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Ðàññìàòðèâàåòñÿ çàäà÷à îá óäàðå è ïðîíèêàíèè æåñòêèõ êîíè÷åñêèõ è
ïèðàìèäàëüíûõ òåë ïî íîðìàëè ê ñâîáîäíîé ïîâåðõíîñòè ïîëóïðîñòðàíñòâà,
çàíèìàåìîãî óïðóãîïëàñòè÷åñêîé ñðåäîé. Ñðåäà ÿâëÿåòñÿ ëèíåéíî ñæèìàåìîé
è ïîä÷èíÿåòñÿ óñëîâèþ ïëàñòè÷íîñòè Ìèçåñà − Øëåéõåðà. Èññëåäóåìûå òå-
ëà − êîíóñ è ÷åòûðåõãðàííûå ïèðàìèäû −  îáëàäàþò îäèíàêîâîé ïëîùàäüþ
îñíîâàíèÿ, íîðìàëü ê áîêîâîé ïîâåðõíîñòè òåë ñîñòàâëÿåò ñ íàïðàâëåíèåì
äâèæåíèÿ ïîñòîÿííûé óãîë, ðàâíûé óãëó ïîëóðàñòâîðà êîíóñà. Ïðè óâåëè÷å-
íèè îòíîøåíèÿ äëèí äèàãîíàëåé îñíîâàíèÿ ïèðàìèäû ïðîèñõîäèò óìåíüøå-
íèå âûñîòû òåëà. Îñîáåííîñòüþ ïîñòðîåíèÿ ôîðìû ðàññìàòðèâàåìûõ ïèðà-
ìèäàëüíûõ òåë ÿâëÿåòñÿ òîò ôàêò, ÷òî â ðàìêàõ ìîäåëè ëîêàëüíîãî âçàèìîäåé-
ñòâèÿ ýòè òåëà îáëàäàþò îäèíàêîâûì ñîïðîòèâëåíèåì âíåäðåíèþ, ñîâïàäàþ-
ùèì ñ ñîïðîòèâëåíèåì âíåäðåíèþ êðóãîâîãî êîíóñà.

Ðàíåå â õîäå ÷èñëåííûõ ðàñ÷åòîâ â îñåñèììåòðè÷íîé ïîñòàíîâêå áûëà
ïîêàçàíà ïðèìåíèìîñòü ìîäåëè ëîêàëüíîãî âçàèìîäåéñòâèÿ ê îïðåäåëåíèþ
ñèëîâûõ õàðàêòåðèñòèê îñòðûõ êîíè÷åñêèõ òåë. Ïðîâåðêà ýòîãî óòâåðæäåíèÿ
â ïîëíîé òðåõìåðíîé ïîñòàíîâêå îñóùåñòâëÿåòñÿ ñðàâíåíèåì ñ ðåçóëüòàòàìè
÷èñëåííîãî ìîäåëèðîâàíèÿ ïðîöåññîâ óäàðà è ïðîíèêàíèÿ êîíè÷åñêèõ è ïè-
ðàìèäàëüíûõ òåë â óïðóãîïëàñòè÷åñêóþ ñðåäó ñ ïðèìåíåíèåì ïðîãðàììíîãî
ïðîäóêòà LS-Dyna. Óïðóãîïëàñòè÷åñêàÿ ñðåäà ïðîíèêàíèÿ ðàññìàòðèâàåòñÿ íà
íåïîäâèæíîé ýéëåðîâîé ñåòêå ñ âûäåëåíèåì ïóñòûõ ÿ÷ååê, â êîòîðûå ìàòåðè-
àë ïåðåòåêàåò â ïðîöåññå äåôîðìèðîâàíèÿ. Óäàðíèêè ìîäåëèðóþòñÿ æåñòêèì
íåäåôîðìèðóåìûì òåëîì â ëàãðàíæåâîé ñèñòåìå êîîðäèíàò. Ïðèâîäÿòñÿ ðå-
çóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ ïðîíèêàíèÿ òåë ñ ïîñòîÿííîé ñêîðîñòüþ è ïî
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èíåðöèè, äåìîíñòðèðóþùèå, ÷òî óìåíüøåíèå âûñîòû òåëà ïðèâîäèò ê ðîñòó
ñèëû ñîïðîòèâëåíèÿ âíåäðåíèþ.

Êëþ÷åâûå ñëîâà: ïðîíèêàíèå, óïðóãîïëàñòè÷åñêàÿ ñðåäà, êîíè÷åñêèé óäàð-
íèê, ïèðàìèäàëüíûå òåëà, ìîäåëü ëîêàëüíîãî âçàèìîäåéñòâèÿ, òðåõìåðíîå
ìîäåëèðîâàíèå.

Ââåäåíèå

Èçó÷åíèå íåëèíåéíûõ ïðîöåññîâ âíåäðåíèÿ òåë ðàçëè÷íîé ôîðìû â äåôîðìè-
ðóåìûå ñðåäû èìååò âàæíîå ïðàêòè÷åñêîå çíà÷åíèå [1], ñîõðàíÿþùåå àêòóàëüíîñòü
è â íàñòîÿùåå âðåìÿ [2−5]. Äëÿ ðåøåíèÿ çàäà÷ óäàðà è ïðîíèêàíèÿ øèðîêî ïðèìå-
íÿþòñÿ ýêñïåðèìåíòàëüíûå è ÷èñëåííûå ìåòîäû íà îñíîâå èçâåñòíûõ ìîäåëåé ãðóí-
òîâ [1, 6]. Äëÿ ïðèáëèæåííûõ îöåíîê íàïðÿæåíèé è ñèë, äåéñòâóþùèõ íà óäàðíèê,
ðàñïðîñòðàíåíèå ïîëó÷èëè èíæåíåðíûå ìåòîäèêè [1, 7−14], ñðåäè êîòîðûõ âûäå-
ëÿþòñÿ ìåòîäû íà îñíîâå ìîäåëè ëîêàëüíîãî âçàèìîäåéñòâèÿ (ÌËÂ). Ïàðàìåòðû
ìîäåëè îïðåäåëÿþò èñõîäÿ èç ýìïèðè÷åñêèõ ñîîòíîøåíèé ïîñëå êàëèáðîâêè íà îñ-
íîâå ýêñïåðèìåíòàëüíûõ äàííûõ [15, 16]. Èçâåñòíû ìíîãî÷èñëåííûå ìîäèôèêà-
öèè ÌËÂ íà îñíîâå ðåøåíèÿ çàäà÷è î ðàñøèðåíèè ñôåðè÷åñêîé ïîëîñòè [9, 10, 17−
19]. Óñòàíîâëåíî, ÷òî ïðèìåíåíèå ìîäåëè çíà÷èòåëüíî óïðîùàåò ïðîöåññ ðàñ÷åòà
ôîðì òåë ðàâíîãî ñîïðîòèâëåíèÿ ñ ó÷åòîì ýôôåêòîâ îáòåêàíèÿ â äâóìåðíîé ïîñòà-
íîâêå [20, 21]. Â ðàìêàõ ÌËÂ â êëàññå ïðîñòðàíñòâåííûõ êîíôèãóðàöèé ïîêàçàíî
ñóùåñòâîâàíèå ìíîæåñòâà òåë, îáëàäàþùèõ îäèíàêîâûìè îïòèìàëüíûìè õàðàêòå-
ðèñòèêàìè: ìèíèìàëüíàÿ ñèëà ñîïðîòèâëåíèÿ âíåäðåíèþ èëè ìàêñèìàëüíàÿ ãëóáè-
íà ïðîíèêàíèÿ [22, 23]. Íîðìàëü â êàæäîé òî÷êå ýëåìåíòà áîêîâîé ïîâåðõíîñòè
òàêèõ òåë ñîñòàâëÿåò îäèíàêîâûé óãîë ñ âåêòîðîì íàïðàâëåíèÿ äâèæåíèÿ, ïëîùàäè
îñíîâàíèé âñåõ òåë ðàâíû.

Â îñåñèììåòðè÷íîé ïîñòàíîâêå åäèíñòâåííûì òàêèì òåëîì áóäåò êðóãîâîé êî-
íóñ. Ðàíåå ñðàâíåíèåì ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ â îñåñèììåòðè÷íîé ïîñòà-
íîâêå ñ äàííûìè ýêñïåðèìåíòîâ áûëà ïîêàçàíà ïðèìåíèìîñòü ÌËÂ ê îïèñàíèþ
ïðîíèêàíèÿ îñòðûõ êîíóñîâ â óïðóãîïëàñòè÷åñêóþ ãðóíòîâóþ ñðåäó [16, 24]. Àíà-
ëèçèðîâàëîñü ïðîíèêàíèå ïèðàìèäàëüíûõ òåë â ðàìêàõ ÌËÂ [25]. Ïðîâîäèëèñü
ýêñïåðèìåíòû äëÿ êðóãîâûõ êîíóñîâ è òåë çâåçäîîáðàçíîãî ïîïåðå÷íîãî ñå÷åíèÿ,
ïðîíèêàþùèõ â ïëàñòèëèí è ïåñîê [26, 27]. Â íàñòîÿùåé ñòàòüå ñðàâíèâàþòñÿ ñèëû
ñîïðîòèâëåíèÿ âíåäðåíèþ êðóãîâîãî êîíóñà è òðåõãðàííîé è ÷åòûðåõãðàííûõ ïè-
ðàìèä ñ ïîñòîÿííîé ñêîðîñòüþ è ïî èíåðöèè â óïðóãîïëàñòè÷åñêóþ ñðåäó, ïîëó-
÷åííûå ÷èñëåííî â òðåõìåðíîé ïîñòàíîâêå.

1. Ïîñòàíîâêà çàäà÷è ïðîíèêàíèÿ

Â ñòàòüå ïðèâîäÿòñÿ ðåçóëüòàòû èññëåäîâàíèÿ ïðîöåññîâ óäàðà è ïðîíèêàíèÿ
æåñòêèõ òåë ïî íîðìàëè â óïðóãîïëàñòè÷åñêóþ ñðåäó. Ìàòåìàòè÷åñêàÿ ìîäåëü äè-
íàìèêè ñðåäû [5, 28] çàïèñûâàåòñÿ â öèëèíäðè÷åñêîé ñèñòåìå êîîðäèíàò â âèäå
ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé, âûðàæàþùèõ çàêîíû ñîõðàíåíèÿ ìàññû è
èìïóëüñà, è óðàâíåíèé òåîðèè ïëàñòè÷åñêîãî òå÷åíèÿ ñ óñëîâèåì ïëàñòè÷íîñòè
Ìèçåñà − Øëåéõåðà:

,
3
2 2

Tσ=ijij ss (1)

ãäå sij − êîìïîíåíòû äåâèàòîðîâ òåíçîðîâ íàïðÿæåíèé, ïî ïîâòîðÿþùèìñÿ èíäåê-
ñàì ïðîèçâîäèòñÿ ñóììèðîâàíèå, σT − ïðåäåë òåêó÷åñòè.
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Çàìûêàåòñÿ ñèñòåìà äèôôåðåíöèàëüíûõ óðàâíåíèé ëèíåéíîé çàâèñèìîñòüþ äàâ-
ëåíèÿ p îò îáúåìíîé äåôîðìàöèè e â óïðóãîïëàñòè÷åñêîé ñðåäå:

,Kep = (2)

ãäå K − ìîäóëü îáúåìíîãî ñæàòèÿ.
Ïðèíèìàåòñÿ [29, 30] ëèíåéíàÿ çàâèñèìîñòü ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ

kpY +=σT (3)

ñ ïîñòîÿííûìè êîýôôèöèåíòàìè Y è k, îïðåäåëÿþùèìè, ñîîòâåòñòâåííî, ñöåïëå-
íèå è âíóòðåííåå òðåíèå óïðóãîïëàñòè÷åñêîé ñðåäû.

Ñèñòåìà äèôôåðåíöèàëüíûõ óðàâíåíèé äèíàìèêè óïðóãîïëàñòè÷åñêîé ñðåäû
äîïîëíÿåòñÿ íà÷àëüíûìè è êðàåâûìè óñëîâèÿìè. Â íà÷àëüíûé ìîìåíò âðåìåíè
ñêîðîñòè ÷àñòèö óäàðíèêà ðàâíû ñêîðîñòè óäàðà, íàïðÿæåíèÿ è ñêîðîñòü ÷àñòèö
ãðóíòà ðàâíû íóëþ. Íà êîíòàêòíîé ãðàíèöå âûïîëíÿåòñÿ óñëîâèå íåïðîíèêàíèÿ ïî
íîðìàëè (ðàâåíñòâî íîðìàëüíûõ êîìïîíåíò âåêòîðîâ ñêîðîñòåé ÷àñòèö ïî îáå ñòî-
ðîíû êîíòàêòíîé ïîâåðõíîñòè), êàñàòåëüíîå íàïðÿæåíèå ðàâíî íóëþ. Íà ïëîñêîñ-
òè ñèììåòðèè çàäàþòñÿ ðàâíûìè íóëþ íîðìàëüíûå êîìïîíåíòû âåêòîðà ñêîðîñòè
è òàíãåíöèàëüíûå êîìïîíåíòû òåíçîðà íàïðÿæåíèé. Íà âíåøíèõ ãðàíèöàõ îáëàñòè
âûïîëíÿþòñÿ óñëîâèÿ íà ñâîáîäíîé ïîâåðõíîñòè − ðàâåíñòâî íóëþ íîðìàëüíîé è
òàíãåíöèàëüíîé êîìïîíåíò òåíçîðà íàïðÿæåíèé.

2. Ïîñòàíîâêà çàäà÷è ÷èñëåííîãî ìîäåëèðîâàíèÿ

Ðàñ÷åòû ïðîâîäèëèñü äëÿ óäàðíèêîâ ðàçëè÷íîé ôîðìû (ðèñ. 1) ïðè ñëåäóþ-
ùèõ çíà÷åíèÿõ ïàðàìåòðîâ ñðåäû: ρ0 = 2000 êã/ì3, Y = 0,5 ÌÏà, k = 1, K = 320 ÌÏà,
G = 160 ÌÏà [16, 19]. Ìàññà óäàðíèêîâ ñîñòàâëÿåò 40 ãðàìì, ñêîðîñòü óäàðíèêà
V0 = 150 ì/ñ.

Óäàðíèê 1 − êðóãîâîé êîíóñ ñ óãëîì ïîëóðàñòâîðà ïðè âåðøèíå 30° è ðàäèóñîì
îñíîâàíèÿ R, áîêîâûå ãðàíè ïèðàìèäàëüíûõ òåë 2, 3, 4 íàêëîíåíû ïîä òåì æå óãëîì
30°. Ñòîðîíà ðàâíîñòîðîííåãî òðåóãîëüíèêà à â îñíîâàíèè òåëà 4 ðàâíà 2,7 ñì.
Ïîëîâèíû äèàãîíàëåé r1 è r2, âûáðàíû òàêèì îáðàçîì, ÷òî ïëîùàäè îñíîâàíèé
ñîâïàäàþò ñ ïëîùàäüþ îñíîâàíèÿ êîíè÷åñêîãî óäàðíèêà.

Ãåîìåòðè÷åñêèå ïàðàìåòðû òåë ïðîíèêàíèÿ: òåëî 1 − R = 1 ñì, H = 1,73 ñì;
òåëî 2 − r1 = r2 = 1,24 ñì, H = 1,52 ñì; òåëî 3 − r1 = 0,88 ñì, r2 = 1,76 ñì, H = 1,36 ñì;
òåëî 4 − a = 2,7 ñì, H = 1,35 ñì.

O
R

O O O
r1 r2 r2

r1

a

H H H H

1                           2                                       3                                      4
Ðèñ. 1
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×èñëåííàÿ ðåàëèçàöèÿ îñóùåñòâëÿåòñÿ ñ èñïîëüçîâàíèåì ïðîãðàììíîãî ïðî-
äóêòà LS-Dyna. Óäàðíèêè ìîäåëèðóþòñÿ æåñòêèì íåäåôîðìèðóåìûì òåëîì *MAT_
RIGID, äëÿ îïèñàíèÿ ñðåäû ïðîíèêàíèÿ ïðèíèìàåòñÿ ìîäåëü *MAT_SOIL_AND_
FOAM, êîòîðàÿ âêëþ÷àåò â ñåáÿ çàâèñèìîñòü (3) ïðåäåëà òåêó÷åñòè îò äàâëåíèÿ â
óïðóãîïëàñòè÷åñêîé ñðåäå â âèäå [30]:
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2

21
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210Т )( kakYaYapapaa ===++=σ

Ðåøåíèå ïðîâîäèòñÿ â ïîñòàíîâêå FSI (Fluid Structure Interaction), ñîãëàñíî êî-
òîðîé óäàðíèê ðàññìàòðèâàåòñÿ â ëàãðàíæåâîé ñèñòåìå êîîðäèíàò, à ñðåäà − íà íå-
ïîäâèæíîé ýéëåðîâîé ñåòêå [30] ñ âûäåëåíèåì ïóñòûõ ÿ÷ååê, â êîòîðûå ìàòåðèàë
ïåðåòåêàåò â ïðîöåññå äåôîðìèðîâàíèÿ. Âçàèìîäåéñòâèå ìåæäó óäàðíèêîì è ñðå-
äîé îñóùåñòâëÿåòñÿ ñ èñïîëüçîâàíèåì ñïåöèàëüíîãî òèïà êîíòàêòà CONSTRAINED_
LAGRANGE_IN_SOIL [19, 30].

Óïðóãîïëàñòè÷åñêàÿ ñðåäà ïðåäñòàâëÿåòñÿ â âèäå ïðÿìîóãîëüíîãî ïàðàëëåëå-
ïèïåäà, ðàçìåðû êîòîðîãî âûáðàíû òàêèì îáðàçîì, ÷òîáû âîëíà, îòðàæåííàÿ îò ñòå-
íîê, íå èñêàæàëà ðåçóëüòàòû ðàñ÷åòîâ. Íà ðèñ. 2 ïðåäñòàâëåíà îáëàñòü ñðåäû ñ ðàç-
ìåðàìè 20×10×10 ñì ñ ó÷åòîì ïëîñêîé ñèììåòðèè â ñëó÷àå, êîãäà ðàçìåð ÿ÷åéêè
ñîñòàâëÿåò h1 = 0,1 ñì ñî ñãóùåíèåì ñåòêè â îáëàñòè êîíòàêòà ñ óäàðíèêîì (ñòåïåíü
ñãóùåíèÿ 1:16).

Áîëåå ïîäðîáíûå ñåòêè ñ ÿ÷åéêàìè ðàçìåðîì h2 = 0,05 ñì è h3 = 0,025 ñì ïîëó-
÷åíû èç èñõîäíîé äåëåíèåì ÿ÷åéêè ïîïîëàì â êàæäîì íàïðàâëåíèè. Èññëåäîâàíèå
ñõîäèìîñòè ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ íà ðàçëè÷íûõ ñåòêàõ ïðîâåäåíî ïðè
ïðîíèêàíèè òåë 1, 3, äëÿ êîòîðûõ â òàáëèöå 1 ïðèâåäåíî âðåìÿ ðàñ÷åòà íà êàæäîé
ñåòêå â ñëó÷àå ïðîíèêàíèÿ òåë ñ íà÷àëüíîé ñêîðîñòüþ. Â ñëó÷àå äâèæåíèÿ ñ ïîñòî-
ÿííîé ñêîðîñòüþ âðåìÿ ðàñ÷åòà ïðàêòè÷åñêèå íå èçìåíÿåòñÿ.

Òàáëèöà 1

Ôîðìà óäàðíèêà Âðåìÿ ðàñ÷åòà, ñ
Øàã ñåòêè h1 Øàã ñåòêè h2 Øàã ñåòêè h3

Òåëî 1 237 2060 40000
(3 ìèí 57 ñ) (34 ìèí 20 ñ) (11 ÷ 6 ìèí 40 ñ)

Òåëî 3 191 2207 43501
(3 ìèí 11 ñ) (36 ìèí 47 ñ) (12 ÷ 5 ìèí 1 ñ)

Ðèñ. 2

VOID
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 ñ
ì

10 ñì
20 ñì

Y

X
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Íà ðèñ. 3 êðèâûå ñèíåãî, êðàñíîãî è ÷åðíîãî öâåòà ïðåäñòàâëÿþò ñîáîé âðå-
ìåííûå çàâèñèìîñòè ñèëû ñîïðîòèâëåíèÿ âíåäðåíèþ ïðè ïðîíèêàíèè êîíè÷åñêîãî
óäàðíèêà íà òðåõ ðàçëè÷íûõ ñåòêàõ ñ øàãîì h1, h2 è h3 ñîîòâåòñòâåííî: êðèâûå 1−3 −
ñ ïîñòîÿííîé ñêîðîñòüþ âíåäðåíèÿ 150 ì/ñ, êðèâûå 4−6 − ïî èíåðöèè ñ òîé æå
íà÷àëüíîé ñêîðîñòüþ ïðîíèêàíèÿ. Ìàðêåðàìè íà ðèñ. 4 ïîêàçàíû çíà÷åíèÿ ñèëû
ñîïðîòèâëåíèÿ âíåäðåíèþ íà ìîìåíò âðåìåíè t* â çàâèñèìîñòè îò øàãà ñåòêè ïðè
âíåäðåíèè êîíè÷åñêîãî óäàðíèêà 1 (òî÷êè), ïèðàìèäàëüíîãî òåëà 3, â îñíîâàíèè
êîòîðîãî ðîìá (êâàäðàòû), è êîíè÷åñêîãî óäàðíèêà, ïðîíèêàþùåãî ñ ïîñòîÿííîé
ñêîðîñòüþ (òðåóãîëüíèêè). Ñïëîøíûì ëèíèÿì ñîîòâåòñòâóåò ëèíåéíàÿ àïïðîêñè-
ìàöèÿ ïîëó÷åííûõ çíà÷åíèé. Çäåñü t* − ìîìåíò âðåìåíè, êîãäà òåëî ïîãðóçèòñÿ â
ãðóíòîâóþ ñðåäó íà ãëóáèíó, ðàâíóþ âûñîòå óäàðíèêà, ÷òî ïðèìåðíî ñîîòâåòñòâóåò
äîñòèæåíèþ ìàêñèìàëüíîãî çíà÷åíèÿ ñèëû ñîïðîòèâëåíèÿ âíåäðåíèþ.

Íàáëþäàåòñÿ ëèíåéíàÿ ñõîäèìîñòü ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ â çàâèñè-
ìîñòè îò øàãà ñåòêè ïðè ñíèæåíèè âåëè÷èíû ñèëû ñîïðîòèâëåíèÿ âíåäðåíèþ ñ
óâåëè÷åíèåì ÷àñòîòû äèñêðåòíîñòè ñåòêè. Îòíîøåíèå àáñîëþòíûõ âåëè÷èí ñèëû
ñîïðîòèâëåíèÿ âíåäðåíèþ ê ïðîãíîçèðóåìîìó ðåçóëüòàòó ïîêàçûâàåò, ÷òî âåëè÷è-
íà ìàêñèìóìà ñèëû ñîïðîòèâëåíèÿ çàâûøåíà íå áîëåå ÷åì íà 20%. Äàëüíåéøèå
ðàñ÷åòû ïðîâîäèëèñü íà ãðóáîé ñåòêå ñ ïðèìåíåíèåì ê ðåçóëüòàòàì ðàñ÷åòîâ êîð-
ðåêòèðóþùåãî ìíîæèòåëÿ 0,9, ÷òî ïîçâîëÿåò çíà÷èòåëüíî ñíèçèòü âðåìÿ ðàñ÷åòà,
ïðè ýòîì îòíîñèòåëüíûå ïîãðåøíîñòè ðåçóëüòàòîâ ñîñòàâëÿþò ±10 %.

3. Ðåçóëüòàòû ÷èñëåííûõ ðàñ÷åòîâ

×èñëåííûå ðàñ÷åòû ïðîöåññîâ óäàðà è ïðîíèêàíèÿ òåë 1−4 (ñì. ðèñ. 1) â óïðó-
ãîïëàñòè÷åñêóþ ñðåäó ïðîâîäèëèñü â äâóõ ïîñòàíîâêàõ: ñ ïîñòîÿííîé ñêîðîñòüþ
150 ì/ñ è ïî èíåðöèè ïðè ìàññå óäàðíèêîâ 40 ã.

Ðåçóëüòàòû ïåðâîé ÷àñòè ÷èñëåííûõ ðàñ÷åòîâ, êîãäà ïðîíèêàíèå ïðîèñõîäèò ñ
ïîñòîÿííîé ñêîðîñòüþ 150 ì/ñ, â ðàçìåðíîì è áåçðàçìåðíîì âèäàõ ïðèâåäåíû íà
ðèñ. 5à è á. Ñèëû ñîïðîòèâëåíèÿ âíåäðåíèþ îòíåñåíû ê âåëè÷èíå ,2/2

0
* SVF ρ=

âðåìÿ ïðîíèêàíèÿ − ê âåëè÷èíå t*.
Îòìå÷àþòñÿ ðàçëè÷èÿ íå òîëüêî íà íà÷àëüíîé ñòàäèè ïðîíèêàíèÿ, íî è íà êâà-

çèñòàöèîíàðíîé ñòàäèè óñòàíîâèâøåãîñÿ ïðîöåññà. Ðàññìîòðåííûé ïðîöåññ ïðî-
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íèêàíèÿ ñ ïîñòîÿííîé ñêîðîñòüþ ìîäåëèðóåò íà÷àëüíóþ ñòàäèþ îáðàùåííûõ ýêñ-
ïåðèìåíòîâ [29].

Àíàëîãè÷íûå èññëåäîâàíèÿ ñèëîâûõ õàðàêòåðèñòèê ïðîâîäèëèñü â ñëó÷àå äâè-
æåíèÿ ïî èíåðöèè. Íà ðèñ. 6 ïðåäñòàâëåíû çàâèñèìîñòè ñèëû ñîïðîòèâëåíèÿ âíå-
äðåíèþ òåë 1−4 ñ çàäàííûìè ãåîìåòðè÷åñêèìè ïàðàìåòðàìè. Íà ðèñ. 6à íà íåñòà-
öèîíàðíîì ó÷àñòêå âíåäðåíèÿ ãîëîâíîé ÷àñòè óäàðíèêîâ íàáëþäàþòñÿ ðàçëè÷èÿ ìàê-
ñèìàëüíûõ çíà÷åíèé ñèë ñîïðîòèâëåíèÿ äëÿ òåë 2, 3 è 4 ïî îòíîøåíèþ ê êîíóñó,
êîòîðûå ñîñòàâëÿþò 10, 20 è 30% ñîîòâåòñòâåííî, äàëüíåéøèå ðàçëè÷èÿ ñî âðåìå-
íåì óìåíüøàþòñÿ. Îäíàêî íîðìèðîâêà ðåçóëüòàòîâ ÷èñëåííûõ ðàñ÷åòîâ, àíàëîãè÷-
íàÿ ðàññìîòðåííîìó ñëó÷àþ ïðîíèêàíèÿ ñ ïîñòîÿííîé ñêîðîñòüþ, äåìîíñòðèðóåò
ñîõðàíåíèå ðàçëè÷èé íà íà÷àëüíîé ñòàäèè ðàçâèòîãî ïðîíèêàíèÿ (ðèñ. 6á).

Çàêëþ÷åíèå

Ïðîâåäåíî èçó÷åíèå ñèëîâûõ õàðàêòåðèñòèê íà íà÷àëüíîé ñòàäèè ïðîíèêàíèÿ
ïèðàìèäàëüíûõ è êîíè÷åñêèõ òåë â óïðóãîïëàñòè÷åñêóþ ñðåäó. Ïîêàçàíà áëèçêàÿ ê
ëèíåéíîé ñõîäèìîñòü ðåçóëüòàòîâ òðåõìåðíûõ ÷èñëåííûõ ðàñ÷åòîâ â ðàìêàõ ïðî-
ãðàììíîãî êîìïëåêñà LS-Dyna, îáåñïå÷èâàþùàÿ ïðèåìëåìóþ òî÷íîñòü ±10%. Ýòî
ïîçâîëèò â äàëüíåéøåì ðàññ÷èòûâàòü íà ñîõðàíåíèå äîñòàòî÷íîé òî÷íîñòè ðàñ÷å-
òîâ ïðè ðàñøèðåíèè êëàññà ðàññìàòðèâàåìûõ òåë è àíàëèçå ïðîíèêàíèÿ ïîä óãëîì
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ê ñâîáîäíîé ïîâåðõíîñòè. Ïåðâûå ïîëó÷åííûå ÷èñëåííûå ðåçóëüòàòû ïîêàçûâàþò,
÷òî ïðè óâåëè÷åíèè îòíîøåíèÿ äèàãîíàëåé â îñíîâàíèè ïèðàìèäû n ïðè ñîõðàíå-
íèè óãëà íàêëîíà áîêîâûõ ïîâåðõíîñòåé è ïëîùàäè îñíîâàíèÿ òåëà íàáëþäàåòñÿ
ðîñò ñèëû ñîïðîòèâëåíèÿ âíåäðåíèþ. Ñ ðîñòîì n ïðîèñõîäèò óìåíüøåíèå âûñîòû
H è óâåëè÷åíèå ïëîùàäè Sáîê áîêîâîé ïîâåðõíîñòè ïèðàìèäàëüíîãî òåëà:

.
)1(

3
2

,
2

2
2

22
áîê R

n
nHRnS π

+
=π=

Âîïðîñ î êîëè÷åñòâåííîé õàðàêòåðèñòèêå çàâèñèìîñòè èçìåíåíèÿ ñèëû ñîïðî-
òèâëåíèÿ âíåäðåíèþ îò âûñîòû òåëà è/èëè ïëîùàäè áîêîâîé ïîâåðõíîñòè òðåáóåò
äàëüíåéøåãî èññëåäîâàíèÿ.

Ñïèñîê ëèòåðàòóðû

1. Ñàãîìîíÿí À.ß. Ïðîíèêàíèå. Ì.: ÌÃÓ, 1974. 299 ñ.
2. Ben-Dor G., Dubinsky A., Elperin T. Ballistic impact: recent advances in analytical modeling

of plate penetration dynamics−A Review. Applied Mechanics Reviews. 2005. Vol. 58. P. 355−371.
3. Ben-Dor G., Dubinsky A., Elperin T. High-speed Penetration Dynamics. World Scientific

Publishing Co. Pte. Ltd. 2013. 680 p.
4. Omidvar M., Iskander M., Bless S. Response of granular media to rapid penetration.

International Journal of Impact Engineering. 2014. Vol. 66. P. 60−82.
5. Áàæåíîâ Â.Ã., Êîòîâ Â.Ë. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå íåñòàöèîíàðíûõ ïðîöåñ-

ñîâ óäàðà è ïðîíèêàíèÿ îñåñèììåòðè÷íûõ òåë è èäåíòèôèêàöèÿ ñâîéñòâ ãðóíòîâûõ ñðåä.
Ì.: Ôèçìàòëèò, 2011. 208 ñ.

6. Ãðèãîðÿí Ñ.Ñ. Îá îñíîâíûõ ïðåäñòàâëåíèÿõ äèíàìèêè ãðóíòîâ. Ïðèêëàäíàÿ ìàòå-
ìàòèêà è ìåõàíèêà. 1960. Ò. 244. ¹6. Ñ. 1057−1072.

7. Äåìåíüøèí Ä.À., Êðûëîâ Ñ.Â. ×èñëåííîå ìîäåëèðîâàíèå ïðîöåññîâ íîðìàëüíîãî
ïðîíèêàíèÿ æåñòêèõ òåë â ïîðèñòûå ãðóíòû. Ïðîáëåìû ïðî÷íîñòè è ïëàñòè÷íîñòè. 1991.
Âûï. 69. Ñ. 103−106.

8. Âåëäàíîâ Â.À., Ìàðêîâ Â.À., Ïóñåâ Â.È., Ðó÷êî À.Ì., Ñîòñêèé Ì.Þ., Ôåäîðîâ Ñ.Â.
Ðàñ÷åò ïðîíèêàíèÿ íåäåôîðìèðóåìûõ óäàðíèêîâ â ìàëîïðî÷íûå ïðåãðàäû ñ èñïîëüçîâàíè-
åì äàííûõ ïüåçîàêñåëåðîìåòðèè. Æóðíàë òåõíè÷åñêîé ôèçèêè. 2011. Ò. 81. ¹7. Ñ. 94−104.

9. Forrestal M.J., Luk V.K. Dynamic spherical cavity-expansion in a compressible elastic-
plastic solid. ASME. Journal of Applied Mechanics. 1988. Vol. 55. P. 275−279.

10. Forrestal M.J., Luk V.K. Penetration into soil targets. International Journal of Impact
Engeneering. 1992. Vol. 12. No 3. P. 427−444.

11. Ôîìèí Â.Ì., Ãóëèäîâ À.È., Ñàäûðèí À.È. è äp. Âûñîêîñêîðîñòíîå âçàèìîäåéñòâèå
òåë. Íîâîñèáèpñê: Èçä-âî ÑÎ PÀÍ, 1999. 600 ñ.

12. Àïòóêîâ Â.Í., Ìópçàêàåâ Ð.Ò., Ôîíàpåâ À.Â. Ïpèêëàäíàÿ òåîðèÿ ïpîíèêàíèÿ. Ì.:
Íàóêà, 1992. 105 ñ.

13. Áàíè÷óê Í.Â., Èâàíîâà Ñ.Þ. Îïòèìèçàöèÿ ôîðìû æåñòêîãî òåëà, âíåäðÿþùåãîñÿ â
ñïëîøíóþ ñðåäó. Ïðîáëåìû ïðî÷íîñòè è ïëàñòè÷íîñòè. 2007. Âûï. 69. Ñ. 47−57.

14. Áàæåíîâ Â.Ã., Áðàãîâ À.Ì., Êîíñòàíòèíîâ À.Þ., Êîòîâ Â.Ë. Ñðàâíèòåëüíûé àíàëèç
ìåòîäîâ ìîäåëèðîâàíèÿ ïðîíèêàíèÿ è ïëîñêîïàðàëëåëüíîãî äâèæåíèÿ êîíè÷åñêèõ óäàðíè-
êîâ ñ ãðóíòîâîé ñðåäå. Ïðèêëàäíàÿ ìåõàíèêà è òåõíè÷åñêàÿ ôèçèêà. 2015. Ò. 56. ¹3. Ñ. 44−54.

15. Îñèïåíêî Ê.Þ. Ïðîíèêàíèå òåëà âðàùåíèÿ â óïðóãîïëàñòè÷åñêóþ ñðåäó. Èçâ. ÐÀÍ.
Ìåõàíèêà òâåðäîãî òåëà. 2009. ¹1. Ñ. 169−180.

16. Êîòîâ Â.Ë., Áàëàíäèí Â.Â., Áàëàíäèí Â.Â., Áðàãîâ À.Ì., Ëèííèê Å.Þ. Ïðèìåíå-
íèå ìîäåëè ëîêàëüíîãî âçàèìîäåéñòâèÿ äëÿ îïðåäåëåíèÿ ñèëû ñîïðîòèâëåíèÿ âíåäðåíèþ
óäàðíèêîâ â ïåñ÷àíûé ãðóíò. Ïðèêëàäíàÿ ìåõàíèêà è òåõíè÷åñêàÿ ôèçèêà. 2013. Ò. 54. ¹4.
Ñ. 114−125.

17. Áàáàêîâ Â.À., Øàáóíèí Å.Â. Îá îäíîì ìåòîäå pàñ÷åòà ïíåâìîïpîáîéíèêà â
äåôîpìèpóåìîé ñpåäå. Ôèçèêî-òåõíè÷åñêèå ïðîáëåìû ðàçðàáîòêè ïîëåçíûõ èñêîïàåìûõ.
1987. ¹1. Ñ. 105−110.



345

18. Àïòóêîâ Â.Í. Pàñøèpåíèå ñôåpè÷åñêîé ïîëîñòè â óïpóãîïëàñòè÷åñêîé ñæèìàåìîé
ñpåäå. Ñîîáùåíèå 2. Âëèÿíèå èíåpöèîííûx ñèë. Òåìïåpàòópíûå ýôôåêòû. Ïðîáëåìû ïðî÷-
íîñòè. 1991. ¹12. Ñ. 11−14.

19. Êîòîâ Â.Ë., Êîíñòàíòèíîâ À.Þ., Êèáåö Þ.È., Òàðàñîâà À.À., Âëàñîâ Â.Ï. ×èñëåí-
íîå ìîäåëèðîâàíèå ïëîñêîïàðàëëåëüíîãî äâèæåíèÿ êîíè÷åñêèõ óäàðíèêîâ â óïðóãîïëàñòè-
÷åñêîé ñðåäå. Ïðîáëåìû ïðî÷íîñòè è ïëàñòè÷íîñòè. 2013. Âûï. 75. ×. 4. Ñ. 303−311.

20. Áàæåíîâ Â.Ã., Êîòîâ Â.Ë., Ëèííèê Å.Þ. Î ìîäåëÿõ ðàñ÷åòà ôîðì îñåñèììåòðè÷-
íûõ òåë ìèíèìàëüíîãî ñîïðîòèâëåíèÿ ïðè äâèæåíèè â ãðóíòîâûõ ñðåäàõ. Äîêë. ÐÀÍ. 2013.
Ò. 449. ¹2. Ñ. 156−159.

21. Êîòîâ Â.Ë., Ëèííèê Å.Þ., Òàðàñîâà À.À. Èññëåäîâàíèå îïòèìàëüíûõ ôîðì îñåñèì-
ìåòðè÷íûõ òåë, ïðîíèêàþùèõ â ãðóíòîâûå ñðåäû. Ïðèêëàäíàÿ ìåõàíèêà è òåõíè÷åñêàÿ
ôèçèêà. 2016. Ò. 57. ¹5. Ñ. 66−75.

22. ßêóíèíà Ã.Å. Äèíàìèêà ïèðàìèäàëüíûõ òåë â ðàìêàõ ìîäåëè ëîêàëüíîãî âçàèìîäåé-
ñòâèÿ. Ïðèêëàäíàÿ ìàòåìàòèêà è ìåõàíèêà. 2003. Ò. 67. ¹1. Ñ. 11−23.

23. ßêóíèíà Ã.Å. Îñîáåííîñòè âûñîêîñêîðîñòíîãî äâèæåíèÿ òåë â ïëîòíûõ ñðåäàõ. Ïðè-
êëàäíàÿ ìàòåìàòèêà è ìåõàíèêà. 2012. Ò. 76. ¹3. Ñ. 429−449.

24. Áàæåíîâ Â.Ã., Áàëàíäèí Â.Â., Ãðèãîðÿí Ñ.Ñ., Êîòîâ Â.Ë. Àíàëèç ìîäåëåé ðàñ÷åòà
äâèæåíèÿ òåë âðàùåíèÿ ìèíèìàëüíîãî ñîïðîòèâëåíèÿ â ãðóíòîâûõ ñðåäàõ. Ïðèêëàäíàÿ ìà-
òåìàòèêà è ìåõàíèêà. 2014. Ò. 78. Âûï. 1. Ñ. 98−115.

25. Áàíè÷óê Í.Â., Èâàíîâà Ñ.Þ., Ìàêååâ Å.Â. Î ïðîíèêàíèè íåîñåñèììåòðè÷íûõ òåë â
òâåðäóþ äåôîðìèðóåìóþ ñðåäó è îïòèìèçàöèÿ ôîðìû. Èçâ. ÐÀÍ. Ìåõàíèêà òâåðäîãî òåëà.
2008. Ò. 4. Ñ. 178−183.

26. Áèâèí Þ.Ê. Ñðàâíèòåëüíàÿ îöåíêà ïðîíèêàíèÿ çâåçäîîáðàçíûõ è êîíè÷åñêèõ òåë.
Èçâ. ÐÀÍ. Ìåõàíèêà òâåðäîãî òåëà. 1999. ¹4. Ñ. 113−117.

27. Áèâèí Þ.Ê., Ñèìîíîâ È.Â. Ìåõàíèêà äèíàìè÷åñêîãî ïðîíèêàíèÿ â ãðóíòîâóþ ñðå-
äó. Èçâ. ÐÀÍ. Ìåõàíèêà òâåðäîãî òåëà. 2010. ¹6. Ñ. 157−191.

28. Ëèííèê Å.Þ., Êîòîâ Â.Ë. Èññëåäîâàíèå è îïòèìèçàöèÿ ôîðìû òåë, ïðîíèêàþùèõ â
ãðóíòîâûå ñðåäû. Saarbrucken, Ãåðìàíèÿ: LAP Lambert Academic Publisher. 2016. 69 ñ.

29. Áàæåíîâ Â.Ã., Áðàãîâ À.Ì., Êîòîâ Â.Ë. Ýêñïåðèìåíòàëüíî-òåîðåòè÷åñêîå èññëåäî-
âàíèå ïðîöåññîâ ïðîíèêàíèÿ æåñòêèõ óäàðíèêîâ è èäåíòèôèêàöèÿ ñâîéñòâ ãðóíòîâûõ ñðåä.
Ïðèêëàäíàÿ ìåõàíèêà è òåõíè÷åñêàÿ ôèçèêà. 2009. Ò. 50. ¹6. Ñ. 115−125.

30. Êîòîâ Â.Ë., Êîíñòàíòèíîâ À.Þ. ×èñëåííîå ìîäåëèðîâàíèå ïëîñêîïàðàëëåëüíîãî
äâèæåíèÿ êîíè÷åñêèõ óäàðíèêîâ â ãðóíòîâîé ñðåäå íà îñíîâå ìîäåëè ëîêàëüíîãî âçàèìî-
äåéñòâèÿ. Âû÷èñëèòåëüíàÿ ìåõàíèêà ñïëîøíûõ ñðåä. 2014. Ò. 7. ¹3. Ñ. 225−233.

References

1. Sagomonyan A.Ya. Pronikaniye [Penetration] Moscow. MGU Publ. 1974. 299 p. (In Russian).
2. Ben-Dor G., Dubinsky A., Elperin T. Ballistic impact: recent advances in analytical modeling

of plate penetration dynamics−A Review. Applied Mechanics Reviews. 2005. Vol. 58. P. 355−371.
3. Ben-Dor G., Dubinsky A., Elperin T. High-speed Penetration Dynamics. World Scientific

Publishing Co. Pte. Ltd. 2013. 680 p.
4. Omidvar M., Iskander M., Bless S. Response of granular media to rapid penetration.

International Journal of Impact Engineering. 2014. Vol. 66. P. 60−82.
5. Bazhenov V.G., Kotov V.L. Matematicheskoe modelirovanie nestatsionarnykh protsessov

udara i pronikaniya osesimmetrichnykh tel i identifikatsiya svoystv gruntovykh sred [Mathematical
Modeling of Nonstationary Impact and Penetration of Axisymmetric Bodies and Identification of
Soil Properties]. Moscow. Fizmatlit Publ. 2011. 208 p. (In Russian).

6. Grigoryan S.S. Ob osnovnykh predstavleniyakh dinamiki gruntov [On the fundamental
concepts of soil dynamics]. Prikladnaya matematika i mekhanika [Journal of Applied Mathematics
and Mechanics]. 1960. Vol. 244. No 6. P. 1057−1072 (In Russian).

7. Demen'shin D.A., Krylov S.V. Chislennoe modelirovanie protsessov normalnogo pronikaniya
zhestkikh tel v poristye grunty [Numerical modeling of the processes of normal penetration of
rigid bodies into porous soils]. Problemy prochnosti i plastichnosti [Problems of Strength and
Plasticity]. 1991. Iss. 69. P. 103−106 (In Russian).



346

8. Veldanov V.A., Markov V.A., Pusev V.I., Ruchko A.M., Sotskiy M.Yu., Fedorov S.V.
Computation of nondeformable striker penetration into low-strength obstacles using piezoelectric
accelerometry data. Technical Physics. 2011. Vol. 56. No 7. P. 992−1002.

9. Forrestal M.J., Luk V.K. Dynamic spherical cavity-expansion in a compressible elastic-
plastic solid. ASME. Journal of Applied Mechanics. 1988. Vol. 55. P. 275−279.

10. Forrestal M.J., Luk V.K. Penetration into soil targets. International Journal of Impact
Engeneering. 1992. Vol. 12. No 3. P. 427−444.

11. Fomin V.M., Gulidov A.I., Sadyrin A.I. et al. Vysokoskorostnoe vzaimodeystvie tel
[High-velocity Interaction of Bodies]. Novosibirsk. SO PAN Publ. 1999. 600 p. (In Russian).

12. Aptukov V.N., Mupzakayev R.T., Fonapev A.V. Prikladnaya teoriya pronikaniya [Applied
Theory of Penetration]. Moscow. Nauka Publ. 1992. 105 p. (In Russian).

13. Banichuk N.V., Ivanova S.Yu. Optimizatsiya formy zhestkogo tela, vnedryayushchegosya
v sploshnuyu sredu [Nonlocal optimization of thermoelastic rod made from discrete set of materials
with application of genetic algorithm]. Problemy prochnosti i plastichnosti [Problems of Strength
and Plasticity]. 2007. Iss. 69. P. 47−57 (In Russian).

14. Bazhenov V.G., Bragov A.M., Konstantinov A.Yu., Kotov V.L. Comparative analysis of
methods for modeling the penetration and plane-parallel motion of conical projectiles in soil.
[Journal of Applied Mechanics and Technical Physics]. 2015. Vol. 56. No 3. P. 381−390.

15. Osipenko K.Yu. Pronikaniye tela vrashcheniya v uprugoplastichnoy srede [Penetration of
the body of revolution in an elastoplastic medium]. Izv. RAN. Mekhanika tverdogo tela [Mechanics
of Solids]. 2009. No 1. P. 169−180 (In Russian).

16. Kotov V.L., Balandin V.V., Balandin V.V., Bragov A.M., Linnik Ye.Yu. Using a local-
interaction model to determine the resistance to penetration of projectiles into sandy soil. Journal
of Applied Mechanics and Technical Physics. 2013. Vol. 54. No 4. P. 612−621.

17. Babakov V.A., Shabunin Ye.V. Ob odnom metode rascheta pnevmoproboynika v deformi-
ruemoy spede [A method of calculating a pneumatic punch in a deformable medium]. Fiziko-
tekhnicheskie problemy razrabotki poleznykh iskopaemykh [Journal of Mining Sciences]. 1987.
No 1. P. 105−110 (In Russian).

18. Aptukov V.N. Rasshirenie sfericheskoy polosti v uprugoplasticheskoy szhimaemoy srede.
Soobshchenie 2. Vliyanie inertsionnykh sil. Temperaturnye effekty [The expansion of a spherical
cavity in a compressible elastoplastic medium. Message 2. The influence of the inertial forces. The
temperature effects]. Problemy prochnosti [Problems of Strength]. 1991. No 12. P. 11−14 (In
Russian).

19. Kotov V.L., Konstantinov A.Yu., Kibets Yu.I., Tarasova A.A., Vlasov V.P. Chislennoe
modelirovanie ploskoparallelnogo dvizheniya konicheskikh udarnikov v uprugoplasticheskoy srede
[Numerically modeling plane-parallel displacement of conical strikers in an elastoplastic medium].
Problemy prochnosti i plastichnosti [Problems of Strength and Plasticity]. 2013. Iss. 75. Pt. 4.
P. 303−311 (In Russian).

20. Bazhenov V.G., Kotov V.L., Linnik Ye.Yu. Models of calculation of axisymmetrical solids
with the lowest drag during motion in soils. Doklady Physics. 2013. Vol. 58. No 3. P. 100−103.

21. Kotov V.L., Linnik Ye.Yu., Tarasova A.A. Issledovanie optimalnykh form osesim-
metrichnykh tel, pronikayushchikh v gruntovye sredy [Optimum shapes of axisymmetric bodies
penetrating into soil]. Prikladnaya mekhanika i tekhnicheskaya fizika [Journal of Applied Mechanics
and Technical Physics]. 2016. Vol. 57. No 5. P. 66−75 (In Russian).

22. Yakunina G.Ye. Dinamika piramidalnykh tel v ramkakh modeli lokalnogo vzaimodeystviya
[The dynamics of pyramidal bodies within the framework of the local interaction model]. Priklad-
naya mekhanika i tekhnicheskaya fizika [Journal of Applied Mathematics and Mechanics. 2003.
Vol. 67. No 1. P. 11−23 (In Russian).

23. Yakunina G.Ye. Osobennosti vysokoskorostnogo dvizheniya tel v plotnykh sredakh
[Features of high-speed motion of bodies in dense media]. Prikladnaya matematika i mekhanika
[Journal of Applied Mathematics and Mechanics]. 2012. Vol. 76. No 3. P. 429−449 (In Russian).

24. Bazhenov V.G., Balandin V.V., Grigoryan S.S., Kotov V.L. Analysis of models for
calculating the motion of solids of revolution of minimum resistance in soil media. Journal of
Applied Mathematics and Mechanics. 2014. Vol. 78. No. 1. P. 65−76.

25. Banichuk N.V., Ivanova S.Yu., Makeyev Ye.V. On the penetration of nonaxisymmetric



347

bodies into a deformable solid medium and their shape optimization. Mechanics of Solids. 2008.
Vol. 43. No 4. P. 671−677.

26. Bivin Yu.K. Cravnitel'naya otsenka pronikaniya zvezdoobraznykh i konicheskikh tel
[Comparative evaluation of the penetration of star-shaped and conical bodies]. Izv. RAN. Mekhanika
tverdogo tela [Mechanics of Solid]. 1999. No 4. P. 113−117 (In Russian).

27. Bivin Yu.K., Simonov I.V. Mechanics of dynamic penetration into soil medium. Mechanics
of Solids. 2010. Vol. 45. No 6. P. 892−920.

28. Linnik Ye.Yu., Kotov V.L. Issledovaniye i optimizatsiya form tel, pronikayushchikh v
gruntovyye sredy [Investigation and Optimization of the Shapes of Bodies Penetrating into Ground
Environments]. Saarbrucken, Germany. LAP Lambert Academic Publisher. 2016. 69 p. (In Russian).

29. Bazhenov V.G., Bragov A.M., Kotov V.L. Experimental-theoretical study of the penetration
of rigid projectiles and identification of soil properties. Journal of Applied Mechanics and Technical
Physics. 2009. Vol. 50. No 6. P. 1011−1019.

30. Kotov V.L., Konstantinov A.Yu. Chislennoye modelirovaniye ploskoparallelnogo dvizhe-
niya konicheskikh udarnikov v gruntovoy srede na osnove modeley lokalnogo vzaimodeystviya
[Numerical modeling of the plane-parallel motion of conical projectiles in the soil environment
based on a local interaction model]. Vychislitelnaya mekhanika sploshnykh sred [Computational
Continuum Mechanics]. 2014. Vol. 7. No 3. P. 225−233 (In Russian).

COMPARATIVE ANALYSIS OF RESISTANCE TO THE INTRODUCTION
OF CONICAL AND PYRAMIDAL BODIES

TO THE ELASTIC PLASTIC ENVIRONMENT

Linnik E.Yu.1, Kotov V.L.1, Konstantinov A.Yu.1,2

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

2Bakhirev State Research Institute of Engineering, Dzerzhinsk, Russian Federation

The problem of impact and penetration of rigid conical and pyramidal bodies along the normal to
the free surface of a half-space occupied by an elastoplastic medium is considered. The medium is
linearly compressible and obeys the Mises − Schleicher plasticity condition. The investigated cone
bodies and tetrahedral pyramids have the same area of the base, the normal to the lateral surface of
the bodies makes with a direction of motion a constant angle equal to the angle of the half-solution
of the cone. With an increase in the ratio of the lengths of the diagonals of the base of the pyramid,
the body height decreases. The peculiarity of constructing the shape of the pyramidal bodies under
consideration is the fact that within the framework of the local interaction model these bodies have
the same resistance to the introduction, which coincides with the resistance to the introduction of
a circular cone.
Earlier, in numerical calculations in an axisymmetric formulation, the applicability of the local
interaction model to the determination of the force characteristics of sharp conical bodies was
demonstrated. The verification of this statement in a complete three-dimensional formulation is
carried out by comparison with the results of numerical simulation of impact and penetration
processes of conical and pyramidal bodies in an elastoplastic medium using the software product
LS-Dyna. The elastic-plastic medium is considered on a fixed Euler grid with the selection of
empty cells into which the material flows during deformation. The strikers are modeled by a rigid
non-deformable body in the Lagrangian coordinate system. The results of numerical calculations
of the penetration of bodies with constant velocity and inertia are presented, demonstrating that a
decrease in body height leads to an increase in the resistance to penetration.

Keywords: penetration, elastoplastic medium, conical striker, pyramidal bodies, model of local
interaction, three-dimensional modeling.


