿì â èññëå-
äîâàíèÿõ [15, 20]. Ïðè ÷èñëåííîì ìîäåëèðîâàíèè íå âîñïðîèçâîäèëèñü öèêëû ðàç-
ãðóæåíèÿ â äèíàìè÷åñêîì ýêñïåðèìåíòå, ñâÿçàííûå ñ ïðîáåãîì è îòðàæåíèåì âîëí
â ìåðíûõ ñòåðæíÿõ, íàãðóæåíèå áûëî íåïðåðûâíûì. Ìîäåëü äåôîðìèðîâàíèÿ ìà-
òåðèàëà òà æå, ÷òî è ïðè ìîäåëèðîâàíèè â ñòàòè÷åñêîì ðåæèìå. Çàäà÷à ðåøàëàñü íà
ïåðñîíàëüíîì êîìïüþòåðå Intel(R) Xeon(R) CPU E5 2643, ñ ÷àñòîòîé ïðîöåññîðà
3,3 ÃÃö, îáúåìîì îïåðàòèâíîé ïàìÿòè 8 Ãá è 8 ÿäðàìè. Âðåìÿ, çàòðà÷åííîå íà ðå-
øåíèå òðåõìåðíîé çàäà÷è, ñîñòàâèëî 20 ìèíóò.

Íà ðèñ. 6 ïîêàçàíû çàâèñèìîñòè ñðåäíåãî ïî ðàñ÷åòíîé îáëàñòè âåðòèêàëüíîãî
(ïî îñè ñæàòèÿ Z) íàïðÿæåíèÿ îò ñðåäíåé âåðòèêàëüíîé äåôîðìàöèè, ñòàòè÷åñêàÿ
êðèâàÿ îòìå÷åíà öèôðîé 1, äèíàìè÷åñêàÿ − öèôðîé 2. Ýòè êðèâûå ïðàêòè÷åñêè
ñîâïàäàþò. Òàêèì îáðàçîì, äëÿ îäíîé è òîé æå ñòàòè÷åñêîé äèàãðàììû ñæàòèÿ ñòà-
ëè Ñò 3 âëèÿíèå ðåæèìà íàãðóæåíèÿ îêàçûâàåòñÿ íåçíà÷èòåëüíûì. Ìàòåðèàë óñïå-
âàåò íåîáðàòèìî äåôîðìèðîâàòüñÿ â òå÷åíèå äåéñòâèÿ íàãðóæàþùåãî èìïóëüñà.

Äðóãèì ôàêòîðîì, êîòîðûé ìîæåò ïîâëèÿòü íà èçìåíåíèå õàðàêòåðà äåôîðìè-
ðîâàíèÿ ôðàãìåíòà, ÿâëÿåòñÿ îòëè÷èå äèíàìè÷åñêîé äèàãðàììû ìàòåðèàëà (ñòàëü
Ñò 3) îò ñòàòè÷åñêîé. Â ñòàòüå [21] ïðè îáîáùåíèè èçâåñòíûõ ýêñïåðèìåíòàëüíûõ
äàííûõ ïî çàâèñèìîñòÿì õàðàêòåðèñòèê äåôîðìèðîâàíèÿ îò ñêîðîñòè íàãðóæåíèÿ
ïîêàçàíî, ÷òî äëÿ ìíîãèõ ìåòàëëîâ è èõ ñïëàâîâ íàèáîëüøóþ çàâèñèìîñòü îò èçìå-
íåíèÿ ñêîðîñòè äåôîðìèðîâàíèÿ îò 10−2 äî 104 ñ−1 ïðîÿâëÿåò ïðåäåë òåêó÷åñòè, êî-
òîðûé ìîæåò èçìåíèòüñÿ â íåñêîëüêî ðàç. Äðóãèå õàðàêòåðèñòèêè âåäóò ñåáÿ îòíî-
ñèòåëüíî ñòàáèëüíî. Ñ öåëüþ ó÷åòà ýòîãî ôàêòîðà ïðîâåäåíû ÷èñëåííûå èññëåäî-
âàíèÿ ñæàòèÿ ôðàãìåíòà ñòàëüíûõ ïëåòåíûõ ñåòîê ñ ïîâûøåííûì ïðåäåëîì òåêó-
÷åñòè ñòàëè: 300 ÌÏà è 500 ÌÏà. Íà êðèâîé äåôîðìèðîâàíèÿ ñòàëè (ñì. ðèñ. 3)
èçìåíÿåòñÿ òîëüêî çíà÷åíèå ïðåäåëà òåêó÷åñòè, óãîë íàêëîíà óïðóãîãî ó÷àñòêà è
ïîâåäåíèå ó÷àñòêîâ êðèâîé äåôîðìèðîâàíèÿ âûøå ïðåäåëà òåêó÷åñòè íå èçìåíÿ-
þòñÿ. Íà ðèñ. 6 öèôðàìè 3 è 4 ïîêàçàíû ïîëó÷åííûå â ðåçóëüòàòå ÷èñëåííûõ ðàñ÷å-
òîâ äèíàìè÷åñêèå äèàãðàììû äåôîðìèðîâàíèÿ ôðàãìåíòà ïàêåòà ñåòîê, êàê ïîðèñ-
òîé ñðåäû. Íàáëþäàåòñÿ ñèëüíàÿ çàâèñèìîñòü êðèâûõ äåôîðìèðîâàíèÿ îò çíà÷å-
íèé ïðåäåëà òåêó÷åñòè è, ñëåäîâàòåëüíî, îò ñêîðîñòè äåôîðìèðîâàíèÿ. Ñ ðîñòîì
äèíàìè÷åñêîãî ïðåäåëà òåêó÷åñòè ìàòåðèàëà êðèâûå äåôîðìèðîâàíèÿ ôðàãìåíòà
êà÷åñòâåííî èçìåíÿþòñÿ â ñîîòâåòñòâèè ñ ïîâåäåíèåì, íàáëþäàåìûì â ñòàòè÷åñ-
êèõ è äèíàìè÷åñêèõ ýêñïåðèìåíòàõ. Òàêèì îáðàçîì, îñíîâíûì ôàêòîðîì, êîòîðûé
îáóñëîâëèâàåò îòëè÷èå äèíàìè÷åñêèõ äèàãðàìì äåôîðìèðîâàíèÿ îò ñòàòè÷åñêèõ
äëÿ ïîðèñòûõ ïàêåòîâ ïëåòåíûõ ñåòîê, ÿâëÿåòñÿ îòëè÷èå äèíàìè÷åñêîé è ñòàòè÷åñ-
êîé äèàãðàìì ìàòåðèàëà, èç êîòîðîãî èçãîòîâëåíà ñåòêà.

Íà ðèñ. 7 è 8 ïðèâåäåíû ðàñïðåäåëåíèÿ ýêâèâàëåíòíûõ íàïðÿæåíèé ïî Ìèçåñó
è ýêâèâàëåíòíûõ ïëàñòè÷åñêèõ äåôîðìàöèé â ìîìåíò âðåìåíè 0,4 ìñ (îêîí÷àíèå
äåéñòâèÿ èìïóëüñà). Ðàñïðåäåëåíèå íàïðÿæåíèé è äåôîðìàöèé â öåëîì ñîîòâåò-
ñòâóåò ðàñïðåäåëåíèþ ïðè ñòàòè÷åñêîì íàãðóæåíèè çà íåáîëüøèì èñêëþ÷åíèåì
îáëàñòåé â îêðåñòíîñòè óçëîâ ïëåòåíèÿ.
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Çàêëþ÷åíèå

Â õîäå ÷èñëåííûõ èññëåäîâàíèé äåôîðìèðîâàíèÿ ôðàãìåíòà ïëåòåíîé ñåòêè
êàê ïîðèñòîé ñðåäû áûëè ïîëó÷åíû êðèâûå óïðóãîïëàñòè÷åñêîãî ñæàòèÿ ôðàãìåí-
òà ñåòêè è ñîïîñòàâëåíû ñ ðåçóëüòàòàìè ðàíåå ïðîâåäåííûõ ýêñïåðèìåíòîâ, â êîòî-
ðûõ íàáëþäàëîñü ñèëüíîå îòëè÷èå äèíàìè÷åñêèõ äèàãðàìì îò ñòàòè÷åñêèõ. Èññëå-
äîâàëèñü äâà ôàêòîðà, êîòîðûå ìîãëè áû âûçâàòü îòëè÷èÿ â ïîâåäåíèè êðèâûõ, −
êîíå÷íàÿ äëèíà âîçäåéñòâóþùåãî èìïóëüñà è îòëè÷èÿ äèíàìè÷åñêîé è ñòàòè÷åñêîé
äèàãðàììû ñæàòèÿ èñõîäíîãî ìàòåðèàëà ñåòêè. Ïîêàçàíî, ÷òî ãëàâíîå âëèÿíèå íà
äèíàìè÷åñêîå ïîâåäåíèå ôðàãìåíòà ïîðèñòîãî ïàêåòà ñòàëüíîé ñåòêè îêàçûâàåò
äèíàìè÷åñêàÿ äèàãðàììà äåôîðìèðîâàíèÿ ìàòåðèàëà ïðîâîëîê. Êîíå÷íàÿ äëèòåëü-
íîñòü íàãðóæàþùåãî èìïóëüñà äëÿ äàííîãî âèäà ñåòîê ñóùåñòâåííîãî âëèÿíèÿ íå
îêàçûâàåò. Òðåíèå ïðè ìîäåëèðîâàíèè êîíòàêòíîãî âçàèìîäåéñòâèÿ ïðîâîëîê ñåò-
êè ïðè ñæàòèè ñèììåòðè÷íîãî ôðàãìåíòà ñóùåñòâåííîãî âëèÿíèÿ íà ðåçóëüòàòû
òàêæå íå îêàçûâàåò.
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NUMERICALLY MODELING ELASTOPLASTIC DYNAMIC AND STATIC
COMPRESSION OF PACKAGES OF METALLIC WOVEN GRIDS

Êîchetkov À.V.1, Leontyev N.V.2, Ìîdin I.À.1, Poverennov Å.Yu.3

1Research Institute for Mechanics, National Research Lobachevsky State University
of Nizhny Novgorod, Nizhny Novgorod, Russian Federation

2National Research Lobachevsky State University of Nizhny Novgorod,
Nizhny Novgorod, Russian Federation
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Multilayered packages of metallic woven grids are used for protecting the vessels of explosion
chambers and other structures from fragmentation damage and pulsed effects. A grid package is
basically formed by stacking up several layers, observing the direction of the wires; that is why
such a package can be considered to be a highly-porous deformable structural element with
orthotropic properties. Earlier experimental studies made it possible to construct deformation curves
for porous packages of woven grids under dynamic and static compression normal to the layer. To
find out factors causing differences in dynamic and static deformation curves, normal compression
of a symmetric fragment of woven grids under dynamic and static loading modes observed in the
experimental studies was numerically modeled. The 3D processes of elastoplastic deformation of
a fragment of a woven metallic grid, accounting for contact interaction between the wires, were
numerically modeled with the help of computational systems ANSYS and ANSYS LS-DYNA
using FEM. The analyzed area consisted of four 3D cylindrical bodies. Compression was applied
with a pair of ideally rigid plates, symmetrically approaching each other. The deformational behavior
of the wires was described using the model of plasticity with isotropic hardening. To obtain reliable
computational results, a static deformation diagram was constructed for the steel the grid was
made of. The effect of time limitation of the loading pulse was studied, as well as the effect of the
difference in the static and dynamic deformation diagrams of the material of the grid. It is shown
that the main effect on the dynamic behavior of the fragment of a porous package of steel grids is
caused by the dynamic properties of the wire material, i.e., by the difference between the dynamic
and static deformation diagrams. The final duration of the loading pulse and friction between the
wires do not have any significant influence for that type of grids.
Keywords: woven grids, elastoplastic compression, experiment, numerical modeling, statics,
dynamics, 3D problem.


