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Íàñûïíûå ñëîè èç ìåòàëëè÷åñêèõ øàðèêîâ èñïîëüçóþòñÿ â êà÷åñòâå äåìï-
ôèðóþùèõ ýëåìåíòîâ, çàùèùàþùèõ êîíñòðóêöèè îò èìïóëüñíûõ âîçäåéñòâèé.
Ïðè âûñîêèõ ïàðàìåòðàõ âîçäåéñòâèÿ ãðàíóëèðîâàííûå ñëîè äåôîðìèðóþòñÿ
êàê âûñîêîïîðèñòûå ñðåäû, è äåôîðìàöèÿ ìîæåò áûòü íåîáðàòèìîé. Äëÿ ìî-
äåëèðîâàíèÿ ïðîöåññîâ ñæàòèÿ ñëîåâ íåîáõîäèìû çíàíèÿ èõ äåôîðìàöèîí-
íûõ è ïðî÷íîñòíûõ õàðàêòåðèñòèê. Ïðîâåäåíî ÷èñëåííîå ìîäåëèðîâàíèå êâàçè-
ñòàòè÷åñêîãî è äèíàìè÷åñêîãî íàãðóæåíèÿ ñèììåòðè÷íîãî ôðàãìåíòà  ãðàíó-
ëèðîâàííîãî ñëîÿ äëÿ îäíîãî èç âàðèàíòîâ ðåãóëÿðíîé óïàêîâêè øàðèêîâ −
êóáè÷åñêîé. ×èñëåííîå ìîäåëèðîâàíèå äèíàìè÷åñêîãî äåôîðìèðîâàíèÿ ôðàã-
ìåíòà ïîðèñòîãî ñëîÿ èç ñâèíöîâûõ øàðèêîâ ïðîâîäèëîñü â âû÷èñëèòåëüíîé
ñèñòåìå ANSYS ïî íåÿâíîé ñõåìå Íüþìàðêà ñ àâòîìàòè÷åñêèì âûáîðîì øàãà.
Êîíòàêòíàÿ çàäà÷à ðåøàëàñü ìåòîäîì êîíå÷íûõ ýëåìåíòîâ ñ èñïîëüçîâàíèåì
ìóëüòèëèíåéíîé ìîäåëè ïëàñòè÷íîñòè ñ êèíåìàòè÷åñêèì óïðî÷íåíèåì. Äëÿ
ìîäåëèðîâàíèÿ äåôîðìèðîâàíèÿ êóáè÷åñêîé óïàêîâêè ââèäó ñèììåòðèè äî-
ñòàòî÷íî îäíîé âîñüìîé ÷àñòè øàðèêà. Ñæàòèå ïðîâîäèëîñü àáñîëþòíî æåñò-
êîé ïëîñêîñòüþ, äâèæóùåéñÿ ñ ïîñòîÿííîé ñêîðîñòüþ â òå÷åíèå çàäàííîãî
èíòåðâàëà âðåìåíè. Ïîâåäåíèå ïîëó÷åííûõ ÷èñëåííûõ äèàãðàìì ñæàòèÿ êà-
÷åñòâåííî ñîîòâåòñòâóåò ïîâåäåíèþ ýêñïåðèìåíòàëüíûõ äèàãðàìì äåôîðìè-
ðîâàíèÿ îäíîîñíîãî ñæàòèÿ ãðàíóëèðîâàííîãî ñëîÿ èç ñâèíöîâûõ øàðèêîâ ïðè
êâàçèñòàòè÷åñêîì è äèíàìè÷åñêîì íàãðóæåíèè â øèðîêîì äèàïàçîíå íàãðóç-
êè. Äèàãðàììû íîñÿò íåëèíåéíûé è íåîáðàòèìûé õàðàêòåð. Ïîêàçàíî, ÷òî
ñóùåñòâåííîå âëèÿíèå íà îòëè÷èå ïîâåäåíèÿ êâàçèñòàòè÷åñêèõ è äèíàìè÷åñ-
êèõ äèàãðàìì äåôîðìèðîâàíèÿ ïîðèñòîãî ñëîÿ îêàçûâàþò äâà îñíîâíûõ ôàê-
òîðà: îãðàíè÷åííîå âðåìÿ äåéñòâèÿ íàãðóæàþùåãî èìïóëüñà â äèíàìè÷åñêîì
ðåæèìå è îòëè÷èå äèíàìè÷åñêîé äèàãðàììû äåôîðìèðîâàíèÿ áàçîâîãî ìàòå-
ðèàëà (ñâèíöà ïðè âûñîêîé ñêîðîñòè äåôîðìàöèè) îò êâàçèñòàòè÷åñêîé äèà-
ãðàììû.
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Ââåäåíèå

Îäíèì èç ýëåìåíòîâ, çàùèùàþùèõ êîíñòðóêöèè îò èìïóëüñíûõ âîçäåéñòâèé,
ÿâëÿþòñÿ íàñûïíûå ñëîè [1−3]. Â íàó÷íîé ëèòåðàòóðå ñóùåñòâóåò ðÿä ðàáîò, ïîñâÿ-
ùåííûõ èññëåäîâàíèþ äåôîðìèðóåìûõ ïîðèñòûõ íàñûïíûõ ñëîåâ â âèäå øàðèêîâ
èëè ãðàíóë [4−14], ãäå ïîêàçàíî, ÷òî ðàçìåùåíèå ñëîÿ ïîðèñòûõ íàñûïíûõ ñëîåâ
ïåðåä ñòåíêîé ìèøåíè óìåíüøàåò âåëè÷èíû îñòàòî÷íîãî íàïðÿæåíèÿ è ýíåðãèè
ìèøåíè è ñóùåñòâåííî óìåíüøàåò ñêîðîñòü ïðèëîæåííîé íàãðóçêè. Ïîëó÷åííûå
ðåçóëüòàòû îãðàíè÷èâàþòñÿ ìàëûìè íàãðóçêàìè, êîòîðûå íå âûçûâàþò ðàçâèòîå
ïëàñòè÷åñêîå òå÷åíèå èëè ðàçðóøåíèå ìàòåðèàëà øàðèêîâ [15, 16]. Â ïðîâåäåííûõ
â ïîñëåäíåå âðåìÿ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèÿõ ñæàòèÿ ãðàíóëèðîâàííûõ
ñëîåâ èç ñâèíöîâûõ øàðèêîâ áûëè ïîëó÷åíû âûñîêèå ñòåïåíè ñæàòèÿ, âûçûâàþ-
ùèå ðàçâèòîå óïðóãîïëàñòè÷åñêîå òå÷åíèå ìàòåðèàëà êàê â êâàçèñòàòè÷åñêîì, òàê è â
äèíàìè÷åñêîì ðåæèìàõ íàãðóæåíèÿ [17, 18]. Ïî ðåçóëüòàòàì ýêñïåðèìåíòîâ áûëè ïî-
ñòðîåíû êðèâûå «íàïðÿæåíèå−äåôîðìàöèÿ» äëÿ ñëîÿ èç ñâèíöîâûõ øàðèêîâ (ðèñ. 1:
äëÿ äèíàìè÷åñêîãî íàãðóæåíèÿ − êðèâàÿ 1, äëÿ êâàçèñòàòè÷åñêîãî íàãðóæåíèÿ −
êðèâàÿ 2). Ïîãðåøíîñòü â ïðîâåäåííûõ ýêñïåðèìåíòàõ íà äèíàìè÷åñêîå ñæàòèå íå
ïðåâûøàëà 5−7%, à äëÿ êâàçèñòàòè÷åñêîãî ñæàòèÿ − 2−5% [19]. Ñ óâåëè÷åíèåì
äåôîðìàöèè âîçðàñòàåò îòëè÷èå äèíàìè÷åñêîé äèàãðàììû äåôîðìèðîâàíèÿ îò êâà-
çèñòàòè÷åñêîé. Íà äèíàìè÷åñêîé äèàãðàììå ïîìèìî ó÷àñòêîâ íàãðóæåíèÿ, ïîëó-
÷åííûõ â ðåçóëüòàòå ñæàòèÿ îáðàçöà ïðÿìûìè âîëíàìè îò óäàðÿåìîãî ñòåðæíÿ, âèä-
íû ó÷àñòêè ðàçãðóçêè â ðåçóëüòàòå äåéñòâèÿ îòðàæåííûõ âîëí íàïðÿæåíèÿ îò òîðöà
íàãðóæàþùåãî ñòåðæíÿ ïðè îòñêîêå óäàðíèêà (ìåòîäèêà Êîëüñêîãî ñ ðàçðåçíûì ñòåð-
æíåì Ãîïêèíñîíà [19, 20]). Òàêèì îáðàçîì, ïðîèñõîäèò ïðîöåññ äèíàìè÷åñêîãî íà-
ãðóæåíèÿ îáðàçöà â íåñêîëüêî öèêëîâ ñ ðàçãðóçêàìè â òå÷åíèå îäíîãî ýêñïåðèìåí-
òà. Ðàçãðóçî÷íûå êðèâûå, êàê è â êâàçèñòàòè÷åñêîì ñëó÷àå (ñì. ðèñ. 1), áëèçêè ê
ïðÿìûì ëèíèÿì. Çíà÷åíèÿ ìîäóëÿ ðàçãðóçêè è â êâàçèñòàòè÷åñêîì, è â äèíàìè÷åñ-
êîì ðåæèìàõ íàãðóæåíèÿ íàõîäÿòñÿ â èíòåðâàëå îò 1 äî 6 ÃÏà.

Êðèâûå ïðè âñåõ ðåæèìàõ íàãðóæåíèÿ èìåþò íåëèíåéíûé è íåîáðàòèìûé õà-
ðàêòåð, ïðè âûñîêèõ íàãðóçêàõ ïðîèñõîäèò ñèëüíîå ïëàñòè÷åñêîå òå÷åíèå ìàòåðèà-
ëà. Íàáëþäàåòñÿ ñóùåñòâåííîå îòëè÷èå äèíàìè÷åñêèõ äèàãðàìì äåôîðìèðîâàíèÿ
îò ñòàòè÷åñêèõ.
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×èñëåííûìè ìåòîäàìè èññëåäîâàíû ôàêòîðû, êîòîðûå ìîãóò îêàçàòü âëèÿíèå
íà îòëè÷èå äèíàìè÷åñêèõ äèàãðàìì äåôîðìèðîâàíèÿ ãðàíóëèðîâàííîãî ñëîÿ îò
ñòàòè÷åñêèõ:

− îãðàíè÷åííîå âðåìÿ äåéñòâèÿ íàãðóæàþùåãî èìïóëüñà â äèíàìè÷åñêîì ðå-
æèìå;

− îòëè÷èå ñòàòè÷åñêîé äèàãðàììû äåôîðìèðîâàíèÿ áàçîâîãî ìàòåðèàëà (ñâèí-
öà) îò äèíàìè÷åñêîé äèàãðàììû.

Ðåçóëüòàòû ÷èñëåííîãî ìîäåëèðîâàíèÿ

Â öåëÿõ îïðåäåëåíèÿ îñîáåííîñòåé äåôîðìèðîâàíèÿ ñëîÿ ïðè ðàçâèòîì ïëàñ-
òè÷åñêîì òå÷åíèè ïðîâîäèòñÿ ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ñæàòèÿ îòäåëüíîãî
ñèììåòðè÷íîãî ôðàãìåíòà ñëîÿ. Ïðåäïîëàãàåòñÿ, ÷òî âñå øàðèêè îäèíàêîâîãî ðàç-
ìåðà è èäåàëüíîé ôîðìû. Íåêîòîðûå ðåçóëüòàòû ìîäåëèðîâàíèÿ êâàçèñòàòè÷åñêîãî
ñæàòèÿ ôðàãìåíòîâ ãðàíóëèðîâàííûõ ñëîåâ ïðèâåäåíû â [17]. Äëÿ ñðàâíèòåëüíîãî
÷èñëåííîãî ìîäåëèðîâàíèÿ äèíàìè÷åñêîãî è êâàçèñòàòè÷åñêîãî äåôîðìèðîâàíèÿ
ñëîÿ áûëà âûáðàíà ÿ÷åéêà ñèììåòðèè, â êîòîðîé öåíòðû øàðèêîâ îáðàçóþò êóá
(ðèñ. 2), â ýòîì ñëó÷àå îáúåìíîå ñîäåðæàíèå ïîð α1 = Vïîð/Vïîëí  = 0,48, ãäå Vïîð  −
îáúåì ïîð, Vïîëí  − îáúåì âñåé ÿ÷åéêè ñèììåòðèè.

Ðåàëüíûå ãðàíóëèðîâàííûå ñëîè ââèäó íàëè÷èÿ íåèäåàëüíîé ôîðìû, íåêîòî-
ðîãî ðàçáðîñà ðàçìåðîâ øàðèêîâ, ñïîñîáà óêëàäêè è ò.ä. èìåþò, êàê ïðàâèëî, äðó-
ãèå çíà÷åíèÿ îáúåìíîãî ñîäåðæàíèÿ ïîð, íàïðèìåð â ýêñïåðèìåíòàõ [6] îáúåìíîå
ñîäåðæàíèå ïîð ñîñòàâëÿëî α1 = 0,39. Ñ òî÷êè çðåíèÿ ïðîòåêàþùèõ ïðîöåññîâ åñòü
îñíîâàíèÿ ïîëàãàòü, ÷òî è äëÿ êóáè÷åñêîé ÿ÷åéêè ñèììåòðèè ìîæíî ïîëó÷èòü ðåà-
ëèñòè÷åñêóþ îöåíêó âêëàäà ðàçëè÷íûõ ôàêòîðîâ, îòëè÷àþùèõ äèíàìè÷åñêèå ðå-
æèìû íàãðóæåíèÿ ñëîÿ îò êâàçèñòàòè÷åñêèõ ðåæèìîâ.

×èñëåííîå ìîäåëèðîâàíèå êâàçèñòàòè÷åñêèõ ïðîöåññîâ äåôîðìèðîâàíèÿ ïî-
ðèñòîãî ñëîÿ èç ñâèíöîâûõ øàðèêîâ ïðîâîäèëîñü ìåòîäîì êîíå÷íûõ ýëåìåíòîâ (ÊÝ)
â âû÷èñëèòåëüíîé ñèñòåìå ANSYS v.17.2 (Ëèöåíçèÿ ANSYS Academic Research,
Customer #623640). Äëÿ ìîäåëèðîâàíèÿ äåôîðìèðîâàíèÿ êóáè÷åñêîé óïàêîâêè ââè-
äó ñèììåòðèè äîñòàòî÷íî ðàññìàòðèâàòü äåôîðìèðîâàíèå êóáè÷åñêîãî îáúåìà ñî
ñòîðîíîé, ðàâíîé ðàäèóñó øàðà, êîòîðûé ñîäåðæèò 1/8 øàðà è ñâîáîäíîå ïðîñòðàí-
ñòâî. ×èñëåííàÿ êîíå÷íî-ýëåìåíòíàÿ ìîäåëü ïîêàçàíà íà ðèñ. 3, ñæàòèå ïðîâîäè-
ëîñü àáñîëþòíî æåñòêîé ïëîñêîñòüþ ïðîòèâ íàïðàâëåíèÿ âåðòèêàëüíîé îñè Z äî
ïåðåìåùåíèÿ, ðàâíîãî 0,5 ìì (ïîëîâèíà ðàäèóñà øàðèêà R). Äëÿ ïîñòðîåíèÿ êî-
íå÷íî-ýëåìåíòíîé ìîäåëè èñïîëüçîâàëñÿ 20-óçëîâîé ÊÝ âòîðîãî ïîðÿäêà SOLID185

Ðèñ. 2. Êóáè÷åñêàÿ óêëàäêà øàðèêîâ â ñëîå
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ñ ñîêðàùåííûì (2×2×2) èíòåãðèðîâàíèåì. Îáúåìíàÿ ìîäåëü øàðèêà ñîñòîÿëà èç
2000 ÊÝ.

Äëÿ îïèñàíèÿ ïîâåäåíèÿ ìàòåðèàëà èñïîëüçîâàëàñü ìóëüòèëèíåéíàÿ ìîäåëü
ïëàñòè÷íîñòè ñ êèíåìàòè÷åñêèì óïðî÷íåíèåì. Íåëèíåéíàÿ äèàãðàììà äåôîðìèðî-
âàíèÿ ñâèíöà ñ ïðåäåëîì òåêó÷åñòè σò = 5 ÌÏà, ïðèâåäåííàÿ íà ðèñ. 4, âçÿòà èç [21].

×èñëåííûå äèàãðàììû äåôîðìèðîâàíèÿ ôðàãìåíòà ãðàíóëèðîâàííîãî ñëîÿ âäîëü
îñè Z ïîêàçàíû íà ðèñ. 5.

Äèàãðàììà ñâÿçûâàåò ñðåäíèå íàïðÿæåíèÿ ñ äåôîðìàöèåé ôðàãìåíòà. Âû÷èñ-
ëåíèå ñðåäíèõ íàïðÿæåíèé ïðîâîäèëîñü ïî ôîðìóëå:
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Ðèñ. 3. Ðàñ÷åòíàÿ îáëàñòü
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ãäå ñêîáêè îáîçíà÷àþò ñðåäíåå çíà÷åíèå; Vc.cell − òåêóùèé îáúåì äåôîðìèðóåìîé
îáëàñòè, ðàâíûé R2(R − Uz); Uz − ñìåùåíèå âåðòèêàëüíîé ïëîñêîñòè; σe

ij − íàïðÿæå-
íèÿ â êîíå÷íîì ýëåìåíòå; V e

c − òåêóùèé îáúåì êîíå÷íîãî ýëåìåíòà.
Íà ðèñ. 5 êðèâàÿ 1 ïîëó÷åíà ïðè äèíàìè÷åñêîì ìîäåëèðîâàíèè ñ èñïîëüçîâà-

íèåì äèíàìè÷åñêîé äèàãðàììû ñâèíöà, êðèâàÿ 2 − ïðè äèíàìè÷åñêîì ìîäåëèðîâà-
íèè ñ èñïîëüçîâàíèåì êâàçèñòàòè÷åñêîé äèàãðàììû ìàòåðèàëà, êðèâàÿ 3 − ïðè êâà-
çèñòàòè÷åñêîì ðåæèìå íàãðóæåíèÿ. Âèäíî, ÷òî äèíàìè÷åñêèå êðèâûå ðàñïîëàãà-
þòñÿ çíà÷èòåëüíî âûøå, ÷åì êâàçèñòàòè÷åñêàÿ, ÷òî èëëþñòðèðóåò âëèÿíèå ñêîðîñ-
òè íàãðóæåíèÿ â äèíàìè÷åñêîì ðåæèìå. Êà÷åñòâåííî ïîõîæåå ðàñïîëîæåíèå êðè-
âûõ ïîëó÷àåòñÿ è ïðè ýêñïåðèìåíòàëüíûõ èñïûòàíèÿõ (ñì. ðèñ. 1). Èñïîëüçîâàíèå
äèíàìè÷åñêîé äèàãðàììû äåôîðìèðîâàíèÿ ñâèíöà â äèíàìè÷åñêîì ðåæèìå íàãðó-
æåíèÿ (êðèâàÿ 1) òàêæå äàåò çàìåòíîå îòëè÷èå â äèíàìè÷åñêîì ïîâåäåíèè ïîðèñ-
òîé ñðåäû ïðè èñïîëüçîâàíèè êâàçèñòàòè÷åñêîé äèàãðàììû ñâèíöà (êðèâàÿ 2).

Çàäà÷à äèíàìèêè ðåøàëàñü â ANSYS v. 17.2 ïî íåÿâíîé ñõåìå Íüþìàðêà ñ àâòî-
ìàòè÷åñêèì âûáîðîì øàãà. Íà÷àëüíàÿ âåëè÷èíà øàãà ïî âðåìåíè 0,1 ìêñ, ìàêñè-
ìàëüíî äîïóñòèìàÿ − 20 ìêñ. Äåìïôèðîâàíèå ïî Ðýëåþ α = β = 0,01. Íàãðóæåíèå â
äèíàìè÷åñêîì ðåæèìå ïðîèçâîäèëîñü ïëîñêîñòüþ, ðàâíîìåðíî äâèãàþùåéñÿ ñî
ñêîðîñòüþ 1,1 ì/ñ â òå÷åíèå èíòåðâàëà âðåìåíè Ò = 0,4 ìñ. Äëèòåëüíîñòü èìïóëüñà
ñîîòâåòñòâîâàëà âðåìåíè íàãðóæåíèÿ îáðàçöà ãðàíóëèðîâàííîãî ñëîÿ â ýêñïåðè-
ìåíòàëüíûõ èññëåäîâàíèÿõ [18]. Àìïëèòóäà ñêîðîñòè âûáèðàëàñü ñ öåëüþ ïîëó-
÷èòü âåëè÷èíû äåôîðìàöèè ôðàãìåíòà ñëîÿ äî 0,43. Ìîäåëèðîâàëèñü äâà âàðèàíòà
äèíàìè÷åñêîãî íàãðóæåíèÿ ñèììåòðè÷íîé ÿ÷åéêè ñëîÿ. Ïåðâûé âàðèàíò ðàññ÷èòû-
âàëñÿ ñ êâàçèñòàòè÷åñêîé äèàãðàììîé äåôîðìèðîâàíèÿ ñâèíöà (ñì. ðèñ. 4), òîé æå
ñàìîé, êàê è ïðè ñòàòè÷åñêîì ðåæèìå íàãðóæåíèÿ. Âòîðîé âàðèàíò − ñ äèíàìè÷åñ-
êîé äèàãðàììîé äåôîðìèðîâàíèÿ ñâèíöà, îíà áûëà ïîëó÷åíà óâåëè÷åíèåì ïðåäåëà
òåêó÷åñòè â 1,5 ðàçà ñ òåì æå ìîäóëåì óïðóãîñòè ïî ðåêîìåíäàöèÿì [22], ó÷èòûâàþ-
ùèì âëèÿíèå ñêîðîñòè äåôîðìàöèè. Â äèíàìè÷åñêèõ ýêñïåðèìåíòàõ [18] ñêîðîñòü
äåôîðìàöèè áûëà ïîðÿäêà 1000 ñ−1. Ðàñ÷åòíûå ðàñïðåäåëåíèÿ äèíàìè÷åñêèõ ïëàñòè-
÷åñêèõ äåôîðìàöèé è íàïðÿæåíèé â ñèììåòðè÷íîì ôðàãìåíòå ïîêàçàíû íà ðèñ. 6,
îíè ïîäîáíû ðàñïðåäåëåíèÿì äëÿ êâàçèñòàòè÷åñêîé çàäà÷è [17].

Ðèñ. 6. Ðàñïðåäåëåíèå ýêâèâàëåíòíîé ïëàñòè÷åñêîé äåôîðìàöèè (ñëåâà)
è íàïðÿæåíèÿ ïî îñè Z (ñïðàâà)

Z
X

Y

Z
X

Y
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Çàêëþ÷åíèå

Ïîëó÷åííûå ÷èñëåííî íåëèíåéíûå äèàãðàììû äåôîðìèðîâàíèÿ ïîðèñòîãî ãðà-
íóëèðîâàííîãî ñëîÿ ïðè êâàçèñòàòè÷åñêîì è äèíàìè÷åñêîì ðåæèìàõ íàãðóæåíèÿ
êà÷åñòâåííî ñîîòâåòñòâóþò ïîâåäåíèþ ýêñïåðèìåíòàëüíûõ äèàãðàìì. Ñ ïîìîùüþ
÷èñëåííîãî ìîäåëèðîâàíèÿ äèíàìè÷åñêîãî è êâàçèñòàòè÷åñêîãî ñæàòèÿ ñèììåòðè÷-
íîãî ôðàãìåíòà ïîðèñòîãî ãðàíóëèðîâàííîãî ñëîÿ èç ñâèíöîâûõ øàðèêîâ ïðè êóáè-
÷åñêîé óïàêîâêå ïîêàçàíî, ÷òî ñóùåñòâåííîå âëèÿíèå íà ïîâåäåíèå êâàçèñòàòè÷åñ-
êèõ è äèíàìè÷åñêèõ äèàãðàìì äåôîðìèðîâàíèÿ ïîðèñòîãî ñëîÿ îêàçûâàþò äâà îñ-
íîâíûõ ôàêòîðà: îãðàíè÷åííîå âðåìÿ äåéñòâèÿ íàãðóæàþùåãî èìïóëüñà â äèíàìè-
÷åñêîì ðåæèìå è îòëè÷èå äèíàìè÷åñêîé äèàãðàììû äåôîðìèðîâàíèÿ áàçîâîãî ìàòå-
ðèàëà (ñâèíöà ïðè âûñîêîé ñêîðîñòè äåôîðìàöèè) îò êâàçèñòàòè÷åñêîé äèàãðàììû.

Ñïèñîê ëèòåðàòóðû

1. Ãåëüôàíä Á.Å., Ñèëüíèêîâ Ì.Â. Ôóãàñíûå ýôôåêòû âçðûâîâ. ÑÏá.: Èçä-âî «Ïîëè-
ãîí», 2002. 272 ñ.

2. Ãåëüôàíä Á.Å., Ãóáàíîâ À.Â., Òèìîôååâ Å.È. Âçàèìîäåéñòâèå âîçäóøíûõ óäàðíûõ
âîëí ñ ïîðèñòûì ýêðàíîì. Èçâ. ÀÍ ÑÑÑÐ. Ìåõàíèêà æèäêîñòè è ãàçà. 1983. ¹4. Ñ. 79−84.

3. Ãåëüôàíä Á.Å., Ìåäâåäåâ Ñ.Ï., Ïîëåíîâ À.Í., Ôðîëîâ Ñ.Ì. Ïåðåäà÷à óäàðíî-âîëíî-
âîé íàãðóçêè íàñûïíûìè ñðåäàìè. Ïðèêëàäíàÿ ìåõàíèêà è òåõíè÷åñêàÿ ôèçèêà. 1988. ¹ 2.
Ñ. 115−121.

4. Glam B., Igra O., Britan A., Ben-Dor G. Dynamics of stress wave propagation in a chain of
photoelastic discs impacted by a planar shock wave. Part I. Experimental investigation. Shock
Waves. 2007. Vol. 17. Iss. 1. P. 1−14.

5. Ben-Dor G., Britan A., Elperin T., Igra O., Jiang J.P. Mechanism of compressive stress
formation during weak shock waves impact with granular materials. Experiments in Fluids. 1997.
Vol. 22. P. 507−518.

6. Britan A., Ben-Dor G., Igra O., Shapiro H. Shock waves attenuation by granular filters.
International Journal of Multiphase Flow. 2001. Vol. 27. Iss. 4. P. 617−634.

7. Ben-Dor G., Britan A., Elperin T., Igra O., Jiang J.P. Experimental investigation of the
interaction between weak shock waves and granular layers. Experiments in Fluids. 1997. Vol. 22.
Iss. 5. P. 432−443.

8. Britan À., Ben-Dor G., Elperin T., Igra O., Jiang J.P. Gas filtration during the impact of
weak shock waves on granular layers. International Journal of Multiphase Flow. 1997. Vol. 23.
Iss. 3. P. 473−491.

9. Britan À., Ben-Dor G. Shock tube study of the dynamical behavior of granular materials.
International Journal of Multiphase Flow. 2006. Vol. 32. Iss. 5. P. 623−642.

10. Britan À., Ben-Dor G., Igra O., Shapiro H. Development of a general approach for predicting
the pressure fields of unsteady gas flows through granular media. Journal of Applied Physics.
2006. Vol. 99. No 9. DOI: 10.1063/1.2197028.

11. Levy A., Ben-Dor G., Sorek S. Numerical investigation of the propagation of shock waves
in rigid porous materials: development of the computer code and comparison with experimental
result. Journal of Fluid Mechanics. 1996. Vol. 324. P. 163−179.

12. Britan À., Elperin T., Igra O., Jiang J.P. Head-on collision of a planar shock wave with a
granular layer. AIP Conference Proceedings. Vol. 370. Iss.1. P. 971−974.

13. Àëüòøóëåð Ë.Â., Êðóãëèêîâ Á.Ñ. Çàòóõàíèå ñèëüíûõ óäàðíûõ âîëí â äâóõôàçíûõ è
ãåòåðîãåííûõ ñðåäàõ. ÏÌÒÔ. 1984. ¹5. Ñ. 24−29.

14. Ìèëÿâñêèé Â.Â., Ôîðòîâ Â.Å., Ôðîëîâà À.À., Õèùåíêî Ê.Â., ×àðàõ÷üÿí À.À., Øóð-
øàëîâ Ë.Â. Î ìåõàíèçìå óñèëåíèÿ äàâëåíèÿ ïðè óâåëè÷åíèè ïîðèñòîñòè ñðåä, óäàðíî ñæè-
ìàåìûõ â êîíè÷åñêèõ è öèëèíäðè÷åñêèõ ìèøåíÿõ. Æóðíàë âû÷èñëèòåëüíîé ìàòåìàòèêè è
ìàòåìàòè÷åñêîé ôèçèêè. 2010. Ò. 50. ¹12. Ñ. 2195−2207.

15. Ãóáàéäóëëèí À.À., Äóäêî Ä.Í., Óðìàí÷ååâ Ñ.Ô. Ìîäåëèðîâàíèå âçàèìîäåéñòâèÿ



365

âîçäóøíîé óäàðíîé âîëíû ñ ïîðèñòûì ýêðàíîì. Ôèçèêà ãîðåíèÿ è âçðûâà. 2000. Ò. 36. ¹4.
C. 87−96.

16. Áîëäûðåâà Î.Þ., Ãóáàéäóëëèí À.À., Äóäêî Ä.Í., Êóòóøåâ À.Ã. ×èñëåííîå èññëåäî-
âàíèå ïåðåäà÷è óäàðíî-âîëíîâîé íàãðóçêè ýêðàíèðóåìîé ïëîñêîé ñòåíêå ÷åðåç ñëîé ïîðîø-
êîîáðàçíîé ñðåäû è ðàçäåëÿþùèé èõ âîçäóøíûé çàçîð. Ôèçèêà ãîðåíèÿ è âçðûâà. 2007.
Ò. 43. ¹1. Ñ. 132−142.

17. Êî÷åòêîâ À.Â., Ëåîíòüåâ Í.Â., Ìîäèí È.À. Äåôîðìàöèîííûå ñâîéñòâà íàñûï-
íîãî ñëîÿ èç ñâèíöîâûõ øàðèêîâ. Ïðîáëåìû ïðî÷íîñòè è ïëàñòè÷íîñòè. 2017. Ò. 79. ¹4.
Ñ. 413−424.

18. Bragov A.M., Konstantinov A.U., Kochetkov A.V., Modin I.A., Savikhin A.O. Experimental
study of deformation properties of a bulk layer from plumbum balls under dynamic and quasistatic
loading. PNRPU Mechanics Bulletin. 2017. No 4. P. 16−27. DOI: 10.15593/perm.mech/2017.4.02.

19. Bragov A.M., Zhegalov D.V., Konstantinov A.Yu., Kochetkov A.V., Modin I.A., Savi-
khin A.O. Experimental study of deformation properties of a package of woven metal mesh under
dynamic and quasistatic stressing. PNRPU Mechanics Bulletin. 2016. No 3. Ð. 252−262. DOI:
10.15593/perm.mech/2016.3.17.

20. Bragov A.M., Lomunov A.K. Methodological aspects of studying dynamic material proper-
ties using the Kolsky method. International Journal of Impact Engineering. 1995. Vol. 16. Iss. 2.
P. 321−330.

21. Òóìàíîâ À.Ò. Êîíñòðóêöèîííûå ìàòåðèàëû. Ì.: Ñîâåòñêàÿ ýíöèêëîïåäèÿ, 1965.
186 c.

22. Ìåðæèåâñêèé Ë.À., Ïàëåöêèé À.Â. Ðàñ÷åò äèàãðàìì äèíàìè÷åñêîãî äåôîðìèðîâà-
íèÿ ìàòåðèàëîâ è ñïëàâîâ. Ôèçè÷åñêàÿ ìåçîìåõàíèêà. 2001. Ò. 4. ¹3. C. 85−96.

References

1. Gel'fand B.E., Silnikov M.V. Fugasnye effekty vzryvov [Explosive High Explosive Effects].
SPb. Poligon Publ. 2002. 272 p. (In Russian).

2. Gel'fand B.E., Gubanov A.V., Timofeev E.I. Interaction of shock waves in air with a porous
screen. Fluid Dynamics. 1983. Vol. 18. Iss. 4. P. 561−566.

3. Gel'fand B.E., Medvedev S.P., Polenov A.N., Frolov S.M. Transmission of a shock load by
bulk media. Journal of Applied Mechanics and Technical Physics. 1988. Vol. 29. Iss. 2. P. 268−273.

4. Glam B., Igra O., Britan A., Ben-Dor G. Dynamics of stress wave propagation in a chain of
photoelastic discs impacted by a planar shock wave. Part I. Experimental investigation. Shock
Waves. 2007. Vol. 17. Iss. 1. P. 1−14.

5. Ben-Dor G., Britan A., Elperin T., Igra O., Jiang J.P. Mechanism of compressive stress
formation during weak shock waves impact with granular materials. Experiments in Fluids. 1997.
Vol. 22. P. 507−518.

6. Britan A., Ben-Dor G., Igra O., Shapiro H. Shock waves attenuation by granular filters.
International Journal of Multiphase Flow. 2001. Vol. 27. Iss. 4. P. 617−634.

7. Ben-Dor G., Britan A., Elperin T., Igra O., Jiang J.P. Experimental investigation of the
interaction between weak shock waves and granular layers. Experiments in Fluids. 1997. Vol. 22.
Iss. 5. P. 432−443.

8. Britan À., Ben-Dor G., Elperin T., Igra O., Jiang J.P. Gas filtration during the impact of
weak shock waves on granular layers. International Journal of Multiphase Flow. 1997. Vol. 23.
Iss. 3. P. 473−491.

9. Britan À., Ben-Dor G. Shock tube study of the dynamical behavior of granular materials.
International Journal of Multiphase Flow. 2006. Vol. 32. Iss. 5. P. 623−642.

10. Britan À., Ben-Dor G., Igra O., Shapiro H. Development of a general approach for predicting
the pressure fields of unsteady gas flows through granular media. Journal of Applied Physics.
2006. Vol. 99. No 9. DOI: 10.1063/1.2197028.

11. Levy A., Ben-Dor G., Sorek S. Numerical investigation of the propagation of shock waves
in rigid porous materials: development of the computer code and comparison with experimental
result. Journal of Fluid Mechanics. 1996. Vol. 324. P. 163−179.

12. Britan À., Elperin T., Igra O., Jiang J.P. Head-on collision of a planar shock wave with a
granular layer. AIP Conference Proceedings. Vol. 370. Iss.1. P. 971−974.



366

13. Al'tshuler L.V., Kruglikov B.S. Attenuation of strong shock waves in two-phase and
heterogeneous media. Journal of Applied Mechanics and Technical Physics. 1984. Vol. 25. Iss. 5.
P. 672−676.

14. Milyavskii V.V., Fortov V.E., Frolova A.A., Khishchenko K.V., Charakhch'yan A.A.,
Shurshalov L.V. On the mechanism of pressure increase with increasing porosity of the media
compressed in conical and cylindrical targets. Computational Mathematics and Mathematical
Physics. 2010. Vol. 50. Iss. 12. P. 2082−2094.

15. Gubaidullin A.A., Dudko D.N.,  Urmancheev S.F. Modeling of the interaction between an
air shock wave and a porous screen. Combustion, Explosion, and Shock Waves. 2000. Vol. 36. Iss. 4.
P. 496−505.

16. Boldyreva O.Yu.,  Gubaidullin A.A., Dudko D.N., Kutushev A.G. Numerical study of the
transfer of shock-wave loading to a screened flat wall through a layer of a powdered medium and
a subsequent air gap. Combustion, Explosion, and Shock Waves. 2007. Vol. 43. Iss. 1. P. 114−123.

17. Kochetkov A.V., Leontyev N.V., Modin I.A. Deformatsionnye svoystva nasypnogo sloya
iz svintsovykh sharikov [Deformational properties of a filling layer of lead balls]. Problemy
prochnosti i plastichnosti [Problems of Strength and Plasticity]. 2017. Vol. 79. No 4. P. 413−424
(In Russian).

18. Bragov A.M., Konstantinov A.U., Kochetkov A.V., Modin I.A., Savikhin A.O. Experimental
study of deformation properties of a bulk layer from plumbum balls under dynamic and quasistatic
loading. PNRPU Mechanics Bulletin. 2017. No 4. P. 16−27. DOI: 10.15593/perm.mech/2017.4.02.

19. Bragov A.M., Zhegalov D.V., Konstantinov A.Yu., Kochetkov A.V., Modin I.A., Savi-
khin A.O. Experimental study of deformation properties of a package of woven metal mesh under
dynamic and quasistatic stressing. PNRPU Mechanics Bulletin. 2016. No 3. Ð. 252−262. DOI:
10.15593/perm.mech/2016.3.17.

20. Bragov A.M., Lomunov A.K. Methodological aspects of studying dynamic material proper-
ties using the Kolsky method. International Journal of Impact Engineering. 1995. Vol. 16. Iss. 2.
P. 321−330.

21. Tumanov A.T. Konstruktsionnye materialy [Structural material]. Moscow. Sovetskaia en-
tsiklopedia Publ. 1965. 186 p. (In Russian).

22. Merzhievsky L.A., Paletsky A.V. Raschet diagramm dinamicheskogo deformirovaniya
materialov i splavov [Calculations for diagrams of dynamic deformation of metals and alloys].
Fizicheskaya mezomekhanika [Physical Mesomechanics]. 2001. Vol. 4. No 3. P. 85−96 (In Russian).

NUMERICALLY MODELING DEFORMATION OF A GRANULAR BED LOADED
IN COMPRESSION

Kochetkov À.V.1, Leontyev N.V.2, Modin I.À.1,
Turygina I.À.1, Chekmarev D.T.2

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

Filling layers of metal bolls are used as damping elements protecting structures from pulsed effects.
When such effects have high parameters, granular layers are deformed as highly porous media and
deformation can be irreversible To model compression processes of such layers, it is necessary to
know their deformation and strength characteristics. There exist experimentally obtained deformation
diagrams for uniaxial compression of granulated layers of lead balls under quasi-static and dynamic
loading in a wide loading range. The diagrams have a nonlinear and irreversible character. Quasi-
static and dynamic loading of a symmetric fragment of a granulated layer has been numerically
modeled for one of the versions of regularly packed balls, a cubic one. Dynamic deformation of a
fragment of a porous layer of lead balls was numerically simulated in the ANSYS computational
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system using implicit Newmark's scheme with automatic choice of step. The contact problem was
analyzed with the finite element method using a multi-linear model of plasticity with kinematic
hardening. In view of the symmetry, only one-eighth of a ball is enough to model deformation of a
cubic pack. Compression was exerted by an absolutely rigid plane moving at a constant velocity
during a preset time interval. The behavior of the obtained numerical compression diagrams
qualitatively corresponds to the behavior of the experimental ones. It is shown that the difference
in the behavior of quasi-static and dynamic diagrams of deformation of porous layers is significantly
influenced by the two main factors: limited duration of the loading pulse in the dynamic mode and
the difference between the dynamic deformation diagram of the base material (lead under high
strain rate) and the quasi-static diagram.

Keywords: layer of balls, symmetric fragment, numerical modeling, statics, dynamics, deformation,
compression, nonlinearity, irreversible character.


