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Â ðàìêàõ ìîäåëè æåñòêîïëàñòè÷åñêîãî òåëà ðàññìîòðåíî ïðåäåëüíîå ïî-
âåäåíèå ãèáðèäíûõ êîìïîçèòíûõ êðóãëûõ ïëàñòèí. Ïîñòðîåíî òî÷íîå ðåøå-
íèå çàäà÷è èçãèáà òðåõñëîéíûõ êðóãëûõ ïëàñòèí, èìåþùèõ ðàçíóþ ñòðóêòóðó
óãëîâîãî àðìèðîâàíèÿ â âåðõíåì è íèæíåì ñëîå. Ìàòåðèàë ñðåäíåãî ñëîÿ è
ñâÿçóþùåãî â âåðõíåì è íèæíåì ñëîÿõ èìååò ïðåäåëû òåêó÷åñòè íà ñæàòèå
íàìíîãî áîëüøå, ÷åì íà ðàñòÿæåíèå. Â ýòîì ñëó÷àå óñëîâèå ïëàñòè÷íîñòè â
ïëîñêîñòè ãëàâíûõ ìîìåíòîâ, ïîñòðîåííîå íà îñíîâå ñòðóêòóðíîé ìîäåëè
àðìèðîâàííîãî ñëîÿ ñ îäíîìåðíûì íàïðÿæåííûì ñîñòîÿíèåì â âîëîêíàõ, èìååò
âèä ïðÿìîóãîëüíèêà. Ïëàñòèíû øàðíèðíî îïåðòû ïî âíóòðåííåìó êðóãîâîìó
êîíòóðó è èìåþò â öåíòðàëüíîé ÷àñòè æåñòêóþ êðóãëóþ âñòàâêó. Ïëàñòèíû
íàõîäÿòñÿ ïîä äåéñòâèåì ðàâíîìåðíî ðàñïðåäåëåííîé ïîâåðõíîñòíîé íàãðóç-
êè. Ïîêàçàíî, ÷òî â çàâèñèìîñòè îò ïîëîæåíèÿ îïîðíîãî êîíòóðà âîçìîæíû
òðè ñõåìû ïðåäåëüíîãî äåôîðìèðîâàíèÿ; îïðåäåëåíû óñëîâèÿ èõ ðåàëèçàöèè.
Íàéäåíû ïîëÿ ãëàâíûõ ìîìåíòîâ è ñêîðîñòè ïðîãèáîâ ïëàñòèíû. Ïîëó÷åíû
ïðîñòûå àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ ïðåäåëüíîé íàãðóçêè. Îïðåäåëåíî
îïòèìàëüíîå ðàñïîëîæåíèå îïîðû, ïðè êîòîðîì ïëàñòèíà èìååò íàèìåíüøóþ
ïîâðåæäàåìîñòü ñ òî÷êè çðåíèÿ ìàêñèìóìà ïðåäåëüíîé íàãðóçêè. Ïîêàçàíî,
÷òî íà îïòèìàëüíîé îïîðå îáðàçóåòñÿ ïëàñòè÷åñêèé øàðíèð. Îïðåäåëåíî
îïòèìàëüíîå ñîîòíîøåíèå òîëùèí âåðõíåãî è íèæíåãî ñëîåâ ïëàñòèíû ïðè
çàäàííîé èõ ñóììàðíîé òîëùèíå, ñîîòâåòñòâóþùåå íàèáîëüøåé ïðåäåëüíîé
íàãðóçêå.

Êëþ÷åâûå ñëîâà: æåñòêîïëàñòè÷åñêàÿ ìîäåëü, ãèáðèäíîå àðìèðîâàíèå,
ðàçíîñîïðîòèâëÿþùèåñÿ ìàòåðèàëû, óãëîâîå àðìèðîâàíèå, òðåõñëîéíàÿ ïëà-
ñòèíà, âíóòðåííÿÿ îïîðà, æåñòêàÿ âñòàâêà, ïðåäåëüíàÿ íàãðóçêà, îïòèìàëüíîå
ðàñïîëîæåíèå îïîðû.
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Àíèçîòðîïíûå ðàçíîñîïðîòèâëÿþùèåñÿ ìàòåðèàëû øèðîêî èñïîëüçóþòñÿ äëÿ
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íîðîäíûìè, òàê è íåîäíîðîäíûìè. Ê ÷èñëó ïîñëåäíèõ îòíîñÿòñÿ êðóãëûå ìíîãî-
ñëîéíûå àðìèðîâàííûå ïëàñòèíû. Â ñâÿçè ñ òåì, ÷òî çà÷àñòóþ â ýëåìåíòàõ êîíñò-
ðóêöèé ïðåäîñòàâëÿåòñÿ ñâîáîäà âûáîðà ïëàíèðîâî÷íûõ ðåøåíèé, â òîì ÷èñëå è
ñâîáîäà ðàçìåùåíèÿ îïîð [1], â íàñòîÿùåé ñòàòüå â ðàìêàõ æåñòêîïëàñòè÷åñêîé
ìîäåëè îñíîâíîå âíèìàíèå óäåëÿåòñÿ âû÷èñëåíèþ ïðåäåëüíûõ íàãðóçîê òðåõñëîé-
íûõ àðìèðîâàííûõ ïëàñòèí èç ðàçíîñîïðîòèâëÿþùèõñÿ ìàòåðèàëîâ ôàç êîìïîçè-
öèè ïðè ðàçëè÷íûõ õàðàêòåðèñòèêàõ óãëîâîãî àðìèðîâàíèÿ â íåñóùèõ ñëîÿõ è ðàç-
ëè÷íîì ðàñïîëîæåíèè îïîðíîãî êðóãîâîãî êîíòóðà âíóòðè îáëàñòè ïëàñòèíû, à òàêæå
îïðåäåëåíèþ åãî îïòèìàëüíîãî ïîëîæåíèÿ. Â ëèòåðàòóðå òî÷íûå ðåøåíèÿ äëÿ ïëà-
ñòè÷åñêèõ àðìèðîâàííûõ ïëàñòèí, îïåðòûõ ïî âíóòðåííåìó êîíòóðó, íå èçâåñòíû.
Â ñëó÷àå îäíîðîäíîãî ìàòåðèàëà ìåòîäîì ïðåäåëüíîãî ðàâíîâåñèÿ â [2] îïðåäåëåíà
ïðåäåëüíàÿ íàãðóçêà äëÿ êðóãëîé ïëàñòèíû, îïåðòîé íà n òî÷åê, ðàñïîëîæåííûõ
ñèììåòðè÷íî íà îêðóæíîñòè. Â [3] íàéäåíî îïòèìàëüíîå ïîëîæåíèå äîïîëíèòåëü-
íîé âíóòðåííåé îïîðû äëÿ øàðíèðíî îïåðòîé, çàùåìëåííîé è ñâîáîäíîé íà êîíòó-
ðå êðóãëûõ ïëàñòèí ïîä äåéñòâèåì íà÷àëüíîãî èìïóëüñà. Â [4, 5] ìåòîäîì ïðåäåëü-
íîãî ðàâíîâåñèÿ äëÿ êâàäðàòíûõ è ïðÿìîóãîëüíûõ ïëèò îïðåäåëåíî îïòèìàëüíîå
ðàçìåùåíèå êîëîíí, ðàññìàòðèâàåìûõ êàê òî÷å÷íûå îïîðû. Âîïðîñû îïòèìàëüíî-
ãî ïîëîæåíèÿ îïîð äëÿ îäíîðîäíûõ óïðóãîïëàñòè÷åñêèõ áàëîê, êðóãëûõ è ïðÿìî-
óãîëüíûõ ïëàñòèí èçó÷åíû â [6−11]. Îïòèìàëüíîå ïîëîæåíèå ïîëèãîíàëüíûõ âíóò-
ðåííèõ îïîð ê îäíîðîäíûì æåñòêîïëàñòè÷åñêèì êðóãëûì, îäíî- è äâóñâÿçíûì ïîëè-
ãîíàëüíûì ïëàñòèíàì íàéäåíî â [12, 13] ìåòîäîì ïðåäåëüíîãî ðàâíîâåñèÿ. Äèíà-
ìè÷åñêîå ïîâåäåíèå îäíîðîäíûõ êðèâîëèíåéíûõ äâóñâÿçíûõ ïëàñòèí ñ âíóòðåí-
íåé îïîðîé ðàññìîòðåíî â [14].

1. Óñëîâèå ïëàñòè÷íîñòè è çàêîí ïëàñòè÷åñêîãî òå÷åíèÿ

Ðàññìîòðèì â ïîëÿðíûõ  êîîðäèíàòàõ (r, ϕ) êðóãëóþ òîíêóþ êèðõãîôîâó ïëàñ-
òèíó ñ öåíòðàëüíîé êðóãëîé æåñòêîé âñòàâêîé ñ êîíòóðîì L0, øàðíèðíî îïåðòóþ
ïî âíóòðåííåìó êðóãîâîìó êîíòóðó L1, ïðè âîçäåéñòâèè ðàâíîìåðíî ðàñïðåäåëåí-
íîé íàãðóçêè. Âíåøíèé êîíòóð ïëàñòèíû L2 ñâî-
áîäíûé (ðèñ. 1). Îêðóæíîñòè L0, L1 è L2 − êîí-
öåíòðè÷åñêèå; èõ ðàäèóñû ðàâíû R0, R1 è R2
(0 ≤ R0 ≤ R1 ≤ R2). Ïëàñòèíà ñîñòîèò èç òðåõ ðàç-
ëè÷íûõ ñëîåâ. Âåðõíèé I1 è íèæíèé I2 ñëîè (íå-
ñóùèå ñëîè) ñîäåðæàò ïî òîëùèíå áîëüøîå êî-
ëè÷åñòâî àðìèðîâàííûõ ñëîåâ è ñâÿçóþùèõ èõ
èçîòðîïíûõ ïðîñëîåê, îïèñûâàåìûõ ìîäåëüþ
èäåàëüíîãî æåñòêîïëàñòè÷åñêîãî ìàòåðèàëà ñ
óñëîâèåì ïëàñòè÷íîñòè òèïà ìîäèôèöèðîâàí-
íîãî óñëîâèÿ Òðåñêà äëÿ ìàòåðèàëà, ðàçíîñîïðî-
òèâëÿþùåãîñÿ íà ðàñòÿæåíèå è ñæàòèå. Ñ÷èòà-
åòñÿ, ÷òî âîëîêíà àðìàòóðû äåôîðìèðóþòñÿ, êàê îäíîìåðíûå ýëåìåíòû, ðàñïîëàãà-
þòñÿ â âèäå ñèììåòðè÷íûõ îòíîñèòåëüíî ðàäèóñà êðèâîëèíåéíûõ òðàåêòîðèé (óã-
ëîâîå àðìèðîâàíèå), ïðè÷åì àðìèðîâàíèå â âåðõíåì è íèæíåì ñëîå ðàçëè÷íîå.
Ñðåäíèé ñëîé ïëàñòèíû âûïîëíåí èç òîãî æå ìàòåðèàëà, ÷òî ñâÿçóþùèé ìàòåðèàë â
íåñóùèõ ñëîÿõ.

Ïóñòü 21, MM  − ðàäèàëüíûé è îêðóæíîé èçãèáíûå ìîìåíòû; kσ0 è σ0 − ïðåäå-
ëû òåêó÷åñòè ñâÿçóþùåãî ìàòåðèàëà íà ðàñòÿæåíèå è ñæàòèå (0 < k ≤ 1); 
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äåë òåêó÷åñòè ìàòåðèàëà àðìàòóðû â ñëîå Ii (i = 1, 2); μi − óãîë àðìèðîâàíèÿ óãëîâûõ
âîëîêîí â îáëàñòè Ii; ωi(x), ωi0 − ïëîòíîñòü àðìèðîâàíèÿ âîëîêîí â îáëàñòè Ii è åå
çíà÷åíèå ïðè x = x0; 1δ  è 2δ  − òîëùèíû âåðõíåãî è íèæíåãî ñëîåâ; w  − ïðîãèá; t  −
âðåìÿ; H − òîëùèíà ïëàñòèíû; κ1, κ2 − ãëàâíûå ñêîðîñòè êðèâèçíû ïîâåðõíîñòè
ïëàñòèíû (áåçðàçìåðíûå), ,0
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Äëÿ âîçìîæíûõ âàðèàíòîâ ñòðóêòóð óãëîâîãî àðìèðîâàíèÿ ïëîòíîñòü àðìèðî-
âàíèÿ îäíîãî ñåìåéñòâà âîëîêîí ωi(x) (i = 1, 2) îïðåäåëÿåòñÿ êàê [15]:
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Â ñòàòüå [16] íà îñíîâå ñòðóêòóðíîé ìîäåëè àðìèðîâàííîãî ñëîÿ ñ îäíîìåðíûì
íàïðÿæåííûì ñîñòîÿíèåì â âîëîêíàõ [17] è â ðàìêàõ æåñòêîïëàñòè÷åñêîãî àíàëèçà

ïîëó÷åíî, ÷òî óñëîâèå ïëàñòè÷íîñòè â ïëîñêî-
ñòè ãëàâíûõ ìîìåíòîâ äëÿ òðåõñëîéíîé àðìè-
ðîâàííîé ïëàñòèíû, èçãîòîâëåííîé èç ðàçíî-
ñîïðîòèâëÿþùèõñÿ ìàòåðèàëîâ ôàç êîìïîçè-
öèè, èìååò ôîðìó âîñüìèóãîëüíèêà. Áóäåì ñ÷è-
òàòü, ÷òî îòíîøåíèå ïðåäåëîâ òåêó÷åñòè ñâÿ-
çóþùåãî ìàòåðèàëà íà ðàñòÿæåíèå è ñæàòèå k
ìàëî. Òîãäà âîñüìèóãîëüíèê ñòàíîâèòñÿ ïðàê-
òè÷åñêè ÷åòûðåõóãîëüíèêîì. È äëÿ òðåõñëîé-
íîé àðìèðîâàííîé êðóãëîé ïëàñòèíû óñëîâèå
ïëàñòè÷íîñòè â ïëîñêîñòè ãëàâíûõ ìîìåíòîâ
èìååò âèä ïðÿìîóãîëüíèêà ABCD, èçîáðàæåí-
íîãî íà ðèñ. 2:

ðåæèì AB: m2 = a2(x), κ1 = 0, κ2 > 0; ðåæèì BC: m1 = −a3(x), κ2 = 0, κ1 < 0;

ðåæèì CD: m2 = −a4(x), κ1 = 0, κ2 < 0; ðåæèì AD: m1 = a1(x), κ2 = 0, κ1 > 0;
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Ñ÷èòàåì, ÷òî aj(x) ÿâëÿþòñÿ ãëàäêèìè ôóíêöèÿìè.

2. Îïðåäåëåíèå ìîìåíòîâ, ïðåäåëüíîé íàãðóçêè è ñêîðîñòåé

Óðàâíåíèÿ ðàâíîâåñèÿ êðóãëîé ïëàñòèíû èìåþò âèä:

,)( 21 xqmxm =−′ (8)
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ãäå Q  − ïåðåðåçûâàþùàÿ ñèëà, P  − íàãðóçêà, ðàñïðåäåëåííàÿ ïî ïîâåðõíîñòè ïëà-
ñòèíû. Ïðè ðàñïîëîæåíèè îïîðíîãî êîíòóðà íà âíåøíåì êîíòóðå ïëàñòèíû (x1 = 1)
íà ãðàíèöå æåñòêîé âñòàâêè îáðàçóåòñÿ ïëàñòè÷åñêèé øàðíèð, òîãäà ïðè x = x0 ðåà-
ëèçóåòñÿ ðåæèì A, ïðè êîòîðîì m2(x0) = a2(x0), m1(x0) = a1(x0) (ñì. ðèñ. 2). Ïóñòü
îïîðíàÿ îêðóæíîñòü ñìåùåíà îò âíåøíåãî êîíòóðà ïëàñòèíû íåìíîãî âíóòðü åå
(x12 ≤ x1 ≤ 1; çíà÷åíèå x12 îïðåäåëèì íèæå). Íàçîâåì âîçíèêàþùóþ ïðè ýòîì ñõåìó
äåôîðìèðîâàíèÿ ñõåìîé 1. Îêðóæíîñòü x = x1 ÿâëÿåòñÿ ïðîìåæóòî÷íûì øàðíèðîì,
íà êîòîðîì ñïðàâåäëèâî íåðàâåíñòâî −a3(x1) < m1(x1) ≤ 0 è ïåðåðåçûâàþùèå ñèëû
òåðïÿò ðàçðûâ. Íà îòðåçêå x0 ≤ x ≤ x1 ðåàëèçóåòñÿ ïëàñòè÷åñêîå ñîñòîÿíèå AB1, ïðè
êîòîðîì:

),()(,0)(),()()(,0),()( 010111111122 xaxmxmxaxmxmvxaxm =≤≤≤=′′= & (10)

à íà îòðåçêå x1 ≤ x ≤ 1 ðåàëèçóåòñÿ ïëàñòè÷åñêîå ñîñòîÿíèå B1B2, ïðè êîòîðîì:

.0)1(,0)(,0)()(,0),()( 11111122 =≤≤≤=′′= mxmxmxmvxaxm & (11)

Èç óðàâíåíèÿ 0=′′v&  ïðè ó÷åòå ðàâåíñòâà íóëþ ñêîðîñòåé ïðîãèáîâ íà îïîðíîì
êîíòóðå x = x1 è òîãî, ÷òî æåñòêàÿ îáëàñòü íå äåôîðìèðóåòñÿ, ïîëó÷èì ðàñïðåäåëå-
íèå ñêîðîñòåé ïðîãèáîâ ïðè ñõåìå 1 (ðèñ. 3à), 0v&  − áåçðàçìåðíàÿ ñêîðîñòü ïðîãèáà
æåñòêîé øàéáû:
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Èç (8)−(10) ïðè x0 ≤ x ≤ x1 èìååì
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Ïðè x1 ≤ x ≤ 1, ó÷èòûâàÿ, ÷òî íà ñâîáîäíîì êîíòóðå q(1) = 0, èç (8), (9), (11)
ïîëó÷èì
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(13)

Èç ðàâåíñòâà m1(x1 − 0) = m1(x1 + 0) è (12), (13) ïîëó÷èì ïðåäåëüíóþ íàãðóçêó
p01 äëÿ ñõåìû 1:
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Ïîäñòàâëÿÿ p = p01 â (12), (13), ïîëó÷èì çíà÷åíèÿ ðàäèàëüíîãî ìîìåíòà m1(x):
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 (15)

Èç àíàëèçà âûðàæåíèÿ (15) ñëåäóåò, ÷òî m1(x) ñ ðîñòîì x óáûâàåò ïðè x0 ≤ x ≤ x1,
âîçðàñòàåò ïðè x1 ≤ x ≤ 1 è äîñòèãàåò ñâîåãî ìèíèìàëüíîãî çíà÷åíèÿ ïðè x = x1. Ïðè
óñëîâèè m1(x1) = −a3(x1) íà îïîðå îáðàçóåòñÿ ïëàñòè÷åñêèé øàðíèð. Îòñþäà ñëåäó-
åò, ÷òî ñõåìà 1 ðåàëèçóåòñÿ äëÿ çíà÷åíèé x1 â èíòåðâàëå x12 ≤ x1 ≤ 1, ãäå x12 îïðåäå-
ëÿåòñÿ èç óðàâíåíèÿ m1(x12) = −a3(x12), êîòîðîå ñ ó÷åòîì (15) èìååò âèä:
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Ïðè ðàäèóñå îïîðíîãî êîíòóðà x1 ≤ x12 íà êîíòóðå L1 îáðàçóåòñÿ ïëàñòè÷åñêèé
øàðíèð, ïðè ýòîì ïëàñòèíà äåôîðìèðóåòñÿ, êàê äâå íåçàâèñèìûå îáëàñòè: âíóòðè
êîíòóðà L1 (ñõåìà 2) è ìåæäó êîíòóðàìè L1 è L2 (ñõåìà 3).

Ïðè ñõåìå 2 áóäåò äåôîðìèðîâàòüñÿ òîëüêî ÷àñòü ïëàñòèíû âíóòðè êîíòóðà L1
êàê ïëàñòèíà ñ æåñòêîé øàéáîé, çàùåìëåííàÿ ïî êîíòóðó L1. Íà îòðåçêå x0 ≤ x ≤ x1
(x1 ≤ x12) ðåàëèçóåòñÿ ïëàñòè÷åñêîå ñîñòîÿíèå AB, ïðè êîòîðîì:

),()()(,0),()( 11322 xaxmxavxaxm ≤≤−=′′= &

).()(),()( 01011311 xaxmxaxm =−=

Èç óñëîâèÿ 0=′′v&  ñêîðîñòè ïðîãèáîâ â ïëàñòèíå ïðè ñõåìå 2 ðàâíû (ñì. ðèñ. 3á):
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Ðàäèàëüíûé ìîìåíò m1(x) îïðåäåëÿåòñÿ âûðàæåíèåì (12). Èç óñëîâèÿ m1(x1) =
= −a3(x1) ïîëó÷èì ïðåäåëüíóþ íàãðóçêó p02 äëÿ ñõåìû 2:
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Ïðè ñõåìå 3 (ðèñ. 3â) áóäåò äåôîðìèðîâàòüñÿ òîëüêî ÷àñòü ïëàñòèíû ìåæäó êîí-
òóðàìè L1 è L2 êàê ïëàñòèíà, çàùåìëåííàÿ ïî âíóòðåííåìó êîíòóðó L1 è ñâîáîäíàÿ
íà âíåøíåì êîíòóðå L2. Íà êîíòóðå L1 îáðàçóåòñÿ ïëàñòè÷åñêèé øàðíèð è m2(x1) < 0,
m1(x1) < 0. Ïðè x1 ≤ x ≤ 1 ðåàëèçóåòñÿ ïëàñòè÷åñêîå ñîñòîÿíèå CC1:

.0)1(),()(,0)()(,0),()( 113111342 =−=≤≤−=ν ′′−= mxaxmxmxaxaxm & (18)

Èç óñëîâèÿ 0=′′v&  ñêîðîñòè ïðîãèáîâ â ïëàñòèíå ïðè ñõåìå 3 ðàâíû (ñì. ðèñ. 3â):
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Ïðè x1 ≤ x ≤ 1, ó÷èòûâàÿ, ÷òî íà ñâîáîäíîì êîíòóðå q(1) = 0, èç (8), (9), (18) ïîëó÷èì
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Èç (19) è óñëîâèÿ m1(x1) = −a3(x1) ïîëó÷èì ïðåäåëüíóþ íàãðóçêó p03 äëÿ ñõåìû 3:
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Íåñëîæíî ïîêàçàòü, ÷òî íåâîçìîæíà ñõåìà äåôîðìèðîâàíèÿ, ïðè êîòîðîé â ïëà-
ñòèíå ðåàëèçóþòñÿ ðåæèìû CC1C2, à æåñòêàÿ øàéáà äâèæåòñÿ ââåðõ, òàê êàê ïðè
ýòîì äëÿ âñåõ x0 ≤ x1 ≤ 1 ïðåäåëüíàÿ íàãðóçêà áîëüøå, ÷åì min (p01, p02, p03).

Ïëàñòèíà áóäåò äåôîðìèðîâàòüñÿ ïî ñõåìå i, ñîîòâåòñòâóþùåé ìèíèìàëüíîìó
çíà÷åíèþ p0i (i = 1, 2, 3). Ïðåäåëüíàÿ íàãðóçêà p0 äëÿ ðàññìàòðèâàåìîé ïëàñòèíû
ðàâíà

).,,(min 0302010 pppp = (21)
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Èç âûðàæåíèÿ (18) äëÿ p02 âèäíî, ÷òî ïðè ðàñïîëîæåíèè îïîðû îêîëî øàéáû
(x1 → x0) ïðåäåëüíàÿ íàãðóçêà p02 âîçðàñòàåò è ñòðåìèòñÿ ê áåñêîíå÷íîñòè. Èç (20)
ñëåäóåò, ÷òî âåëè÷èíà p03 óáûâàåò ïðè x1 → x0, ñëåäîâàòåëüíî, p03 < p02 è â ýòîì
ñëó÷àå ðåàëèçóåòñÿ ñõåìà 3. Ïðè óâåëè÷åíèè çíà÷åíèÿ îïîðíîãî ðàäèóñà x1 îò x0
íàãðóçêà p02 óáûâàåò, à p03, îïðåäåëÿåìàÿ âûðàæåíèåì (20), âîçðàñòàåò. Èç ðàâåí-
ñòâà p02(x1m) = p03(x1m) âû÷èñëÿåòñÿ çíà÷åíèå x1 = x1m > x0, ïðè êîòîðîì ñõåìà 3
ïåðåõîäèò â ñõåìó 2. Ñ ó÷åòîì (17), (20) âåëè÷èíà x1m îïðåäåëÿåòñÿ èç àëãåáðàè÷åñ-
êîãî óðàâíåíèÿ:
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Òàêèì îáðàçîì, ïðè x12 ≤ x1 ≤ 1 ðåàëèçóåòñÿ ñõåìà 1, ïðè x1m ≤ x1 ≤ x12 áóäåò
ñõåìà 2 è ïðè x0 ≤ x1 ≤ x1m − ñõåìà 3.

3. Âû÷èñëåíèå îïòèìàëüíîé îïîðû

Îïòèìàëüíîé áóäåì ñ÷èòàòü òàêóþ îïîðó, ïðè êîòîðîé ïëàñòèíà èìååò ìàêñè-
ìàëüíóþ ïðåäåëüíóþ íàãðóçêó p0 è, ñëåäîâàòåëüíî, ìèíèìàëüíóþ ïîâðåæäàåìîñòü.
Èç (14), (17), (20) ñëåäóåò, ÷òî ôóíêöèè ïðåäåëüíûõ íàãðóçîê p01(x1), p02(x1) óáûâà-
þùèå ïî x1, à ôóíêöèÿ p03(x1) − âîçðàñòàþùàÿ. Òàê êàê ñõåìà 1 ðåàëèçóåòñÿ ïðè
x12 ≤ x1 ≤ 1, ñõåìà 2 − ïðè x1m ≤ x1 ≤ x12 è ñõåìà 3 − ïðè x0 ≤ x1 ≤ x1m, òî ïðåäåëüíàÿ
íàãðóçêà ðàññìàòðèâàåìûõ ïëàñòèí áóäåò ìàêñèìàëüíà ïðè ïåðåõîäå ñõåìû 2 â ñõå-
ìó 3, òî åñòü ïðè x1 = x1m. Òàêèì îáðàçîì, óñëîâèå îïòèìàëüíîñòè îïîðû èìååò âèä
p02(x1m) = p03(x1m), à ðàâåíñòâî (22) ÿâëÿåòñÿ àëãåáðàè÷åñêèì óðàâíåíèåì äëÿ âû-
÷èñëåíèÿ ðàäèóñà îïòèìàëüíîé îïîðíîé îêðóæíîñòè x1 = x1m. Êðîìå ýòîãî, âèäíî,
÷òî íà îïòèìàëüíîé âíóòðåííåé îïîðå îáðàçóåòñÿ ïëàñòè÷åñêèé øàðíèð.

Íà ðèñ. 4 èçîáðàæåíû çíà÷åíèÿ ðàäèóñà îïòèìàëüíîé îïîðû x1m, ïîëó÷åííûå
÷èñëåííî èç (22) ìåòîäîì äåëåíèÿ ïîïîëàì, â çàâèñèìîñòè îò ðàçìåðà æåñòêîé âñòàâ-
êè x0. Ñ÷èòàëîñü, ÷òî k = 1/17, s = 1, s1 = 40, s2 = 50, μ10 = π/6, μ20 = π/5, ω10 = 0,25,
ω20 = 0,2, h = 1, δ2 = 0,15; àðìèðîâàíèå îáîèõ ñëîåâ îñóùåñòâëÿëîñü ïî çàêîíó (2).
Êðèâûå 1−3 ñîîòâåòñòâóþò ðàñ÷åòàì ïðè δ1 = 0,05, 0,1 è 0,2.

Íà ðèñ. 5, 6 èçîáðàæåíà ïðåäåëüíàÿ íàãðóçêà p0, âû÷èñëåííàÿ ïî (14), (17), (20),
(21) äëÿ ðàññìàòðèâàåìûõ ñëîèñòûõ ïëàñòèí, â çàâèñèìîñòè îò ðàäèóñà îïîðû x1.

Ðèñ. 4
0             0,2            0,4            0,6              x0

0,7

0,8

0,9

x1m

1
2

3



293

Ñ÷èòàëîñü, ÷òî k = 1/17, s = 1, s1 = 40, s2 = 50, μ10 = π/6, μ20 = π/5, ω10 = 0,25,  ω20 =
= 0,2, h = 1.

Íà ðèñ. 5 ïðèâåäåíû ðàñ÷åòû ïðè ðàçëè÷íûõ ðàçìåðàõ æåñòêîé âñòàâêè. Áûëî
ïðèíÿòî: δ1 = 0,1, δ2 = 0,07; àðìèðîâàíèå îáîèõ ñëîåâ â ôîðìå ëîãàðèôìè÷åñêèõ
ñïèðàëåé ïî çàêîíó (2). Ëèíèÿ c1c2c3c4 èçîáðàæàåò p0 ïðè áåçðàçìåðíîì ïàðàìåòðå
æåñòêîé øàéáû x0 = 0,1. Íà èíòåðâàëå c1c2 ðåàëèçóåòñÿ ñõåìà 3, íà èíòåðâàëå c2c3 −
ñõåìà 2, íà èíòåðâàëå c3c4 − ñõåìà 1. Ìàêñèìóì ïðåäåëüíîé íàãðóçêè äîñòèãàåòñÿ
íà îïòèìàëüíîé îïîðå x1 = x1m = 0,727 (â òî÷êå c2), p0(x1m) = 20,75; p0(x1m)/p0(1) =
= 4,3. Ëèíèÿ e1e2e3e4 èçîáðàæàåò íàãðóçêó p0 ïðè x0 = 0,15. Íà èíòåðâàëå e1e2 ðåàëè-
çóåòñÿ ñõåìà 3, íà èíòåðâàëå e2e3 − ñõåìà 2, íà èíòåðâàëå e3e4 − ñõåìà 1. Ìàêñèìóì
p0 äîñòèãàåòñÿ ïðè x1 = x1m = 0,724 (â òî÷êå e2), p0(x1m) = 28,62; p0(x1m)/p0(1) = 4,5.
Ëèíèÿ b1b2b3b4 èçîáðàæàåò p0 ïðè x0 = 0,2. Íà èíòåðâàëå b1b2 ðåàëèçóåòñÿ ñõåìà 3,
íà èíòåðâàëå b2b3 − ñõåìà 2, íà èíòåðâàëå b3b4 − ñõåìà 1. Ìàêñèìóì p0 äîñòèãàåòñÿ
ïðè x1 = x1m = 0,722 (â òî÷êå b2), p0(x1m) = 36,29; p0(x1m)/p0(1) = 4,8. Ïðè óâåëè÷åíèè
ðàçìåðîâ øàéáû îòíîøåíèå ìàêñèìàëüíîé ïðåäåëüíîé íàãðóçêè p0(x1m) ê ïðåäåëü-
íîé íàãðóçêå p0(1) (â ñëó÷àå øàðíèðíîãî îïèðàíèÿ ïî âíåøíåìó êîíòóðó ïëàñòè-
íû) ðàñòåò.

Äëÿ ðàñ÷åòîâ, ïðèâåäåííûõ íà ðèñ. 6, x0 = 0,1. Ëèíèÿ 1: δ1 = δ2 = 0,1; àðìèðîâà-
íèå îáîèõ ñëîåâ ïî çàêîíó (2); ðàäèóñ îïòèìàëüíîé îïîðû ðàâåí x1m = 0,747; p0(x1m) =
= 23,9. Ëèíèÿ 2: δ1 = 0,1, δ2 = 0,05; àðìèðîâàíèå îáîèõ ñëîåâ ïî çàêîíó (2); x1m =
= 0,7; p0(x1m) = 17,94. Ëèíèÿ 3: ïàðàìåòðû, êàê äëÿ êðèâîé 2, íî àðìèðîâàíèå âåðõ-
íåãî ñëîÿ I1 ïî çàêîíó (2) è íèæíåãî ñëîÿ I2 çàêîíó (3); x1m = 0,68; p0(x1m) = 15,87.
Âèäíî, ÷òî ïðè ðàçìåùåíèè îïîðíîãî êîíòóðà îêîëî æåñòêîé îáëàñòè ïðåäåëüíûå
íàãðóçêè p0 äëÿ ðàññìàòðèâàåìûõ ñëó÷àåâ ñîâïàäàþò. Åñëè æå îïîðà ðàñïîëîæåíà
áëèæå ê âíåøíåìó êîíòóðó ïëàñòèíû, òî çíà÷åíèÿ p0 ñóùåñòâåííî ðàçëè÷àþòñÿ.

Íà ðèñ. 7 ïðèâåäåíà ïðåäåëüíàÿ íàãðóçêà p0 â çàâèñèìîñòè îò ðàäèóñà îïîðû x1
â ñëó÷àå ðàçëè÷íîãî ñîîòíîøåíèÿ òîëùèí àðìèðîâàííûõ ñëîåâ. Êðèâàÿ 1 ñîîòâåò-
ñòâóåò δ1 = 0,05; δ2 = 0,1, êðèâàÿ 2 −  δ1 = 0,1; δ2 = 0,05. Îñòàëüíûå õàðàêòåðèñòèêè
ñëîåâ îäèíàêîâûå: k = 1/17, x0 = 0,1, s = 1, s1 = s2 = 40, μ10 = μ20 = π/6, ω10 = ω20 =
= 0,25, àðìèðîâàíèå îáîèõ ñëîåâ ïî çàêîíó (2). Âèäíî, ÷òî ïðè ðàñïîëîæåíèè îïî-
ðû îêîëî æåñòêîé âñòàâêè (ïðè ñõåìå 3) íàãðóçêà p0 áîëüøå äëÿ êðèâîé 2, êîãäà
âåðõíèé ñëîé òîëùå íèæíåãî. Ïðè ðàñïîëîæåíèè îïîðû îêîëî âíåøíåãî êîíòóðà
ïëàñòèíû (ïðè ñõåìå 1) íàãðóçêà p0 áîëüøå äëÿ êðèâîé 1, êîãäà âåðõíèé ñëîé òîíü-
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øå íèæíåãî. Îïòèìàëüíîå ðàñïîëîæåíèå îïîðíîãî êîíòóðà ðàçëè÷íîå. Ïîñêîëüêó
ìàêñèìóì ïðåäåëüíîé íàãðóçêè ðåàëèçóåòñÿ íà îïòèìàëüíîé îïîðå ïðè ïåðåõîäå
ñõåìû 3 â ñõåìó 2, òî ìàêñèìóì p0 áîëüøå, åñëè âåðõíèé ñëîé òîëùå íèæíåãî. Òà-
êàÿ çàêîíîìåðíîñòü õîðîøî âèäíà íà ðèñ. 7: ìàêñèìóì p0 äëÿ êðèâîé 2 áîëüøå, ÷åì
ýòîò ìàêñèìóì äëÿ êðèâîé 1.

Ñ ïîìîùüþ (14), (17) ìîæíî âû÷èñëèòü îòíîøåíèå p0(x1m) ê ïðåäåëüíîé íà-
ãðóçêå p0(1), êîãäà ïëàñòèíà øàðíèðíî îïåðòà ïî âíåøíåìó êîíòóðó, èç ðàâåíñòâà
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ãäå x1m îïðåäåëÿåòñÿ èç (22). Êàê âèäíî èç ïðèâåäåííûõ ïðèìåðîâ, ïðè ðàçëè÷íûõ
ïàðàìåòðàõ àðìèðîâàíèÿ îòíîøåíèå p0(x1m) /p0(1) ìîæåò áûòü áîëüøå ÷åòûðåõ.

Ðàññìîòðåííûå ïðèìåðû ïîêàçûâàþò, ÷òî èçìåíåíèå õàðàêòåðèñòèê àðìèðîâà-
íèÿ ïëàñòèíû ñóùåñòâåííî âëèÿåò íà åå ïðåäåëüíóþ íàãðóçêó. Îäíàêî åñëè åñòü
âîçìîæíîñòü óïðàâëÿòü ðàçìåùåíèåì îïîðíîãî êîíòóðà, òî ýôôåêò îïòèìèçàöèè
ïðåâîñõîäèò ýôôåêòû, ïîëó÷àåìûå çà ñ÷åò óïðàâëåíèÿ òîëüêî àðìèðîâàíèåì ïëàñ-
òèíû. Èçìåíÿÿ ðàñïîëîæåíèå îïîðíîãî êîíòóðà âíóòðè îáëàñòè ïëàñòèíû, ìîæíî
íàéòè îïîðó, ïðè êîòîðîé ïëàñòèíà áóäåò íàèáîëåå ïðî÷íîé.

4. Îïòèìèçàöèÿ õàðàêòåðèñòèê àðìèðîâàíèÿ ïëàñòèíû

Ïðîñòûå àíàëèòè÷åñêèå ôîðìóëû äëÿ ïðåäåëüíîé íàãðóçêè (14), (17), (20), (21)
ïîçâîëÿþò îïðåäåëÿòü îïòèìàëüíûå çíà÷åíèÿ ðàçëè÷íûõ õàðàêòåðèñòèê àðìèðîâà-
íèÿ ðàññìàòðèâàåìûõ ïëàñòèí ñ òî÷êè çðåíèÿ ìàêñèìóìà ïðåäåëüíîé íàãðóçêè.

1. Îïðåäåëèì îïòèìàëüíóþ òîëùèíó âåðõíåãî àðìèðîâàííîãî ñëîÿ, îáåñïå÷è-
âàþùóþ ìàêñèìàëüíîå çíà÷åíèå ïðåäåëüíîé íàãðóçêè ïðè çàäàííîé ñóììàðíîé
òîëùèíå íåñóùèõ ñëîåâ: δ1 + δ2 = γ = const. Ñ÷èòàåì äëÿ îïðåäåëåííîñòè, ÷òî ðàäè-
óñ îïîðíîãî êîíòóðà ôèêñèðîâàí è ðàñïîëîæåí îêîëî âíåøíåãî êîíòóðà (íàïðèìåð,
0,9 ≤ x1 ≤ 1 ïðè x0 = 0,1). Â ýòîì ñëó÷àå ïëàñòèíà äåôîðìèðóåòñÿ ïî ñõåìå 1, à
ïðåäåëüíàÿ íàãðóçêà îïðåäåëÿåòñÿ ïî ôîðìóëå (14):
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Çäåñü si0, ωi0, ωij0 (i, j = 1, 2) − çíà÷åíèÿ ôóíêöèé si, ωi, ωij ïðè x = x0. Êîýôôèöèåíò
α0 íå çàâèñèò îò âåëè÷èíû γ è âñåãäà ìåíüøå íóëÿ, ïîñêîëüêó ïðåäåëû òåêó÷åñòè
àðìàòóðû si (i = 1, 2) áîëüøå ïðåäåëà òåêó÷åñòè ñâÿçóþùåãî s. Êîýôôèöèåíò α1
áîëüøå íóëÿ. Ôóíêöèÿ f1(δ1) èìååò åäèíñòâåííûé ìàêñèìóì ïðè δ1 = −α1/(2α0).
Ñëåäîâàòåëüíî, ïðè çàäàííîé ñóììàðíîé òîëùèíå àðìèðîâàííûõ ñëîåâ ìàêñèìàëü-
íàÿ ïðåäåëüíàÿ íàãðóçêà ïðè äåôîðìèðîâàíèè ïî ñõåìå 1 ðàâíà:
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ïðè ýòîì îïòèìàëüíûå òîëùèíû âåðõíåãî è íèæíåãî ñëîåâ ðàâíû
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2. Åñëè îïîðíûé êîíòóð ðàñïîëîæåí âíóòðè ïëàñòèíû íåäàëåêî îò æåñòêîé âñòàâ-
êè, òî ïëàñòèíà äåôîðìèðóåòñÿ ïî ñõåìå 3, à ïðåäåëüíàÿ íàãðóçêà îïðåäåëÿåòñÿ ïî
ôîðìóëå (20). Â ýòîì ñëó÷àå çàäà÷à îïòèìèçàöèè ñâîäèòñÿ ê ïîèñêó ìàêñèìóìà ôóíê-
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Çäåñü si*, ωi*, ωij* (i, j = 1, 2) − çíà÷åíèÿ ôóíêöèé si, ωi, ωij ïðè x = x1. Âèäíî, ÷òî β0
íå çàâèñèò îò âåëè÷èíû γ. Àíàëîãè÷íî ðàññìîòðåííîìó âûøå ïðèìåðó β0 ìåíüøå
íóëÿ, à êîýôôèöèåíò β1 áîëüøå íóëÿ è ìàêñèìàëüíàÿ ïðåäåëüíàÿ íàãðóçêà ðàâíà
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ïðè ýòîì îïòèìàëüíûå ðàçìåðû òîëùèíû âåðõíåãî è íèæíåãî ñëîåâ ðàâíû
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3. Åñëè îïîðíûé êîíòóð ðàñïîëîæåí òàê, ÷òî âûáîð ñõåìû ïðåäåëüíîãî äåôîð-
ìèðîâàíèÿ íå î÷åâèäåí, êàê ýòî áûëî â ðàññìîòðåííûõ ïðèìåðàõ, òî ñëåäóåò ðå-
øàòü çàäà÷è ïî îïðåäåëåíèþ ìàêñèìóìà ïðåäåëüíîé íàãðóçêè ïðè ðàçíûõ ñõåìàõ è
äëÿ ïîëó÷åííûõ îïòèìàëüíûõ õàðàêòåðèñòèê ïðîâåðÿòü, ñîîòâåòñòâóþò ëè îíè âû-
áðàííîé ñõåìå äåôîðìèðîâàíèÿ, ïóòåì âû÷èñëåíèÿ çíà÷åíèé x12 è x1m èç (16), (22).

Íà ðèñ. 8 ïðèâåäåíû îòíîøåíèÿ îïòèìàëüíûõ òîëùèí âåðõíåãî δ1 è íèæíåãî
δ2 ñëîåâ â çàâèñèìîñòè îò ñóììàðíîé òîëùèíû àðìèðîâàííûõ ñëîåâ γ, ïîëó÷åííûå
ïî ôîðìóëàì (24), (26). Ñ÷èòàëîñü, ÷òî k = 1/17, s = 1, s1 = 40, s2 = 50, μ10 = π/6,
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μ20 = π/5, ω10 = 0,25, ω20 = 0,2, h = 1, x0 = 0,1. Êðèâûå 1, 3 èçîáðàæàþò ñëó÷àé
àðìèðîâàíèÿ îáîèõ ñëîåâ ïî çàêîíó (2), êðèâûå 2, 4 − àðìèðîâàíèå îáîèõ ñëîåâ ïî
çàêîíó (3). Êðèâûå 1, 2 èçîáðàæàþò ïðè x1 = 0,9 îòíîøåíèå δ1/δ2 â ñëó÷àå äåôîðìè-
ðîâàíèÿ ïî ñõåìå 1, ðàññìîòðåííîì â ïðèìåðå 1. Êðèâûå 3, 4 îòîáðàæàþò ïðè x1 =
= 0,2 îòíîøåíèå δ2/δ1 â ñëó÷àå äåôîðìèðîâàíèÿ ïî ñõåìå 3, ðàññìîòðåííîì â ïðè-
ìåðå 2. Èç ðèñóíêà âèäíî, ÷òî åñëè ïëàñòèíà øàðíèðíî îïåðòà îêîëî âíåøíåãî
êîíòóðà (êðèâûå 1, 2; x1 = 0,9), òî ïëàñòèíà áóäåò áîëåå ïðî÷íîé, åñëè íèæíèé ñëîé
òîëùå, ÷åì âåðõíèé. Åñëè æå ïëàñòèíà îïåðòà îêîëî æåñòêîãî öåíòðà (êðèâûå 3, 4;
x1 = 0,2), òî ïëàñòèíà áóäåò èìåòü ìàêñèìóì p0, êîãäà âåðõíèé ñëîé òîëùå íèæíåãî.

Íà ðèñ. 9 ïðèâåäåíà ìàêñèìàëüíàÿ ïðåäåëüíàÿ íàãðóçêà p0, ïîëó÷åííàÿ ïî ôîð-
ìóëàì (23), (25), â çàâèñèìîñòè îò γ. Äëÿ ðàñ÷åòîâ êðèâûõ 1−4 áûëè ïðèíÿòû òå æå
çíà÷åíèÿ õàðàêòåðèñòèê àðìèðîâàíèÿ, ÷òî è äëÿ êðèâûõ 1−4 íà ðèñ. 8. Èç ðèñóíêà
âèäíî, ÷òî ìàêñèìàëüíàÿ ïðåäåëüíàÿ íàãðóçêà p0 ïðè àðìèðîâàíèè îáîèõ ñëîåâ ïî
çàêîíó (2) (êðèâûå 1, 3) áîëüøå, ÷åì ïðè àðìèðîâàíèè ïî çàêîíó (3) (êðèâûå 2, 4).

Çàêëþ÷åíèå

Íà îñíîâå ìîäåëè èäåàëüíîãî æåñòêîïëàñòè÷åñêîãî ìàòåðèàëà ïîñòðîåíî òî÷-
íîå ðåøåíèå çàäà÷è ïî îïðåäåëåíèþ ãëàâíûõ ìîìåíòîâ, ñêîðîñòåé äåôîðìàöèé è
ïðåäåëüíîé íàãðóçêè ïðè èçãèáå òðåõñëîéíûõ êðóãëûõ ïëàñòèí, èìåþùèõ ðàçíóþ
ñòðóêòóðó óãëîâîãî àðìèðîâàíèÿ â âåðõíåì è íèæíåì ñëîÿõ. Ïëàñòèíû øàðíèðíî
îïåðòû ïî âíóòðåííåìó êðóãîâîìó êîíòóðó, èìåþò â öåíòðàëüíîé ÷àñòè æåñòêóþ
êðóãëóþ âñòàâêó è íàõîäÿòñÿ ïîä äåéñòâèåì ðàâíîìåðíî ðàñïðåäåëåííîé ïîâåðõ-
íîñòíîé íàãðóçêè. Óñëîâèå ïëàñòè÷íîñòè â ïëîñêîñòè ãëàâíûõ ìîìåíòîâ ïðèíÿòî â
âèäå ïðÿìîóãîëüíèêà, ïîëó÷åííîãî íà îñíîâå ñòðóêòóðíîé ìîäåëè àðìèðîâàííîãî
ñëîÿ ñ îäíîìåðíûì íàïðÿæåííûì ñîñòîÿíèåì â âîëîêíàõ ñ ó÷åòîì ðàçíîñîïðîòèâ-
ëÿåìîñòè ìàòåðèàëîâ ôàç êîìïîçèöèè. Ïîêàçàíî, ÷òî â çàâèñèìîñòè îò ðàñïîëîæå-
íèÿ îïîðû ïëàñòèíû ìîãóò äåôîðìèðîâàòüñÿ ïî òðåì ñõåìàì. Äëÿ âñåõ ñõåì ïîëó-
÷åíû óñëîâèÿ èõ ðåàëèçàöèè, îïðåäåëåíû ïîëÿ ãëàâíûõ ìîìåíòîâ è ñêîðîñòè äå-
ôîðìàöèé. Ïîëó÷åíû ïðîñòûå àíàëèòè÷åñêèå âûðàæåíèÿ äëÿ ïðåäåëüíîé íàãðóçêè
â çàâèñèìîñòè îò ðàñïîëîæåíèÿ îïîðû. Ïîëó÷åíû è ÷èñëåííî ðåøåíû àëãåáðàè-
÷åñêèå óðàâíåíèÿ, êîòîðûå îïðåäåëÿþò îïòèìàëüíîå ðàñïîëîæåíèå îïîðíîãî êîí-
òóðà, ñîîòâåòñòâóþùåå íàèáîëüøåìó çíà÷åíèþ ïðåäåëüíîé íàãðóçêè ïëàñòèíû è,
ñëåäîâàòåëüíî, íàèìåíüøåé åå ïîâðåæäàåìîñòè ïðè ðàçëè÷íîì àðìèðîâàíèè. Ïî-
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ëó÷åíî, ÷òî íà îïòèìàëüíîé âíóòðåííåé îïîðå îáðàçóåòñÿ ïëàñòè÷åñêèé øàðíèð.
Ïîêàçàíî, ÷òî èçìåíåíèå õàðàêòåðèñòèê óãëîâîãî àðìèðîâàíèÿ è ðàñïîëîæåíèå âíóò-
ðåííåãî îïîðíîãî êîíòóðà ñóùåñòâåííî âëèÿåò íà ïîâðåæäàåìîñòü ïëàñòèíû. Ïðî-
ñòûå àíàëèòè÷åñêèå ôîðìóëû äëÿ ïðåäåëüíîé íàãðóçêè ïîçâîëÿþò îïðåäåëÿòü îï-
òèìàëüíûå çíà÷åíèÿ ðàçëè÷íûõ õàðàêòåðèñòèê àðìèðîâàíèÿ ïëàñòèíû. Ðåøåíà çà-
äà÷à ïî îïðåäåëåíèþ îïòèìàëüíîãî ñîîòíîøåíèÿ òîëùèí âåðõíåãî è íèæíåãî àð-
ìèðîâàííîãî ñëîÿ ïðè çàäàííîé ñóììàðíîé èõ òîëùèíå, îáåñïå÷èâàþùåãî ìàêñè-
ìàëüíîå çíà÷åíèå ïðåäåëüíîé íàãðóçêè. Ïðè ýòîì ïîêàçàíî, ÷òî åñëè ïëàñòèíà øàð-
íèðíî îïåðòà íà âíåøíåì êîíòóðå èëè îêîëî íåãî, òî ïëàñòèíà áóäåò áîëåå ïðî÷-
íîé, åñëè íèæíèé ñëîé òîëùå, ÷åì âåðõíèé. Åñëè æå ïëàñòèíà øàðíèðíî îïåðòà
îêîëî æåñòêîãî öåíòðà, òî ïëàñòèíà áóäåò èìåòü ìàêñèìàëüíóþ ïðåäåëüíóþ íàãðóçêó,
êîãäà âåðõíèé ñëîé òîëùå íèæíåãî. Ïîëó÷åííûå ðåøåíèÿ ìîãóò áûòü èñïîëüçîâà-
íû äëÿ îöåíêè íåñóùåé ñïîñîáíîñòè òðåõñëîéíûõ àðìèðîâàííûõ æåëåçîáåòîííûõ
ïëàñòèí.
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CARRYING CAPACITY AND OPTIMIZATION OF THREE-LAYER REINFORCED
CIRCULAR PLATE OF DIFFERENTLY RESISTANT MATERIALS,

SUPPORTED ON THE INTERNAL CONTOUR

Romanova T.P.

Siberian Branch of Russian Academy of Sciences
Khristianovich Institute of Theoretical and Applied Mechanics,

Novosibirsk, Russian Federation

Within the model of an ideal rigid-plastic body the limit behavior of the hybrid composite circular
plates is considered. The exact solution of the problem of bending is built for three-layer reinforced
circular plates having different angular structure reinforcement at the top and bottom layer. The
material of the middle layer and the binder in the upper and lower layers has a yield stress in
compression much greater than in tension. In this case the condition of plasticity for the main
moments that are based on the structural model of the reinforced layer with one-dimensional states
of stress in the fibers has the form of a rectangle. The plates are hinge supported along the internal
annular contour and have the rigid circular insert in the central part. The plates are under load
uniformly distributed over the surface of the plate. It is shown that there are three schemes of limit
deformation of the plate, depending on the location of the internal support. The conditions of
implementation are defined for all schemes. The main moments and the velocities of the deflections
of the plate are defined at different locations of the internal support. The simple analytic expressions
are obtained for the limit load. The optimal location of support is determined. The optimal support
is such support, at which the plate has a maximum limit load. It is shown that the optimal position
of the support corresponds to the formation of plastic hinge on it. The optimum thickness ratio of
the upper and lower layers of the plate for a given total thickness is determined, which corresponds
to the maximum load limit.

Keywords: rigid-plastic model, hybrid composite plate, differently resistant materials, corner
reinforcement, three-layer plate, internal support, rigid insert, limit load, optimal location of support.


