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Ðàññìàòðèâàþòñÿ âîïðîñû äâèæåíèÿ æåñòêèõ òåë â äåôîðìèðóåìîé ñðå-
äå. Â ïðåäïîëîæåíèè, ÷òî âíåäðÿþùèåñÿ òåëà (óäàðíèêè) èìåþò îñåñèììåò-
ðè÷íóþ ôîðìó, èçó÷àåòñÿ èõ äâèæåíèå è îöåíèâàåòñÿ ãëóáèíà ïðîíèêàíèÿ â
ñïëîøíóþ ñðåäó. Ïðîöåññ âûñîêîñêîðîñòíîãî âíåäðåíèÿ æåñòêîãî òåëà â äå-
ôîðìèðóåìóþ ñðåäó ìîäåëèðóåòñÿ ñ èñïîëüçîâàíèåì äâóõ÷ëåííîãî ïðåäñòàâ-
ëåíèÿ ñèëû ñîïðîòèâëåíèÿ äâèæåíèþ. Â ïðåäïîëîæåíèè, ÷òî òåëî ïîëíîñòüþ
ïîãðóæåíî â ñðåäó â íà÷àëüíûé ìîìåíò äâèæåíèÿ è äâèæåòñÿ â ñðåäå äî ïîë-
íîé îñòàíîâêè, ïîëó÷åíî ñîîòíîøåíèå, ïîçâîëÿþùåå îïðåäåëèòü ãëóáèíó ïðî-
íèêàíèÿ òåëà â ñðåäó. Èññëåäîâàíû ñëó÷àè äâèæåíèÿ â îäíîðîäíîé ñðåäå è
ñëó÷àè äâèæåíèÿ â ñðåäå ñ íåîäíîðîäíûìè ïðî÷íîñòíûìè è äèíàìè÷åñêèìè
õàðàêòåðèñòèêàìè. Èññëåäóåòñÿ ñëó÷àé, êîãäà ïðî÷íîñòíûå õàðàêòåðèñòèêè
ñðåäû èçìåíÿþòñÿ ïî ëèíåéíîìó çàêîíó. Ïðè ýòîì ðàññìàòðèâàþòñÿ ñðåäû êàê
ñ âîçðàñòàíèåì, òàê è ñ óáûâàíèåì ïðî÷íîñòíûõ ñâîéñòâ. Ïðåäñòàâëåíû çàâè-
ñèìîñòè ãëóáèíû ïðîíèêàíèÿ óäàðíèêà îò ïàðàìåòðà, õàðàêòåðèçóþùåãî èç-
ìåíåíèå ïðî÷íîñòíûõ ñâîéñòâ ñðåäû.

Êëþ÷åâûå ñëîâà: âûñîêîñêîðîñòíîå ïðîíèêàíèå, îñåñèììåòðè÷íûå óäàð-
íèêè, íåîäíîðîäíûå ñðåäû.

Ââåäåíèå

Âîïðîñû äâèæåíèÿ æåñòêèõ òåë â äåôîðìèðóåìûõ ñïëîøíûõ ñðåäàõ îòíîñÿòñÿ
ê ôóíäàìåíòàëüíûì ïðîáëåìàì ìåõàíèêè äåôîðìèðóåìîãî òâåðäîãî òåëà. Ýòè ïðîá-
ëåìû èìåþò áîëüøîå òåîðåòè÷åñêîå è ïðèêëàäíîå çíà÷åíèå, èì ïîñâÿùåíî áîëüøîå
÷èñëî òåîðåòè÷åñêèõ è ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé (ñì., íàïðèìåð, [1−20]).
Ïðè ýòîì ñóùåñòâåííóþ ðîëü èãðàþò êàê ìîäåëèðîâàíèå ïðîöåññà äâèæåíèÿ ïðî-
íèêàþùåãî òåëà (óäàðíèêà) [1, 2, 15−17], òàê è èçó÷åíèå ôèçè÷åñêèõ è ãåîìåòðè÷åñ-
êèõ îïðåäåëÿþùèõ ôàêòîðîâ, õàðàêòåðèçóþùèõ äèíàìèêó âçàèìîäåéñòâèÿ òâåðäî-
ãî òåëà è äåôîðìèðóåìîé ñðåäû [3−6, 9]. Îñîáîå çíà÷åíèå ïðèîáðåòàþò çàäà÷è îï-
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òèìèçàöèè ôîðìû óäàðíèêîâ, ïðîíèêàþùèõ íà ìàêñèìàëüíóþ ãëóáèíó â òâåðäûå
ñðåäû (óïðóãèå, õðóïêèå, âÿçêèå è ïëàñòè÷åñêèå) [10, 17−20], à òàêæå îáðàòíûå çà-
äà÷è ïðîåêòèðîâàíèÿ ñòðóêòóðíî íåîäíîðîäíûõ ñðåä, è â ÷àñòíîñòè êóñî÷íî-îäíî-
ðîäíûõ ïëàñòèí÷àòûõ ñòðóêòóð, îêàçûâàþùèõ ìàêñèìàëüíîå ñîïðîòèâëåíèå âíåä-
ðåíèþ óäàðíèêîâ [11−14, 20].

Àêòóàëüíû èññëåäîâàíèÿ âëèÿíèÿ ïàðàìåòðîâ äåôîðìèðóåìîé ñðåäû íà ñêî-
ðîñòü äâèæåíèÿ ïðîíèêàþùèõ òâåðäûõ òåë è íà ãëóáèíó èõ ïðîíèêàíèÿ. Â íàñòîÿ-
ùåé ñòàòüå íàðÿäó ñ èçó÷åíèåì äâèæåíèÿ óäàðíèêà â îäíîðîäíîé ñðåäå ñ ïîñòîÿí-
íûìè ïðî÷íîñòíûìè è äèíàìè÷åñêèìè õàðàêòåðèñòèêàìè ðàññìàòðèâàþòñÿ íåêî-
òîðûå çàäà÷è äâèæåíèÿ óäàðíèêà â ñðåäàõ ñ íåîäíîðîäíûìè ïðî÷íîñòíûìè ñâîé-
ñòâàìè. Ïîäðîáíî èçó÷àåòñÿ ñëó÷àé ëèíåéíî èçìåíÿþùèõñÿ ïðî÷íîñòíûõ ñâîéñòâ
ñðåäû è èññëåäóåòñÿ âëèÿíèå ýòîãî èçìåíåíèÿ íà ãëóáèíó ïðîíèêàíèÿ òåëà â ñðåäó.

Îñíîâíûå ñîîòíîøåíèÿ

Ïðÿìîëèíåéíîå äâèæåíèå àáñîëþòíî æåñòêîãî óäàðíèêà îñåñèììåòðè÷íîé
ôîðìû ñ ìàññîé M â äåôîðìèðóåìîé ñðåäå âäîëü îñè Ox îïèñûâàåòñÿ óðàâíåíèåì

.2

2

D
dt

xdM −= (1)

Ïåðåõîäÿ ê íîâîé íåçàâèñèìîé ïåðåìåííîé x ñ ïîìîùüþ ïðåîáðàçîâàíèÿ
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ïîëó÷èì óðàâíåíèå äèíàìèêè â âèäå

,D
dx
dvMv −= (3)

ãäå v − ñêîðîñòü äâèæåíèÿ óäàðíèêà, D − ñèëà ñîïðîòèâëåíèÿ äåôîðìèðóåìîé ñðå-
äû, îïðåäåëÿåìàÿ âûðàæåíèåì [3]:
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Çäåñü A0(x), A2(x) − ñîáèðàòåëüíûå ïàðàìåòðû, õàðàêòåðèçóþùèå ïðî÷íîñòíûå è
äèíàìè÷åñêèå ñâîéñòâà íåîäíîðîäíîé â íàïðàâëåíèè Ox äåôîðìèðóåìîé ñðåäû:
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Ôîðìà îñåñèììåòðè÷íîãî óäàðíèêà äëèíîé l çàäàåòñÿ ôóíêöèåé r(s), 0 ≤ s ≤ l;
R = r(l) − ðàäèóñ õâîñòîâîé ÷àñòè (ìèäåëü) óäàðíèêà (ðèñ. 1); σ*  − îäíîîñíàÿ ïðî÷-
íîñòü íà ñæàòèå; k2 = ρ/σ*; ρ − ïëîòíîñòü ìàòåðèàëà ñðåäû; a0, a2 − ïàðàìåòðû
ìîäåëè [2, 3]. Ïðåäïîëàãàåòñÿ, ÷òî çàâèñèìîñòè âåëè÷èí σ*, ρ, a0, a2 îò x çàäàíû.
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Ñ ó÷åòîì ñîîòíîøåíèé (3)−(5) áóäåì èìåòü
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Ââåäåì íîâóþ ïåðåìåííóþ

)()( 2 xvxy = (8)

è áóäåì ðàññìàòðèâàòü äâèæåíèå íà îòðåçêå

fxx ≤≤0 (9)

ñ óñëîâèåì
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Èíòåãðèðóÿ óðàâíåíèå äèíàìèêè

0)()( =ψ+ϕ+ xyx
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ñ óñëîâèåì (10), ïîëó÷èì
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Îêîí÷àíèå äâèæåíèÿ ïðîèñõîäèò ïðè äîñòèæåíèè íóëåâîé ñêîðîñòè (óñëîâèå îñòà-
íîâêè)

.0)()( 2 == ff xvxy (13)

Èç óñëîâèÿ (13) îïðåäåëÿåòñÿ ãëóáèíà ïðîíèêàíèÿ xf  ñ ïîìîùüþ ñîîòíîøåíèÿ
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Íà îñíîâàíèè ïîëó÷åííûõ îáùèõ ñîîòíîøåíèé (7), (12) è (14) èññëåäîâàíû
ðàçëè÷íûå ÷àñòíûå ñëó÷àè ñîïðîòèâëåíèÿ äåôîðìèðóåìîé ñðåäû.

Äâèæåíèå óäàðíèêà â îäíîðîäíîé ñðåäå

Ðàññìîòðèì ñëó÷àé îäíîðîäíîé ñîïðîòèâëÿþùåéñÿ ñðåäû, êîãäà ïðî÷íîñòíàÿ
è äèíàìè÷åñêàÿ ñîñòàâëÿþùèå ñîïðîòèâëåíèÿ ÿâëÿþòñÿ ïîñòîÿííûìè âåëè÷èíà-
ìè, òî åñòü íå çàâèñÿò îò êîîðäèíàòû x:
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ãäå B0 è B2 − çàäàííûå ïîñòîÿííûå. Ïðè ýòîì
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Êàê ñëåäóåò èç ñîîòíîøåíèé (12), (18) è (19), äâèæåíèå óäàðíèêà ïðè 0 ≤ x ≤ xf
îïèñûâàåòñÿ ôîðìóëîé
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Ãëóáèíà xf ïðîíèêàíèÿ óäàðíèêà â äåôîðìèðóåìóþ ñðåäó îïðåäåëÿåòñÿ èç ñîîòíî-
øåíèÿ (14), êîòîðîå â ñëó÷àå îäíîðîäíîé ñðåäû èìååò âèä
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Ñëåäîâàòåëüíî, ãëóáèíà xf ïðîíèêàíèÿ â îäíîðîäíóþ äåôîðìèðóåìóþ ñðåäó îïðå-
äåëÿåòñÿ âûðàæåíèåì
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Äâèæåíèå óäàðíèêà â ñðåäå
ñ íåîäíîðîäíûìè ïðî÷íîñòíûìè ñâîéñòâàìè

Ðàññìîòðèì ñëó÷àé, êîãäà íåîäíîðîäíîå ñîïðîòèâëåíèå ñðåäû îáóñëîâëåíî åå
íåîäíîðîäíûìè ïðî÷íîñòíûìè ñâîéñòâàìè, à äèíàìè÷åñêèå õàðàêòåðèñòèêè ÿâëÿ-
þòñÿ ïîñòîÿííûìè, òî åñòü
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ãäå B2 − ïîñòîÿííàÿ, çàâèñÿùàÿ îò äèíàìè÷åñêèõ õàðàêòåðèñòèê ñðåäû è ãåîìåòðè-
÷åñêèõ ïàðàìåòðîâ óäàðíèêà, à B0(x) − ôóíêöèÿ, îïèñûâàþùàÿ ðàñïðåäåëåíèå ïðî÷-
íîñòíûõ ñâîéñòâ äåôîðìèðóåìîãî ìàòåðèàëà âäîëü êîîðäèíàòû x.
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Ó÷èòûâàÿ ñîîòíîøåíèÿ (25), (26) è ïðåäñòàâëåíèå (12), îïðåäåëèì çàâèñèìîñòü
ñêîðîñòè äâèæåíèÿ îò êîîðäèíàòû x:



488

⎥
⎦

⎤
⎢
⎣

⎡
+ξξξ−−== ∫ 2

0
0

202
2 )(exp)()(exp)()( vdBBxBxvxy

x

(28)

è âåëè÷èíó ãëóáèíû ïðîíèêàíèÿ â äåôîðìèðóåìóþ ñðåäó èç ñîîòíîøåíèÿ
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Ðàññìîòðèì äâèæåíèå óäàðíèêà â ñðåäå ñ ëèíåéíûì ðàñïðåäåëåíèåì ïðî÷íîñò-
íûõ ñâîéñòâ
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Ó÷èòûâàÿ ýòî âûðàæåíèå è ââîäÿ îáîçíà÷åíèÿ
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ñ èñïîëüçîâàíèåì (29) ïðèõîäèì ê òðàíñöåíäåíòíîìó óðàâíåíèþ, ñëóæàùåìó äëÿ
îïðåäåëåíèÿ ãëóáèíû xf ïðîíèêàíèÿ óäàðíèêà â äåôîðìèðóåìóþ ñðåäó:
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Íà ðèñ. 2 ñïëîøíîé ëèíèåé ïîêàçàíà çàâèñèìîñòü áåçðàçìåðíîé ãëóáèíû ïðî-
íèêàíèÿ óäàðíèêà xF = xf /l îò áåçðàçìåðíîãî ïàðàìåòðà γ = βl/α. Ðàñ÷åò ïðîâîäèë-
ñÿ äëÿ ñëåäóþùèõ çíà÷åíèé ïàðàìåòðîâ: v0 = 300 ì/ñ, R = 0,005 ì, l = 0,02 ì,  σ* =
= 106 Í/ì2, ρ = 3000 êã/ì3, a0 = a2 = 1, M = 0,005 êã.

Äëÿ ñðàâíåíèÿ ðàññìîòðèì ñðåäó, ïðî÷íîñòíûå ñâîéñòâà êîòîðîé ñíèæàþòñÿ
âäîëü îñè Ox ïî ëèíåéíîìó çàêîíó

.0,)(0 fxxxxB ≤≤β−α= (34)

Ïîäñòàâëÿÿ çàâèñèìîñòü (34) â âûðàæåíèå (29), áóäåì èìåòü

0          0,05        0,10        0,15          γ

xF
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Ñ ó÷åòîì (32) è îáîçíà÷åíèÿ
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óðàâíåíèå (29) çàïèøåòñÿ â âèäå:

.exp 2
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Äëÿ äàííîãî ñëó÷àÿ çàâèñèìîñòü âåëè÷èíû xF îò ïàðàìåòðà γ ïðåäñòàâëåíà íà
ðèñ. 2 øòðèõîâîé ëèíèåé.

Íåêîòîðûå çàìå÷àíèÿ è âûâîäû

Ðàññìîòðåíà çàäà÷à î äâèæåíèè àáñîëþòíî æåñòêîãî îñåñèììåòðè÷íîãî òåëà
(óäàðíèêà), ïðîíèêàþùåãî â íåîäíîðîäíóþ äåôîðìèðóåìóþ ñðåäó. Ãëóáèíà ïðîíè-
êàíèÿ óäàðíèêà îöåíèâàåòñÿ â ïðåäïîëîæåíèè, ÷òî òåëî â íà÷àëüíûé ìîìåíò ïîë-
íîñòüþ âîøëî â ñðåäó (âñÿ ïîâåðõíîñòü óäàðíèêà êîíòàêòèðóåò ñî ñðåäîé) è îñòàåò-
ñÿ â íåé â ïðîöåññå äâèæåíèÿ âïëîòü äî îñòàíîâêè. Â àíàëèòè÷åñêîé ôîðìå âûâå-
äåíû îñíîâíûå âûðàæåíèÿ, ïîçâîëÿþùèå íåïîñðåäñòâåííî îöåíèâàòü ãëóáèíó ïðî-
íèêàíèÿ óäàðíèêà â ñïëîøíóþ ñðåäó â çàâèñèìîñòè îò îñíîâíûõ ïàðàìåòðîâ ðå-
øàåìûõ çàäà÷. Èçó÷åíî äâèæåíèå óäàðíèêà â ñðåäå ñ íåîäíîðîäíûìè ïðî÷íîñòíû-
ìè ñâîéñòâàìè, è â ÷àñòíîñòè, ïîäðîáíî èññëåäîâàí ñëó÷àé ëèíåéíîãî ðàñïðåäåëå-
íèÿ ïðî÷íîñòíûõ ñâîéñòâ ñðåäû.

Â ðàìêàõ ïðåäëîæåííîãî ïîäõîäà ìîæíî èññëåäîâàòü âëèÿíèå íà äâèæåíèå
æåñòêîãî ïðîíèêàþùåãî óäàðíèêà íåîäíîðîäíûõ èíåðöèîííûõ ñâîéñòâ ðàññìàò-
ðèâàåìîé äåôîðìèðóåìîé ñðåäû è ñîâìåñòíîå âëèÿíèå íåîäíîðîäíîãî ðàñïðåäåëå-
íèÿ ïðî÷íîñòíûõ è èíåðöèîííûõ õàðàêòåðèñòèê.
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ON AXISYMMETRIC IMPACTOR MOVING IN MEDIA
WITH LINEARLY CHANGED STRENGTH CHARACTERISTICS

Banichuk N.V.1,2, Otgonbayar S.2

1A. Ishlinsky Institute for Problems in Mechanics of the Russian Academy of Sciences,
Moscow, Russian Federation

2Moscow Institute of Physics and Technology (State University),
Moscow region, Dolgoprudny, Russian Federation

The questions of rigid body motion in deformable media are considered. Under assumption that
the penetrating bodies (impactors) are axisymmetric, their motion is investigated and the depth of
penetration into continuous medium is evaluated. The process of high-speed penetration of rigid
body into deformable medium is modelled by using the two-member representation for the resistance
force. Under assumption that the body contacts fully with medium in the initial moment of the
motion and moves in this medium up to stopping, the relation was obtained, which allows determine
the depth of penetration. The case of penetration into homogeneous media is investigated as for as
the case of motion in the medium with nonhomogeneous strength and dynamical characteristics. It
is investigated the case when the strength characteristics of the medium are changed linearly. Media
with increasing and decreasing strength properties are considered. The dependencies of the depth
of penetration on the parameter characterizing the strength properties of the medium are presented.

Keywords: high-speed penetration, axisymmetric strikers, nonhomogeneous media.


