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Ýêñïåðèìåíòàëüíî èññëåäîâàíà ïîòåðÿ óñòîé÷èâîñòè ïóñòûõ è çàïîëíåí-
íûõ ñûïó÷èì ìàòåðèàëîì êîíñîëüíî çàêðåïëåííûõ îáðàçöîâ ïðè ïîïåðå÷íîì
èçãèáå. Îáðàçöû ïîäáèðàëèñü ïî ãåîìåòðè÷åñêîìó è ôèçè÷åñêîìó ïîäîáèþ
ñ áîëüøåãàáàðèòíûìè àâòîöèñòåðíàìè äëÿ ïåðåâîçêè ñûïó÷èõ ìàòåðèàëîâ.
Íà ñâîáîäíûé òîðåö îáðàçöà ïðèêëàäûâàëàñü ïîïåðå÷íàÿ ñèëà. Íàãðóçêó ïî-
øàãîâî óâåëè÷èâàëè äî ïîòåðè óñòîé÷èâîñòè, êîòîðàÿ ñîïðîâîæäàëàñü õëîï-
êîì. Â ïðîöåññå íàãðóæåíèÿ çàìåðÿëèñü ïðîãèáû è äåôîðìàöèè îáðàçöà, ôèê-
ñèðîâàëîñü èçìåíåíèå åãî äèàìåòðà. Ñîãëàñíî ðåçóëüòàòàì ýêñïåðèìåíòàëü-
íûõ èññëåäîâàíèé äî ïîòåðè óñòîé÷èâîñòè îáðàçåö íàõîäèëñÿ â óïðóãîé ñòà-
äèè. Ïîòåðÿ óñòîé÷èâîñòè îáðàçöà ïðîèñõîäèëà â îáëàñòè çàäåëêè â ñæàòîé
çîíå è ñîïðîâîæäàëàñü îáðàçîâàíèåì è ïîñëåäóþùèì ðîñòîì ðîìáîâèäíûõ
âìÿòèí, âûïóêëîñòüþ âíóòðü. Èññëåäîâàíà çàâèñèìîñòü êðèòè÷åñêîé íàãðóç-
êè îò ñòåïåíè çàïîëíåíèÿ  îáðàçöîâ. Äëÿ ïóñòûõ îáðàçöîâ çíà÷åíèå êðèòè÷å-
ñêîé íàãðóçêè, ïîëó÷åííîå ýêñïåðèìåíòàëüíî, õîðîøî ñîãëàñóåòñÿ ñ ðåçóëüòà-
òàìè äðóãèõ àâòîðîâ. Îòìå÷åíî, ÷òî âëèÿíèå çàïîëíèòåëÿ íà ôîðìó ïîòåðè
óñòîé÷èâîñòè îáîëî÷êè íåçíà÷èòåëüíî, íî íà âåëè÷èíó êðèòè÷åñêîé íàãðóçêè
ñóùåñòâåííî. Çàâèñèìîñòü êðèòè÷åñêîé íàãðóçêè îò ñòåïåíè çàïîëíåíèÿ èìå-
åò íåëèíåéíûé õàðàêòåð.

Êëþ÷åâûå ñëîâà: îáðàçåö, èíäèêàòîð, óñòîé÷èâîñòü, êðèòè÷åñêàÿ ñèëà,
íàïðÿæåíèå, òåíçîðåçèñòîð.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ìíîãî òîíêîñòåííûõ êîíñòðóêöèé òèïà îáîëî÷åê íàõîäÿò
ïðèìåíåíèå â òåõíèêå è ñòðîèòåëüñòâå. Â ÷àñòíîñòè, äëÿ àâòîìîáèëüíîé ïåðåâîçêè
ñûïó÷èõ ìàòåðèàëîâ èñïîëüçóþò öèñòåðíû â âèäå çàìêíóòûõ öèëèíäðè÷åñêèõ îáî-
ëî÷åê. Ïðè ýêñïëóàòàöèè öèñòåðí îäíîé èç îñíîâíûõ ïðîáëåì ÿâëÿåòñÿ îáåñïå÷å-
íèå èõ óñòîé÷èâîñòè ïðè èçãèáå. Ýòèì îáóñëîâëåíà àêòóàëüíîñòü ýêñïåðèìåíòàëü-
íîãî è òåîðåòè÷åñêîãî èññëåäîâàíèÿ ïîòåðè óñòîé÷èâîñòè è çàêðèòè÷åñêîãî ïîâå-
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äåíèÿ òîíêîñòåííûõ îáîëî÷åê ñ ñûïó÷èì çàïîëíèòåëåì. Ïîòåðÿ óñòîé÷èâîñòè òîí-
êîñòåííûõ îáîëî÷åê ïðè äåéñòâèè ðàçëè÷íûõ íàãðóçîê ñ ó÷åòîì è áåç ó÷åòà âëèÿ-
íèÿ çàïîëíÿþùåé ñðåäû èññëåäóåòñÿ â ðàáîòàõ [1−17].

Â íàñòîÿùåé ñòàòüå ðàññìîòðåíà ïîòåðÿ óñòîé÷èâîñòè è çàêðèòè÷åñêîå ïîâåäå-
íèå ïóñòûõ è çàïîëíåííûõ ñûïó÷èì ìàòåðèàëîì òîíêîñòåííûõ îáðàçöîâ. Öåëü ðà-
áîòû − èññëåäîâàòü âëèÿíèå ñûïó÷åãî çàïîëíèòåëÿ íà óñòîé÷èâîñòü òîíêîñòåííûõ
îáîëî÷åê ïðè ïîïåðå÷íîì èçãèáå, ÷òî íåîáõîäèìî äëÿ âåðèôèêàöèè ìàòåìàòè÷åñ-
êèõ ìîäåëåé è ïðîãðàììíûõ êîäîâ [5, 8−10, 14, 15].

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ

Äëÿ äîñòèæåíèÿ ïîñòàâëåííîé öåëè áûëà ñîáðàíà ñïåöèàëüíî ðàçðàáîòàííàÿ
óñòàíîâêà, ïîêàçàííàÿ íà ðèñ. 1.

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà ñîñòîÿëà èç ìîäåëüíîãî îáðàçöà 1, òåíçîðåçèñ-
òîðîâ 2, èíäèêàòîðà ÷àñîâîãî òèïà 3, èçìåðèòåëÿ äåôîðìàöèé 4, íàãðóæàþùåãî óñ-
òðîéñòâà 5, øòàòèâà 6. Èñïîëüçóåìûå èçìåðèòåëüíûå ïðèáîðû: èíäèêàòîð ÷àñîâîãî
òèïà È×-10, èçìåðèòåëü äåôîðìàöèé ÈÄÖ-1 è ýëåêòðîííûé øòàíãåíöèðêóëü. Äå-
ôîðìàöèè â èññëåäóåìîé îáîëî÷êå îïðåäåëÿëèñü òåíçîðåçèñòîðàìè, ïðèêëååííû-
ìè â çîíå ïîòåðè óñòîé÷èâîñòè â íèæíåé è âåðõíåé ÷àñòÿõ îáðàçöîâ è ïîäêëþ÷åí-
íûìè ê èçìåðèòåëþ äåôîðìàöèé ÈÄÖ-1. Íàðóæíûå äèàìåòðû îáðàçöîâ â ÷åòûðåõ
ñå÷åíèÿõ çàìåðÿëèñü ýëåêòðîííûì øòàíãåíöèðêóëåì ñ ïîãðåøíîñòüþ èçìåðåíèÿ
0,01ìì. Ïåðåìåùåíèÿ èññëåäóåìûõ îáðàçöîâ çàìåðÿëèñü èíäèêàòîðîì ÷àñîâîãî òèïà
È×-10.

Äëÿ ëàáîðàòîðíûõ èñïûòàíèé â êà÷åñòâå ìàòåðèàëà îáðàçöîâ áûë âûáðàí  àëþ-
ìèíèåâûé ñïëàâ 3004 â ñîñòîÿíèè Í19, èäåíòè÷íûé ïî óïðóãèì õàðàêòåðèñòèêàì
ñïëàâó, ïðèìåíÿåìîìó ÇÀÎ «Ñåñïåëü» [18] äëÿ ïðîèçâîäñòâà àâòîöèñòåðí. Èñïûòà-
íèÿ ïðîâîäèëèñü íà ìîäåëüíûõ îáðàçöàõ, ïîäîáðàííûõ ïî ãåîìåòðè÷åñêîìó è ôè-
çè÷åñêîìó ïîäîáèþ ñ öèñòåðíàìè, ñ ïàðàìåòðàìè ïîäîáèÿ [17, 19]:
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òûâàåìûõ îáðàçöîâ; R′ = 1225 ìì, h′ = 3,5 ìì, L′ = 4850 ìì − ðàäèóñ, òîëùèíà
ñòåíêè è äëèíà öèñòåðí äëÿ òðàíñïîðòèðîâêè ñûïó÷èõ ãðóçîâ.

Äî íà÷àëà èñïûòàíèé îáðàçöû òùàòåëüíî ñîðòèðîâàëèñü. Ïðåäïî÷òåíèå îòäà-
âàëîñü áåñøîâíûì îáðàçöàì ñ ðàçìåðàìè, íåîáõîäèìûìè äëÿ ëàáîðàòîðíûõ ýêñïå-
ðèìåíòîâ. Ïðè èñïûòàíèè öèëèíäðè÷åñêèõ îáîëî÷åê íà èçãèá îäèí òîðåö îáðàçöà
áûë æåñòêî çàùåìëåí, à íà äðóãîé òîðåö, óêðåïëåííûé ïëîñêèì äíèùåì, ïðèêëà-
äûâàëàñü âåðòèêàëüíàÿ íàãðóçêà (ñì. ðèñ.1).

Èñïûòàíèå îáîëî÷åê íà óñòîé÷èâîñòü ïðîâîäèëîñü ïîýòàïíî. Âíà÷àëå áûëè
èñïûòàíû ïóñòûå îáðàçöû, à çàòåì çàãðóæåííûå ñûïó÷èì âåùåñòâîì. Â êà÷åñò-
âå çàïîëíèòåëÿ èñïîëüçîâàëñÿ æåëåçíûé ïîðîøîê ÏÆ-5 íàñûïíîé ïëîòíîñòüþ
ρ = 2,66 ã/ñì3. Çàïîëíåíèå îáîëî÷êè îñóùåñòâëÿëîñü íà 30, 60 è 90% ïî îáúåìó.

Íàãðóçêó ïîøàãîâî óâåëè÷èâàëè äî ïîòåðè óñòîé÷èâîñòè, êîòîðàÿ ñîïðîâîæäà-
ëàñü õëîïêîì. Íà êàæäîì øàãå óâåëè÷åíèÿ íàãðóçêè çàìåðÿëèñü ïîêàçàíèÿ èíäèêà-
òîðà, òåíçîðåçèñòîðîâ è äèàìåòðû îáîëî÷êè. Êîíå÷íàÿ äåôîðìèðîâàííàÿ ôîðìà
îáðàçöà ôèêñèðîâàëàñü ñ ïîìîùüþ ôîòîàïïàðàòà.

Ñîãëàñíî ïîêàçàíèÿì òåíçîäàò÷èêîâ, äî ïîòåðè óñòîé÷èâîñòè îáðàçåö íàõîäèë-
ñÿ â óïðóãîé ñòàäèè. Ïîñëå ïîòåðè óñòîé÷èâîñòè â ñæàòîé çîíå îáðàçîâûâàëèñü
ðîìáîâèäíûå âìÿòèíû âûïóêëîñòüþ âíóòðü (ðèñ. 2, 3). Êàê äëÿ ïóñòûõ, òàê è äëÿ
çàãðóæåííûõ îáðàçöîâ íà áîêîâîé ïîâåðõíîñòè îáðàçîâûâàëèñü âìÿòèíû ïîä óã-
ëîì 30−40° (ñì. ðèñ. 3), ÷òî îáúÿñíÿåòñÿ âëèÿíèåì íà óñòîé÷èâîñòü êàñàòåëüíûõ
íàïðÿæåíèé. Òàêèå æå  ðåçóëüòàòû áûëè ïîëó÷åíû â ðàáîòàõ [3, 7] ïðè èñïûòàíèè
îáîëî÷åê íà èçãèá.

Ïî îêîí÷àíèè ýêñïåðèìåíòîâ áûëà ïðîâåäåíà ñòàòèñòè÷åñêàÿ îáðàáîòêà ðåçóëü-
òàòîâ [20]. Äàííûå ïî èñïûòàíèþ 10 ïóñòûõ îáðàçöîâ ñâåäåíû â òàáëèöó 1.

Òàáëèöà 1
¹ Êðèòè÷åñêàÿ Ïðîãèá Ïîãðåøíîñòü

îáðàçöà íàãðóçêà Fcr, êÍ  ó, ìì èçìåðåíèÿ |Δó|, ìì (Δó)2, ìì2

1 2 3 4 5
1 0,242 0,32 0,028 0,000784
2 0,272 0,41 0,062 0,003844
3 0,272 0,35 0,002 0,000004
4 0,262 0,34 0,008 0,000064
5 0,242 0,39 0,042 0,00176

Ðèñ.2. Âèä îáðàçöà ñíèçó Ðèñ.3. Âèä îáðàçöà ñáîêó
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Òàáëèöà 1 (ïðîäîëæåíèå)
1 2 3 4 5
6 0,252 0,34 0,008 0,000064
7 0,282 0,34 0,008 0,000064
8 0,262 0,32 0,028 0,000784
9 0,272 0,31 0,038 0,001444

10 0,262 0,36 0,012 0,000144
Σ 3,48 0,236 0,008956

Ïî ýòèì äàííûì âû÷èñëÿëàñü ïîãðåøíîñòü ïðîâåäåííûõ îïûòîâ. Ñðåäíåàðèô-
ìåòè÷åñêàÿ âåëè÷èíà ïðîãèáà îáîëî÷êè ïðè ïîòåðå óñòîé÷èâîñòè îáîëî÷êè ïî èñ-
ïûòàííûì 10 îáðàçöàì ñîñòàâèëà 0,348 ìì. Ñðåäíåêâàäðàòè÷íàÿ ïîãðåøíîñòü ðå-
çóëüòàòà ñåðèè èçìåðåíèé  îïðåäåëÿëàñü ïî ñëåäóþùåé ôîðìóëå [20]:

.01,0
)1(
)( 2

=
−
Δ

= ∑
nn

y
S i

Ïðèìåì çíà÷åíèå íàäåæíîñòè P = 0,95 è k = n − 1 = 9. Ïðè ýòèõ çíà÷åíèÿõ
êîýôôèöèåíò Ñòüþäåíòà t(n), ðàññ÷èòàííûé ñîãëàñíî [20], ïðèíèìàåò çíà÷åíèå 2,262.
Ãðàíèöû äîâåðèòåëüíîãî èíòåðâàëà (ïîãðåøíîñòü ðåçóëüòàòîâ èçìåðåíèé)
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ñîñòàâëÿåò 6,5% (çäåñü W − ñðåäíåå çíà÷åíèå ïðîãèáà).
Ïî êàæäîìó âàðèàíòó çàïîëíåíèÿ îáîëî÷åê (30, 60 è 90%) áûëè èñïûòàíû 10 îá-

ðàçöîâ è ïðîâåäåíà ñòàòèñòè÷åñêàÿ îáðàáîòêà ðåçóëüòàòîâ. Çàâèñèìîñòè âåëè÷èíû
ïðîãèáà îò íàãðóçêè ïî ñðåäíèì ñòàòèñòè÷åñêèì çíà÷åíèÿì ïîêàçàíû íà ðèñ. 4.

 Çàâèñèìîñòü êðèòè÷åñêîé íàãðóçêè îò ñòåïåíè çàïîëíåíèÿ îáðàçöîâ æåëåçíûì
ïîðîøêîì α ïîêàçàíà â òàáëèöå 2 è íà ðèñ. 5.

Ðèñ.4. Ãðàôèêè çàâèñèìîñòè ïðîãèáà îò ñèëû: 1 − äëÿ ïóñòîãî îáðàçöà,
2−4 − äëÿ îáðàçöîâ, çàïîëíåííûõ ñûïó÷èì âåùåñòâîì íà 30, 60 è 90% ñîîòâåòñòâåííî
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Òàáëèöà 2

Âåëè÷èíà Êðèòè÷åñêàÿ Ïðîãèá íàãðóæàåìîãî òîðöà

 çàïîëíåíèÿ, %  íàãðóçêà Fcr, êÍ îáîëî÷êè ïðè ïîòåðå
óñòîé÷èâîñòè y, ìì

0 0,262 0,348
30 0,271 0,36
60 0,285 0,39
90 0,341 0,42

Ïðè óâåëè÷åíèè ñòåïåíè çàïîëíåíèÿ îáðàçöîâ âåëè÷èíà êðèòè÷åñêîé ñèëû âîç-
ðàñòàåò íåëèíåéíî. Ðåçóëüòàòû èñïûòàíèé ñîãëàñóþòñÿ ñ äðóãèìè ýêñïåðèìåíòàëü-
íûìè äàííûìè. Òàê, ïîëó÷åííîå â èñïûòàíèÿõ êðèòè÷åñêîå çíà÷åíèå íàïðÿæåíèÿ
σcr äëÿ ïóñòûõ öèëèíäðè÷åñêèõ îáðàçöîâ ñîñòàâèëî 57,5 ÌÏà, à ðàññ÷èòàííîå ïî
ýêñïåðèìåíòàëüíîé ôîðìóëå [16]:
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ãäå E = 70 ÃÏà − ìîäóëü óïðóãîñòè, μ = 0,3 − êîýôôèöèåíò Ïóàññîíà, ñîñòàâèëî
66 ÌÏà. Ðàçíèöà ñîñòàâëÿåò ìåíåå 15%.

Âûâîäû

1. Ïîòåðÿ óñòîé÷èâîñòè êîíñîëüíî çàêðåïëåííîé îáîëî÷êè ïðè èçãèáå ñîïðî-
âîæäàåòñÿ îáðàçîâàíèåì ðîìáîâèäíûõ âìÿòèí â îáëàñòè ñæàòèÿ âáëèçè çàäåëêè.
Âëèÿíèå çàïîëíèòåëÿ íà ôîðìó ïîòåðè óñòîé÷èâîñòè îáîëî÷êè íåçíà÷èòåëüíî.

2. Äî ïîòåðè óñòîé÷èâîñòè îáðàçåö âåäåò ñåáÿ óïðóãî. Íà çàêðèòè÷åñêîé ñòà-
äèè äåôîðìèðîâàíèÿ ïåðâîíà÷àëüíàÿ ôîðìà îáðàçöà ïîñëå ñíÿòèÿ íàãðóçêè íå âîñ-
ñòàíàâëèâàåòñÿ. Íà îáðàçöå îñòàþòñÿ ëîêàëüíûå ïëàñòè÷åñêèå äåôîðìàöèè.

3. Çàïîëíèòåëü ñóùåñòâåííî óâåëè÷èâàåò âåëè÷èíó êðèòè÷åñêîé íàãðóçêè. Çàâè-
ñèìîñòü êðèòè÷åñêîé íàãðóçêè îò ñòåïåíè çàïîëíåíèÿ èìååò íåëèíåéíûé õàðàêòåð.
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EXPEIMENTALLY INVESTIGATING LOSS OF STABILITY OF CANTILEVERED
THIN-WALLED SHELLS LOADED IN TRANSVERSAL BENDING

Gonik Å.G., Petrov Ì.V., Fedorova Ò.G.

I.N. Ulyanov Chuvash State University, Cheboksary, Russian Federation

Loss of stability of empty and loose matter-filled cantilevered specimens under transversal bending
is experimentally studied. The specimens were chosen to be geometrically and physically similar
to large-size tank-truck tanks for transporting loose matter. The free end of the specimen was
loaded by a transversal force. The load was increased in a stepped mode up to loss of stability,
which was accompanied by a clap. In the process of loading, bending and deformation of the
specimen were measured, and alteration of the diameter was monitored. According to the
experimental results, the specimen remained in the elastic state up to loss of stability. Loss of
stability took place in the region of sealing in the compressed zone and was accompanied by the
formation and subsequent growth of rhomb-shaped dinges, with their convex inwards. The critical
loading value as a function of the filling degree of the specimen was studied. For empty specimens,
the experimentally found critical loading value compares well with theoretical results published
elsewhere. It is noted that the effect of the filling on loss of stability form is negligible, but is
substantial on the critical loading value. The dependence of the critical loading value on the filling
degree is nonlinear.

Keywords: sample, indicator, stability, critical force, stress, strain gaug.


