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Ïðåäñòàâëåíû ðåçóëüòàòû äèíàìè÷åñêèõ èñïûòàíèé ïðè ñæàòèè äâóõ
ïîðîä äðåâåñèíû: ëèïû è ñîñíû − ïðè íàãðóæåíèè âäîëü è ïîïåðåê âîëîêîí.
Äèíàìè÷åñêèå èñïûòàíèÿ ïðîâîäèëèñü ñ èñïîëüçîâàíèåì ìîäèôèöèðîâàí-
íîãî ìåòîäà Êîëüñêîãî ñ ðåàëèçàöèåé ìíîãîöèêëîâîãî íàãðóæåíèÿ îáðàçöà â
ïðîöåññå îäíîãî èñïûòàíèÿ. Â ðåçóëüòàòå áûëè ïîëó÷åíû äèàãðàììû äåôîð-
ìèðîâàíèÿ ïðè îäíîîñíîì íàïðÿæåííîì ñîñòîÿíèè ñ ó÷åòîì äîïîëíèòåëüíûõ
öèêëîâ íàãðóæåíèÿ. Èñïîëüçîâàíèå ðåæèìà ìíîãîöèêëîâîãî íàãðóæåíèÿ ïî-
çâîëèëî ïîëó÷èòü çíà÷èòåëüíî áîëüøóþ ñòåïåíü äåôîðìàöèè îáðàçöà, ÷åì ïðè
òðàäèöèîííîì îäíîöèêëîâîì íàãðóæåíèè. Äëÿ ñîçäàíèÿ íàãðóçêè èñïîëüçî-
âàëàñü ãàçîâàÿ ïóøêà. Ïî ðåçóëüòàòàì ýêñïåðèìåíòîâ ïîëó÷åíû äèíàìè÷åñ-
êèå äèàãðàììû äåôîðìèðîâàíèÿ, îïðåäåëåíû ïðåäåëüíûå ïðî÷íîñòíûå è äå-
ôîðìàöèîííûå õàðàêòåðèñòèêè, çàâèñèìîñòü ýíåðãèè ðàçðóøåíèÿ ëèïû è ñî-
ñíû îò óãëà âûðåçêè îáðàçöîâ è ñêîðîñòè äåôîðìàöèè. Íàáëþäàåòñÿ ñèëüíàÿ
àíèçîòðîïèÿ ñâîéñòâ èñïûòàííûõ ìàòåðèàëîâ: íàèáîëüøóþ ïðî÷íîñòü èìå-
þò îáðàçöû ïðè ïðèëîæåíèè íàãðóçêè âäîëü âîëîêîí, íàèìåíüøóþ − ïîïåðåê
âîëîêîí. Îòìå÷åíî ïîëîæèòåëüíîå âëèÿíèå ñêîðîñòè äåôîðìàöèè. Ìîäóëü
íàãðóçî÷íîé âåòâè íåëèíååí è, êàê ïðàâèëî, ìåíüøå ìîäóëÿ ðàçãðóçî÷íîé âåò-
âè (ïðè ñîõðàíåíèè öåëîñòíîñòè îáðàçöà). Õàðàêòåð äåôîðìèðîâàíèÿ è ðàç-
ðóøåíèÿ îáðàçöîâ ñèëüíî çàâèñèò îò óãëà âûðåçêè. Ïðè óãëàõ âûðåçêè 90° ïî
îòíîøåíèþ ê íàïðàâëåíèþ âîëîêîí äèàãðàììà äåôîðìèðîâàíèÿ ïîñëå äîñòè-
æåíèÿ íåêîòîðîãî ïîðîãîâîãî çíà÷åíèÿ áëèçêà ê èäåàëüíî-ïëàñòè÷åñêîé äèà-
ãðàììå. Ïðè óãëàõ âûðåçêè 0° íà÷àëüíûé ó÷àñòîê äèàãðàìì áëèçîê ê ëèíåéíî-
ìó, òî åñòü èìååò ìåñòî óïðóãîå äåôîðìèðîâàíèå. Îäíàêî ïîñëå äîñòèæåíèÿ
íåêîòîðîãî çíà÷åíèÿ (ïðåäåëà òåêó÷åñòè) äèàãðàììà ñòàíîâèòñÿ íåëèíåéíîé.
Òàêîé õàðàêòåð ïîâåäåíèÿ èìååò ìåñòî â òåõ ýêñïåðèìåíòàõ, â êîòîðûõ ïðîèñ-
õîäèò ðàçðóøåíèå îáðàçöîâ. Äëÿ îáåèõ ïîðîä äðåâåñèíû âèäíî ñóùåñòâåííîå
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ïðåâûøåíèå ýíåðãîïîãëîùåíèÿ îáðàçöàìè, âûðåçàííûìè è èñïûòàííûìè
âäîëü âîëîêîí, ïî ñðàâíåíèþ ñ îáðàçöàìè, âûðåçàííûìè è èñïûòàííûìè
ïîïåðåê âîëîêîí.

Êëþ÷åâûå ñëîâà: äðåâåñèíà, ëèïà, ñîñíà, äèàãðàììû äåôîðìèðîâàíèÿ, ñêî-
ðîñòü äåôîðìàöèè, ìåòîä Êîëüñêîãî.

Ââåäåíèå

Äðåâåñèíà øèðîêî èñïîëüçóåòñÿ â êà÷åñòâå ìàòåðèàëà, äåìïôèðóþùåãî èíòåí-
ñèâíûå äèíàìè÷åñêèå íàãðóçêè óäàðíîãî èëè âçðûâíîãî õàðàêòåðà. Ïåðâûé ïîä-
ðîáíûé îáçîð èñïîëüçîâàíèÿ äðåâåñèíû äëÿ ýòèõ öåëåé ñäåëàí Äæîíñîíîì [1], êî-
òîðûé îòìå÷àë, ÷òî äèíàìè÷åñêèå ñâîéñòâà äðåâåñèíû èçó÷åíû íåäîñòàòî÷íî. Â
ïîñëåäíèå òðè äåñÿòèëåòèÿ ïîÿâèëîñü äîñòàòî÷íî ìíîãî ðàáîò, â êîòîðûõ èññëåäî-
âàëèñü ðàçëè÷íûå àñïåêòû âûñîêîñêîðîñòíîãî äåôîðìèðîâàíèÿ è ðàçðóøåíèÿ äðå-
âåñèíû è åå ïðèìåíåíèÿ â êîíòåéíåðàõ äëÿ ïåðåâîçêè ðàäèîàêòèâíûõ ìàòåðèàëîâ
àâèàöèîííûì, àâòîìîáèëüíûì è æåëåçíîäîðîæíûì òðàíñïîðòîì [2]. Áîëüøîé îáúåì
ðàáîò ïî èññëåäîâàíèþ äèíàìè÷åñêèõ ñâîéñòâ äðåâåñèíû âûïîëíèë S. Reid ñ ñîàâòî-
ðàìè [3−5]. Â ýòèõ ðàáîòàõ áûëè ïîëó÷åíû çàâèñèìîñòè ðàçðóøàþùèõ íàïðÿæåíèé
è ýíåðãèè ðàçðóøåíèÿ îò ñêîðîñòè óäàðà. Îòìå÷åíî, ÷òî äèíàìè÷åñêèå ðàçðóøàþ-
ùèå íàïðÿæåíèÿ â íåñêîëüêî ðàç ïðåâûøàþò ñòàòè÷åñêèå íàïðÿæåíèÿ îáðàçöîâ, à
ïðî÷íîñòü îáðàçöîâ, èçãîòîâëåííûõ âäîëü âîëîêîí, íà ïîðÿäîê âûøå, ÷åì îáðàç-
öîâ, âûðåçàííûõ ïîïåðåê âîëîêîí.

Â ðàáîòàõ À.Ì. Áðàãîâà ñ ñîòðóäíèêàìè [6−8] ñ èñïîëüçîâàíèåì ìåòîäà Êîëüñ-
êîãî áûëè ïîëó÷åíû äèíàìè÷åñêèå äèàãðàììû áåðåçû, îñèíû, ñåêâîéè ïðè ñêîðîñ-
òÿõ äåôîðìàöèè ~10−3 ñ−1 ñ ðàçëè÷íûì íàïðàâëåíèåì âûðåçêè îáðàçöîâ îòíîñèòåëü-
íî íàïðàâëåíèÿ âîëîêîí. Ïîêàçàíî, ÷òî äèàãðàììû äåôîðìèðîâàíèÿ îáðàçöîâ ñ ïðî-
äîëüíîé âûðåçêîé ðàñïîëàãàþòñÿ çíà÷èòåëüíî âûøå, ÷åì äëÿ îáðàçöîâ ñ ïîïåðå÷-
íîé âûðåçêîé. Ïðåäåëüíûå õàðàêòåðèñòèêè äåôîðìàöèè èìåþò ïðîòèâîïîëîæíóþ
íàïðàâëåííîñòü.

Ñ.À. Íîâèêîâûì ñ ñîòðóäíèêàìè [9] áûë âûïîëíåí áîëüøîé îáúåì èñïûòàíèé
ñåêâîéè, áåðåçû, îñèíû è ñîñíû ïðè ðàçëè÷íûõ óãëàõ âûðåçêè, òåìïåðàòóðàõ îò −30
äî 65 °Ñ è ïðè âëàæíîñòÿõ 5, 20 è 30%, îïðåäåëåíà çàâèñèìîñòü ïðî÷íîñòè îò âëàæ-
íîñòè è óãëà âûðåçêè.

Â ïîñëåäíèå ãîäû çíà÷èòåëüíî âûðîñ èíòåðåñ ê èññëåäîâàíèþ âëèÿíèÿ íà ìå-
õàíè÷åñêèå ñâîéñòâà äðåâåñèíû âëàæíîñòè, ïëîòíîñòè, óãëà âûðåçêè, òèïà èñïûòà-
íèé [10−18]. Äèàïàçîí ñêîðîñòåé äåôîðìàöèé â ýòèõ èññëåäîâàíèÿõ ñîñòàâëÿë îò
10−3 äî 103 ñ−1.

Ïîñêîëüêó ìåõàíè÷åñêèå ñâîéñòâà äðåâåñèíû ñèëüíî çàâèñÿò îò ìåñòà ïðîèç-
ðàñòàíèÿ äåðåâà, åãî âîçðàñòà, îò ìåñòà âûðåçêè è âèäà íàïðÿæåííî-äåôîðìèðîâàí-
íîãî ñîñòîÿíèÿ (ÍÄÑ), òî ïîëó÷àåìûå ðàçíûìè àâòîðàìè ðåçóëüòàòû ìîãóò ñóùå-
ñòâåííî îòëè÷àòüñÿ äðóã îò äðóãà. Öåëü íàñòîÿùåé ðàáîòû − ïðîâåñòè ïîäîáíûå
èññëåäîâàíèÿ âëèÿíèÿ ñêîðîñòè äåôîðìàöèè è âèäà ÍÄÑ íà ìåõàíè÷åñêèå ñâîé-
ñòâà äðåâåñèíû.

Ìåòîäèêà èñïûòàíèé, ìàòåðèàëû è îáðàçöû

Â êà÷åñòâå ìåòîäèêè äèíàìè÷åñêèõ èñïûòàíèé áûë èñïîëüçîâàí ìåòîä Êîëüñ-
êîãî ïðè èñïûòàíèÿõ íà ñæàòèå [19]. Ñõåìà óñòàíîâêè ïðåäñòàâëåíà íà ðèñ. 1.
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Îáðàçåö ðàñïîëàãàåòñÿ ìåæäó äâóìÿ äëèííûìè òîíêèìè ñòåðæíÿìè, ìàòåðèàë
êîòîðûõ èìååò ïðåäåë òåêó÷åñòè çíà÷èòåëüíî âûøå ïðåäåëà ïðî÷íîñòè îáðàçöà.
Èìïóëüñ íàãðóçêè â ìåðíûõ ñòåðæíÿõ ñîçäàåòñÿ óäàðîì áîéêà, ðàçîãíàííîãî â ñòâîëå
ãàçîâîé ïóøêè. Óïðóãèå èìïóëüñû äåôîðìàöèè â ñòåðæíÿõ èçìåðÿþòñÿ ñ ïîìîùüþ
òåíçîäàò÷èêîâ, íàêëååííûõ íà èõ áîêîâûõ ïîâåðõíîñòÿõ, ïî ôîðìóëàì Êîëüñêîãî

Ðèñ. 1. Ñõåìà óñòàíîâêè äëÿ èñïûòàíèé ïðè ñæàòèè
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âû÷èñëÿþòñÿ ïðîöåññû ðàçâèòèÿ íàïðÿæåíèÿ, äåôîðìàöèè è ñêîðîñòè äåôîðìàöèè
âî âðåìåíè. Ïîñëå èñêëþ÷åíèÿ âðåìåíè êàê ïàðàìåòðà ñòðîèòñÿ äèíàìè÷åñêàÿ äè-
àãðàììà äåôîðìèðîâàíèÿ ïðè èçâåñòíîì çàêîíå èçìåíåíèÿ ñêîðîñòè äåôîðìàöèè.

Ïîñêîëüêó àêóñòè÷åñêàÿ æåñòêîñòü ρC äðåâåñèíû ñóùåñòâåííî ìåíüøå, ÷åì
ìåðíûõ ñòåðæíåé, â ýêñïåðèìåíòàõ ðåàëèçóåòñÿ ìíîãîöèêëîâîå íàãðóæåíèå [20],
ïîçâîëÿþùåå çàðåãèñòðèðîâàòü íåñêîëüêî öèêëîâ íàãðóçêè è ïîëó÷èòü äèàãðàììû
äåôîðìèðîâàíèÿ äî çíà÷èòåëüíûõ ñòåïåíåé äåôîðìàöèè. Ìåðíûå ñòåðæíè èìåþò
ðàçëè÷íóþ äëèíó: íàãðóæàþùèé ñòåðæåíü − 1 ì, à îïîðíûé ñòåðæåíü − 3 ì, ÷òî
ïîçâîëÿåò ïðîèçâîäèòü íåèñêàæåííóþ ðåãèñòðàöèþ òðåõ öèêëîâ íàãðóæåíèÿ â îä-
íîì ýêñïåðèìåíòå.

Äèíàìè÷åñêèå èñïûòàíèÿ áûëè ïðîâåäåíû ñ îáðàçöàìè ëèïû è ñîñíû äèàìåò-
ðîì 20 ìì è äëèíîé 10 ìì, âûðåçàííûìè èç ìàññèâà äðåâåñèíû ïîä óãëàìè 0 è 90°
ïî îòíîøåíèþ ê îñè ñòâîëà äåðåâà (ñîîòâåòñòâåííî âäîëü è ïîïåðåê âîëîêîí). Îáà
ìàòåðèàëà èìåëè âëàæíîñòü îêîëî 7%.

Ðåçóëüòàòû

Ñ èñïîëüçîâàíèåì îïèñàííîé ìåòîäèêè ïðîâåäåíû äèíàìè÷åñêèå èñïûòàíèÿ
ñîñíû è ëèïû, â ðåçóëüòàòå êîòîðûõ áûëè ïîëó÷åíû èõ äèíàìè÷åñêèå äèàãðàììû
äåôîðìèðîâàíèÿ, ïðåäåëüíûå ïðî÷íîñòíûå è äåôîðìàöèîííûå õàðàêòåðèñòèêè
îáðàçöîâ, âûðåçàííûõ âäîëü è ïîïåðåê âîëîêîí. Áûëè âûáðàíû äâà ðåæèìà èñïû-
òàíèé ïî ñêîðîñòè äåôîðìàöèè: áåç ðàçðóøåíèÿ è ñ ðàçðóøåíèåì îáðàçöîâ. Äèíà-
ìè÷åñêèå äèàãðàììû äåôîðìèðîâàíèÿ ñîñíû è ëèïû ïðè îäíîîñíîì íàïðÿæåííîì
ñîñòîÿíèè ïðåäñòàâëåíû íà ðèñ. 2 è 3. Íà ðèñ. 2−4 ñïëîøíûìè ëèíèÿìè ïîêàçàíû
çàâèñèìîñòè èñòèííîãî íàïðÿæåíèÿ â îáðàçöå îò åãî äåôîðìàöèè σ(ε), à øòðèõî-
âûìè è øòðèõïóíêòèðíîé ëèíèÿìè − èçìåíåíèÿ ñêîðîñòè äåôîðìàöèè )(εε&  (ñîîò-
âåòñòâóþùàÿ îñü ðàñïîëîæåíà ñïðàâà).

Èç ïîëó÷åííûõ äèàãðàìì äåôîðìèðîâàíèÿ ñëåäóåò, ÷òî íàèáîëüøèé ìîäóëü
íàãðóçî÷íîé âåòâè äèàãðàììû è ðàçðóøàþùèå íàïðÿæåíèÿ èìåþò îáðàçöû, âûðå-
çàííûå âäîëü âîëîêîí.

Î âûíîñëèâîñòè äðåâåñèíû ìîæåò ñâèäåòåëüñòâîâàòü ðèñ. 4, ãäå ïðåäñòàâëåíû
äèàãðàììû ïÿòèêðàòíîãî íàãðóæåíèÿ îáðàçöà ñîñíû ïðè åãî íåçíà÷èòåëüíûõ ïî-
âðåæäåíèÿõ (êðèâûå 1−5) è îäíîêðàòíîãî íàãðóæåíèÿ àíàëîãè÷íîãî îáðàçöà ïðè
åãî ðàçðóøåíèè (êðèâàÿ 6). Äèàãðàììû ðàñïîëîæåíû íà îñè äåôîðìàöèè óñëîâíî,
÷òîáû áûëî ëåã÷å îöåíèòü âëèÿíèå ìíîãîêðàòíîñòè íàãðóæåíèÿ íà êðóòèçíó íàãðó-
çî÷íûõ ó÷àñòêîâ äèàãðàìì. Ñðåäíÿÿ ñêîðîñòü äåôîðìàöèè ïðè ïîâòîðíûõ íàãðóæå-
íèÿõ ñîñòàâëÿëà ~600−800 ñ−1, à â ñëó÷àå ðàçðóøåíèÿ îáðàçöà ñêîðîñòü äåôîðìà-
öèè áûëà îêîëî 2200 ñ−1. Íàáëþäàåòñÿ óìåíüøåíèå êðóòèçíû íàãðóçî÷íûõ ó÷àñò-
êîâ äèàãðàìì ïðè ïîâòîðíûõ íàãðóæåíèÿõ â 2-3 ðàçà, ÷òî ñâÿçàíî ñ ÷àñòè÷íûì ðàç-
ðóøåíèåì îáðàçöà â ïðîöåññå êàæäîãî íàãðóæåíèÿ è íàðóøåíèåì ïëîñêîñòíîñòè
åãî òîðöîâ.

Ýíåðãîåìêîñòü èñïûòàííûõ ïîðîä ïðè íàãðóæåíèè âäîëü è ïîïåðåê âîëîêîí,
êàê âàæíàÿ õàðàêòåðèñòèêà äåìïôèðóþùåé ñïîñîáíîñòè äðåâåñèíû, áûëà îöåíåíà
ïóòåì âû÷èñëåíèÿ ïëîùàäè ïîä êðèâîé σ(ε) (ðèñ. 5).

Äëÿ îáåèõ ïîðîä äðåâåñèíû âèäíî ñóùåñòâåííîå ïðåâûøåíèå ýíåðãîïîãëîùå-
íèÿ îáðàçöàìè, âûðåçàííûìè è èñïûòàííûìè âäîëü âîëîêîí, ïî ñðàâíåíèþ ñ îá-
ðàçöàìè, âûðåçàííûìè è èñïûòàííûìè ïîïåðåê âîëîêîí.
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Çàêëþ÷åíèå è âûâîäû

Ïðîâåäåíû äèíàìè÷åñêèå èñïûòàíèÿ ëèïû è ñîñíû. Íàáëþäàåòñÿ ñèëüíàÿ àíè-
çîòðîïèÿ ñâîéñòâ èñïûòàííûõ ìàòåðèàëîâ: íàèáîëüøóþ ïðî÷íîñòü èìåþò îáðàçöû
ïðè ïðèëîæåíèè íàãðóçêè âäîëü âîëîêîí, íàèìåíüøóþ − ïîïåðåê âîëîêîí. Ïîëó-
÷åííûå çíà÷åíèÿ äèíàìè÷åñêîé ïðî÷íîñòè îêàçàëèñü âûøå ñòàòè÷åñêîé, òî åñòü
èìååò ìåñòî ïîëîæèòåëüíîå âëèÿíèå ñêîðîñòè äåôîðìàöèè. Ìîäóëü íàãðóçî÷íîé
âåòâè íåëèíååí è, êàê ïðàâèëî, ìåíüøå ìîäóëÿ ðàçãðóçî÷íîé âåòâè (ïðè ñîõðàíå-
íèè öåëîñòíîñòè îáðàçöà). Õàðàêòåð äåôîðìèðîâàíèÿ îáðàçöîâ ñèëüíî çàâèñèò îò
óãëà âûðåçêè. Ïðè óãëàõ âûðåçêè 90° ïî îòíîøåíèþ ê íàïðàâëåíèþ âîëîêîí äè-
àãðàììà äåôîðìèðîâàíèÿ ïîñëå äîñòèæåíèÿ íåêîòîðîãî ïîðîãîâîãî çíà÷åíèÿ áëèç-
êà ê èäåàëüíî-ïëàñòè÷åñêîé äèàãðàììå. Ïðè óãëàõ âûðåçêè 0° íà÷àëüíûé ó÷àñòîê
äèàãðàìì áëèçîê ê ëèíåéíîìó, òî åñòü èìååò ìåñòî óïðóãîå äåôîðìèðîâàíèå. Îäíà-
êî ïîñëå äîñòèæåíèÿ íåêîòîðîãî çíà÷åíèÿ (ïðåäåëà òåêó÷åñòè) äèàãðàììà ñòàíî-
âèòñÿ íåëèíåéíîé. Òàêîé õàðàêòåð ïîâåäåíèÿ èìååò ìåñòî îñîáåííî â òåõ ýêñïåðè-
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ìåíòàõ, â êîòîðûõ ïðîèñõîäèò ðàçðóøåíèå îáðàçöîâ. Ïîëó÷åííûå õàðàêòåðèñòèêè
ìîæíî èñïîëüçîâàòü äëÿ èäåíòèôèêàöèè ìîäåëè ïîâåäåíèÿ äðåâåñèíû, íåîáõîäè-
ìîé äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ íåñòàöèîíàðíûõ ïðîöåññîâ óäàðà è ïðîíèêà-
íèÿ óäàðíèêîâ ñ ðàçëè÷íîé ôîðìîé ãîëîâíîé ÷àñòè â ìíîãîñëîéíûå ïðåãðàäû ñ
ìåæñëîéíûì çàïîëíèòåëåì èç äðåâåñèíû.
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DEFORMING AND FRACTURE OF LINDEN AND PINE
UNDER INTENSIVE DYNAMIC IMPACTS

Lomunov A.K.1, Yuzhina T.N.2, Kruszka L.3, Chen W.W.4
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The paper presents the results of dynamic tests under compression of two wood species: linden
and pine under loading along and across the fibers. Dynamic tests were carried out using the
modified Kolsky method with the realization of multi-cycle loading of the sample during one test.
As a result, strain diagrams were obtained for uniaxial stress state taking into account additional
loading cycles The use of the multi-cycle loading mode made it possible to obtain a significantly
greater degree of the sample deformation than with traditional single-cycle loading. To create a
pulse load, a gas gun was used. According to the experimental results, dynamic deformation diagrams
were obtained, as well as ultimate strength and deformation characteristics, fracture energy for
linden and pine were determined depending on the cutting angle of the samples and the strain rate.
A strong anisotropy of the properties of the tested materials is observed: the samples have the
greatest strength when a load is applied along the fibers, and the least − across the fibers. A positive
effect of the strain rate is noted. The module of the load branch is non-linear and, as a rule, is
smaller than the module of the unload branch (while maintaining the integrity of the sample). The
nature of the deformation and fracture of the samples strongly depends on the angle of cutting-out.
At cutting angle across the fibers, the deformation diagram after reaching a certain threshold value
is close to an ideally plastic diagram. At cutting angle along the fibers, the initial portion of the
diagrams is close to linear, i.e. elastic deformation takes place. However, after reaching a certain
value (“yield strength”), the diagram becomes nonlinear. This kind of behavior takes place in those
experiments in which the destruction of the samples occurs. For both wood species, there is a
significant excess of energy absorption by samples cut and tested along the fibers, compared with
samples cut and tested across the fibers.

Keywords: wood, linden, pine, deforming diagrams, strain rate, Kolsky method.


