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Ââåäåíèå
Îäíèì èç îñíîâíûõ íàïðàâëåíèé ýêîíîìè-

÷åñêîãî ðàçâèòèÿ Ðîññèè áûëî è äîëæíî îñòà-
âàòüñÿ óñêîðåííîå ðàçâèòèå ðàéîíîâ Ñåâåðà è 
Ñåâåðî-Âîñòîêà, çàíèìàþùèõ áîëåå 60% òåð-
ðèòîðèè ñòðàíû.

Äàëüíåéøåå îñâîåíèå ýòèõ òåððèòîðèé òðå-
áóåò íîâûõ ïîäõîäîâ è íîâûõ òåõíîëîãèé äëÿ 
ðåøåíèÿ òðàíñïîðòíî-òåõíîëîãè÷åñêèõ çàäà÷ 
ïðè ïåðåìåùåíèè ãðóçîâ è ëþäåé â óñëîâèÿõ, 
êîãäà ïîëîòíîì ïóòè ÿâëÿåòñÿ áåçäîðîæüå. 
Ïðè ýòîì äâèæåíèå òðàíñïîðòíî-òåõíîëîãè-
÷åñêèõ ìàøèí íå òîëüêî çàòðóäíåíî, íî â ðÿäå 
ñëó÷àå èñêëþ÷àåòñÿ ñîâñåì.

Ñóùåñòâóþùèå ìîäåëè êîëåñíûõ, ãóñåíè÷-
íûõ è ðîòîðíî-âèíòîâûõ ìàøèí íå îòâå÷àþò 
ïîñòàâëåííûì ôóíêöèîíàëüíûì òðåáîâàíè-
ÿì, òðåáîâàíèÿì ýôôåêòèâíîñòè, íàäåæíîñòè 
è ýêîëîãè÷íîñòè äâèæèòåëåé ìàøèí ïðè ýêñ-
ïëóàòàöèè â ñåâåðíûõ ðåãèîíàõ ñòðàíû, èìå-
þùèõ ñëàáîíåñóùèå îïîðíûå ïîâåðõíîñòè. 
Òàêèì îáðàçîì, â íàñòîÿùåå âðåìÿ ñóùåñòâó-
åò òåõíè÷åñêàÿ, ýêîíîìè÷åñêàÿ è ñîöèàëü-
íàÿ ïîòðåáíîñòü â ñîçäàíèè è èñïîëüçîâàíèè 
òðàíñïîðòíûõ ñðåäñòâ íà ïíåâìîêîëåñíûõ 
äâèæèòåëÿõ, â òîì ÷èñëå ñâåðõíèçêîãî äàâëå-
íèÿ, óäîâëåòâîðÿþùèõ ïîñòàâëåííûì òðåáî-
âàíèÿì.
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Îäíèì èç îñíîâíûõ íàïðàâëåíèé ýêîíîìè÷åñêîãî ðàçâèòèÿ Ðîññèè áûëî è äîëæíî îñòàâàòüñÿ óñêî-
ðåííîå ðàçâèòèå ðàéîíîâ Ñåâåðà è Ñåâåðî-Âîñòîêà, çàíèìàþùèõ áîëåå 60% òåððèòîðèè ñòðàíû. 
Äàëüíåéøåå îñâîåíèå ýòèõ òåððèòîðèé òðåáóåò íîâûõ ïîäõîäîâ è íîâûõ òåõíîëîãèé äëÿ ðåøåíèÿ 
òðàíñïîðòíî-òåõíîëîãè÷åñêèõ çàäà÷ ïðè ïåðåìåùåíèè ãðóçîâ è ëþäåé â óñëîâèÿõ, êîãäà ïîëîòíîì 
ïóòè ÿâëÿåòñÿ áåçäîðîæüå. Ïðè ýòîì äâèæåíèå òðàíñïîðòíî-òåõíîëîãè÷åñêèõ ìàøèí íå òîëüêî 
çàòðóäíåíî, íî â ðÿäå ñëó÷àå èñêëþ÷àåòñÿ ñîâñåì. Ñóùåñòâóþùàÿ âåçäåõîäíàÿ òåõíèêà, âûïîë-
íåííàÿ ïî ñòàðûì òðàäèöèîííûì ñõåìàì è ñåðèéíî âûïóñêàåìàÿ ïðîìûøëåííîñòüþ, íå îòâå÷àåò 
òðåáîâàíèÿì, îïðåäåëÿþùèì ýôôåêòèâíîñòü è ýêîëîãè÷íîñòü äâèæèòåëåé ìàøèí â ñëîæíûõ ïðè-
ðîäíî-êëèìàòè÷åñêèõ óñëîâèÿõ ýêñïëóàòàöèè. Â ñëîæèâøåéñÿ ñèòóàöèè çàäà÷à ïðîãíîçèðîâàíèÿ 
ïðîõîäèìîñòè êîëåñíûõ ìàøèí (ÊÌ) ïî îïîðíîé ïîâåðõíîñòè ñî ñëàáûìè íåñóùèìè ñâîéñòâà-
ìè ÿâëÿåòñÿ àêòóàëüíîé. Îäíèì èç îñíîâíûõ ìåòîäîâ ïðîãíîçèðîâàíèÿ ïðîõîäèìîñòè ÿâëÿåòñÿ 
èìèòàöèîííîå ìîäåëèðîâàíèå äâèæåíèÿ êîëåñíûõ ìàøèí â ðàçëè÷íûõ óñëîâèÿõ ýêñïëóàòàöèè, 
êîòîðîå îñíîâàíî íà ìàòåìàòè÷åñêèõ ìîäåëÿõ âçàèìîäåéñòâèÿ ýëàñòè÷íîé øèíû ñ äåôîðìèðóå-
ìûìè íåðîâíîñòÿìè îïîðíîãî îñíîâàíèÿ. Â íàñòîÿùåå âðåìÿ ïðè òåîðåòè÷åñêîì èññëåäîâàíèè 
âçàèìîäåéñòâèÿ äâèæèòåëåé ñ ãðóíòîì ñôîðìèðîâàëèñü äâà îñíîâíûõ íàïðàâëåíèÿ: àíàëèòè÷å-
ñêèé ìåòîä, ïðåäóñìàòðèâàþùèé ìàòåìàòè÷åñêîå îïèñàíèå èññëåäóåìîãî ïðîöåññà, è êîíå÷íî-
ýëåìåíòíûé ìåòîä, îñíîâàííûé íà êîìïüþòåðíîì ìîäåëèðîâàíèè. Öåëüþ äàííîãî èññëåäîâàíèÿ 
ÿâëÿåòñÿ ðàçðàáîòêà ìàòåìàòè÷åñêîé ìîäåëè êà÷åíèÿ ýëàñòè÷íîãî êîëåñà ïî äåôîðìèðóåìîìó 
íåðîâíîìó îïîðíîìó îñíîâàíèþ ñ ó÷åòîì äåôîðìàöèè ïÿòíà êîíòàêòà â êàæäîé êîíå÷íîé ýëåìåí-
òàðíîé ïëîùàäêå. Ðàçðàáîòàííàÿ ìàòåìàòè÷åñêàÿ ìîäåëü ñîâìåùàåò â ñåáå êàê ìàòåìàòè÷åñêîå 
îïèñàíèå ôèçè÷åñêèõ ïðîöåññîâ âçàèìîäåéñòâèÿ ýëàñòè÷íîé øèíû ñ íåðîâíîñòÿìè äåôîðìèðó-
åìîãî îñíîâàíèÿ, òàê è êîíå÷íî-ýëåìåíòíûé ïîäõîä, îñíîâàííûé íà ðàññìîòðåíèè ïðîöåññîâ â 
êàæäîé êîíå÷íîé ýëåìåíòàðíîé ïëîùàäêå ïÿòíà êîíòàêòà.

Êëþ÷åâûå ñëîâà: êà÷åíèå ýëàñòè÷íîãî êîëåñà; íåðîâíîñòè äåôîðìèðóåìîãî îïîðíîãî îñíîâà-
íèÿ; ýëåìåíòàðíàÿ ïëîùàäêà ïÿòíà êîíòàêòà; ïðîãíîçèðîâàíèÿ ïðîõîäèìîñòè êîëåñíûõ ìàøèí.
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Ñëåäóåò îòìåòèòü, ÷òî â íàñòîÿùåå âðåìÿ 
íàøà ñòðàíà íå ðàñïîëàãàåò íåîáõîäèìûì 
ïàðêîì ýíåðãîýôôåêòèâíûõ ìàøèí âûñîêîé 
ïðîõîäèìîñòè. Ñóùåñòâóþùàÿ âåçäåõîäíàÿ 
òåõíèêà, âûïîëíåííàÿ ïî ñòàðûì òðàäèöèîí-
íûì ñõåìàì è ñåðèéíî âûïóñêàåìàÿ ïðîìûø-
ëåííîñòüþ, íå îòâå÷àåò òðåáîâàíèÿì, îïðå-
äåëÿþùèì ýôôåêòèâíîñòü è ýêîëîãè÷íîñòü 
äâèæèòåëåé ìàøèí â ñëîæíûõ ïðèðîäíî-êëè-
ìàòè÷åñêèõ óñëîâèÿõ ýêñïëóàòàöèè. Â ñëîæèâ-
øåéñÿ ñèòóàöèè çàäà÷à ïðîãíîçèðîâàíèÿ ïðî-
õîäèìîñòè êîëåñíûõ ìàøèí (ÊÌ) ïî îïîðíîé 
ïîâåðõíîñòè ñî ñëàáûìè íåñóùèìè ñâîéñòâà-
ìè ÿâëÿåòñÿ àêòóàëüíîé [1, 2].

Îäíèì èç îñíîâíûõ ìåòîäîâ ïðîãíîçèðî-
âàíèÿ ïðîõîäèìîñòè ÿâëÿåòñÿ èìèòàöèîííîå 
ìîäåëèðîâàíèå äâèæåíèÿ ÊÌ â ðàçëè÷íûõ 
óñëîâèÿõ ýêñïëóàòàöèè, êîòîðîå îñíîâàíî íà 
ìàòåìàòè÷åñêèõ ìîäåëÿõ âçàèìîäåéñòâèÿ ýëà-
ñòè÷íîé øèíû ñ äåôîðìèðóåìûìè íåðîâíîñòÿ-
ìè îïîðíîãî îñíîâàíèÿ.

Óñòàíîâëåíî [3, 4], ÷òî íà îïîðíî-òÿãîâóþ 
ïðîõîäèìîñòü ÊÌ âçàèìíî âëèÿþò êàê äåôîð-
ìàòèâíûå ñâîéñòâà øèí, òàê è ôèçèêî-ìåõàíè-
÷åñêèå õàðàêòåðèñòèêè ãðóíòà: íîðìàëüíûé 
ïðîãèá øèíû è ãëóáèíà êîëåè; èçìåíåíèå ïëî-
ùàäè îïîðíîãî ïÿòíà êîíòàêòà â çàâèñèìîñòè 
îò íàãðóçêè è äàâëåíèÿ âîçäóõà â øèíå; íàëè-
÷èå ãèñòåðåçèñíûõ ïîòåðü â ìàòåðèàëå øèíû, 
êîòîðûå âëèÿþò íà ñîïðîòèâëåíèå êà÷åíèþ, 
îáóñëîâëåííîå òðåíèåì â ïÿòíå êîíòàêòà î 
ïî÷âó; ñîçäàíèå êàñàòåëüíûõ ðåàêöèé ïî÷âû ïî 
âñåé ïëîùàäè êîíòàêòà.

Íàðÿäó ñ îïðåäåëåíèåì çàâèñèìîñòåé äëÿ 
îïèñàíèÿ ïðîöåññîâ «ðàñïðåäåëåíèå äàâëåíèÿ 
â ïÿòíå êîíòàêòà – äåôîðìèðîâàíèå ãðóíòà» è 
«íàãðóçêà – äåôîðìèðîâàíèå äâèæèòåëÿ» íå 
ìåíåå âàæíîé çàäà÷åé ÿâëÿåòñÿ âîïðîñ âûáîðà 
ìîäåëè ðàñ÷åòà âåðòèêàëüíûõ äåôîðìàöèé 
ãðóíòà ïðè êîíòàêòå ñ ïíåâìàòè÷åñêîé øèíîé. 
Îò ïðàâèëüíîñòè âûáîðà òèïà è âèäà àïïðîê-
ñèìàöèîííîé çàâèñèìîñòè âî ìíîãîì îïðåäå-
ëÿåòñÿ êàê êà÷åñòâåííàÿ, òàê è êîëè÷åñòâåííàÿ 
ñòîðîíû îáùåãî ðåøåíèÿ çàäà÷è êîíòàêòíîãî 
âçàèìîäåéñòâèÿ ýëàñòè÷íîãî äâèæèòåëÿ ñ äå-
ôîðìèðóåìûì ïîëîòíîì ïóòè [5].

Â íàñòîÿùåå âðåìÿ ïðè òåîðåòè÷åñêîì èñ-
ñëåäîâàíèè âçàèìîäåéñòâèÿ äâèæèòåëåé ñ 
ãðóíòîì ñôîðìèðîâàëèñü äâà îñíîâíûõ íà-
ïðàâëåíèÿ: àíàëèòè÷åñêèé ìåòîä, ïðåäóñìà-
òðèâàþùèé ìàòåìàòè÷åñêîå îïèñàíèå èññëå-
äóåìîãî ïðîöåññà [6–8] è êîíå÷íî-ýëåìåíòíûé 
ìåòîä (ÌÊÝ), îñíîâàííûé íà êîìïüþòåðíîì 

ìîäåëèðîâàíèè [9–13]. Â îáëàñòè èññëåäîâà-
íèÿ âçàèìîäåéñòâèÿ êîëåñíûõ äâèæèòåëåé ñ 
ãðóíòîì àíàëèòè÷åñêèé ìåòîä íàøåë øèðî-
êîå ïðèìåíåíèå. Ðàçðàáîòàííûå ìàòåìàòè÷å-
ñêèå ìîäåëè âçàèìîäåéñòâèÿ øèíû ñ ãðóíòîì 
ïîçâîëÿþò ðåøàòü ðàçëè÷íûå çàäà÷è. Ýòè 
ìîäåëè èñïîëüçóþòñÿ êàê ïðè èññëåäîâàíèè 
ïðîöåññîâ âçàèìîäåéñòâèÿ îäèíî÷íîãî êîëåñ-
íîãî äâèæèòåëÿ ñ ãðóíòîâûì ìàññèâîì, òàê è 
ïðè èññëåäîâàíèÿõ äèíàìè÷åñêèõ ìîäåëåé ìî-
áèëüíûõ ìàøèí, ýêñïëóàòèðóåìûõ â ñïåöèôè-
÷åñêèõ äîðîæíî-ãðóíòîâûõ óñëîâèÿõ (ÄÃÓ) 
ñ íåîäíîðîäíûìè ôèçèêî-ìåõàíè÷åñêèìè ïî-
êàçàòåëÿìè. Îäíèì èç ñàìûõ çíà÷èìûõ íåäî-
ñòàòêîâ ýòèõ ìîäåëåé ÿâëÿåòñÿ îïèñàíèå âçàè-
ìîäåéñòâèÿ êîëåñà ñ ðîâíûì äåôîðìèðóåìûì 
îñíîâàíèåì, â òî âðåìÿ êàê ïðîôèëü ðåàëüíîé 
îïîðíîé ïîâåðõíîñòè ìîæåò èìåòü çíà÷èòåëü-
íóþ âûñîòó íåðîâíîñòåé, ñîèçìåðèìóþ ñ ðà-
äèóñîì êîëåñà.

Èññëåäîâàíèÿ ïðîöåññîâ, ïðîòåêàþùèõ â 
ãðóíòîâîì ìàññèâå ïðè âîçäåéñòâèè êîëåñíîãî 
äâèæèòåëÿ ìåòîäîì êîíå÷íûõ ýëåìåíòîâ, ÿâ-
ëÿþòñÿ îòíîñèòåëüíî íîâûìè, ïîëó÷èâøèìè 
â ïîñëåäíåå âðåìÿ íàèáîëüøåå ïðèìåíåíèå. 
Ýòîò ìåòîä ëó÷øå äðóãèõ îáåñïå÷åí ÷èñëåí-
íûìè ïðîöåäóðàìè èññëåäîâàíèÿ ìàòåìàòè÷å-
ñêèõ ìîäåëåé îáúåêòîâ. Íàèáîëåå âàæíûì åãî 
ïðåèìóùåñòâîì ÿâëÿåòñÿ íàëè÷èå íåÿâíûõ ìå-
òîäîâ èíòåãðèðîâàíèÿ ñèñòåì äèôôåðåíöèàëü-
íûõ óðàâíåíèé. Ïðèìåíåíèå äàííîãî ìåòîäà 
ïîçâîëÿåò íàèáîëåå òî÷íî îïèñàòü ïðîöåññ 
âçàèìîäåéñòâèÿ êîëåñíûõ äâèæèòåëåé ñ ãðóí-
òîì, îïðåäåëèòü íàïðÿæåíèÿ â ãðóíòîâîì ìàñ-
ñèâå, äåôîðìàöèþ øèíû è ãðóíòà, óïëîòíåíèå 
ãðóíòà. Â îòëè÷èå îò àíàëèòè÷åñêèõ ìåòîäîâ 
îïðåäåëÿåòñÿ ôîðìà ïÿòíà êîíòàêòà ýëàñòè÷-
íîé øèíû ñ îïîðíîé ïîâåðõíîñòüþ, çàâèñÿùàÿ 
îò êîíêðåòíûõ õàðàêòåðèñòèê ãðóíòà è êîí-
ñòðóêòèâíûõ è ýêñïëóàòàöèîííûõ ïàðàìåòðîâ 
äâèæèòåëÿ [13]. Îäíàêî ñóùåñòâåííûì íåäî-
ñòàòêîì ìåòîäà ÿâëÿåòñÿ åãî âûñîêàÿ âû÷èñ-
ëèòåëüíàÿ òðóäîåìêîñòü, ïîýòîìó ïðè ñóùå-
ñòâóþùèõ íà ñåãîäíÿøíèé äåíü êîìïüþòåðàõ 
ïðèìåíÿòü ýòè ìîäåëè â ñîñòàâå îáùåé ìîäåëè 
äâèæåíèÿ ìíîãîîñíûõ êîëåñíûõ ìàøèí çà-
òðóäíèòåëüíî.

Öåëüþ äàííîãî èññëåäîâàíèÿ ÿâëÿåòñÿ 
ðàçðàáîòêà ìàòåìàòè÷åñêîé ìîäåëè êà÷åíèÿ 
ýëàñòè÷íîãî êîëåñà ïî äåôîðìèðóåìîìó íå-
ðîâíîìó îïîðíîìó îñíîâàíèþ ñ ó÷åòîì èç-
ìåíÿþùåéñÿ äåôîðìàöèè ïÿòíà êîíòàêòà â 
êàæäîé êîíå÷íîé ýëåìåíòàðíîé ïëîùàäêå.
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Ìàòåìàòè÷åñêàÿ ìîäåëü 
âçàèìîäåéñòâèÿ ýëàñòè÷íîé øèíû 
ñ íåðîâíîñòÿìè äåôîðìèðóåìîãî 
îïîðíîãî îñíîâàíèÿ
Â ïðåäëàãàåìîé ìîäåëè èñïîëüçóþòñÿ äâå 

ðàçëè÷íûå ñèñòåìû êîîðäèíàò (ðèñ. 1), ÷òî 
îáóñëîâëåíî ñòðóêòóðîé è ôîðìîé óðàâíåíèé 
äâèæåíèÿ îáúåêòà.

Ïåðâàÿ, íåïîäâèæíàÿ ñèñòåìà êîîðäèíàò 
(ÍÑÊ) O

2
X

2
Y

2
Z

2
, ñëóæèò äëÿ ìîäåëèðîâàíèÿ 

çàäàííûõ äîðîæíî-ãðóíòîâûõ óñëîâèé äâèæå-
íèÿ. Íà÷àëî êîîðäèíàò ñèñòåìû, òî÷êà Î

2
, ñî-

âïàäàåò ñ íà÷àëîì ìîäåëèðóåìîé òðàññû.
Äëÿ îïðåäåëåíèÿ ñèë, äåéñòâóþùèõ íà àâ-

òîìîáèëü ñî ñòîðîíû ãðóíòà, ââåäåì ìèêðî-
ïîäâèæíóþ ñèñòåìó êîîðäèíàò (ÌÏÑÊ), ïîä 
êîòîðîé áóäåì ïîíèìàòü ñèñòåìó O

T
X

T
Y

T
Z

T
, 

öåíòð êîòîðîé Î
Ò 

ñîâïàäàåò ñ ãåîìåòðè÷åñêèì 
öåíòðîì âðàùåíèÿ êîëåñà, îñü Î

T
X

T
 ñîâïàäàåò 

ñ ïðîåêöèåé ïðîäîëüíîé îñè ñèììåòðèè êîëåñà 
íà îïîðíóþ ïîâåðõíîñòü.

Îñíîâíûå äîïóùåíèÿ
• Íîðìàëüíîå äàâëåíèå â ïÿòíå êîíòàêòà 

ðàñïðåäåëåíî ïðîïîðöèîíàëüíî ïðîãèáó 
øèíû íà êàæäîì ýëåìåíòàðíîì ó÷àñòêå 
êîíòàêòíîé ïëîùàäêè.

• Ñèëà âçàèìîäåéñòâèÿ êîëåñà ñ îïîðíûì 
îñíîâàíèåì íàïðàâëåíà â îáðàòíóþ ñòî-
ðîíó îò ñêîðîñòè ïðîñêàëüçûâàíèÿ.

Ðàññìîòðèì ðàñ÷åòíóþ ñõåìó äâèæåíèÿ 
êîëåñà íà ðèñ. 1.

Äëÿ ðàçðàáîòêè ìîäåëè âîñïîëüçóåìñÿ 
ðåçóëüòàòàìè ðàáîòû [14]. Íà íèæíåé ïîëó-
îêðóæíîñòè íåäåôîðìèðîâàííîãî ïðîôèëÿ 
êîëåñà âûáåðåì íåêîòîðîå êîëè÷åñòâî òî÷åê n, 
ïîëîæåíèå êîòîðûõ áóäåì îïðåäåëÿòü óãëîì 


i
 ìåæäó âåðòèêàëüþ, îïóùåííîé èç öåíòðà 

êîëåñà íà îñü Õ
2
, è ëó÷îì, ñîåäèíÿþùèì òî÷êó 

íåäåôîðìèðîâàííîãî ïðîôèëÿ êîëåñà ñ åãî 
öåíòðîì (ðèñ. 1). Êîëè÷åñòâî òî÷åê âûáèðàåò-
ñÿ èñõîäÿ èç êîìïðîìèññà ìåæäó òî÷íîñòüþ 
ìîäåëè è åå áûñòðîäåéñòâèåì. Îïðåäåëèì êî-
îðäèíàòû Õ

2i
 è Y

2i
 âûáðàííûõ òî÷åê ïðîôèëÿ â 

ÍÑÊ (ðèñ. 2). 

Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà êà÷åíèÿ êîëåñà ïî íåðîâíîñòÿì îïîðíîãî îñíîâàíèÿ: 
1 – äåôîðìèðîâàííûé ïðîôèëü ãðóíòà; 2 – äåôîðìèðóåìûé ïðîôèëü ãðóíòà; 3 – íåäåôîðìèðîâàííûé 
ïðîôèëü ãðóíòà; O – öåíòð êîëåñà; Z

2O
, X

2O
 – êîîðäèíàòû öåíòðà êîëåñà â ÍÑÊ; 

ê
 – óãëîâàÿ ñêîðîñòü 

âðàùåíèÿ êîëåñà; Ì
ê
 – êðóòÿùèé ìîìåíò, ïðèëîæåííûé ê êîëåñó; V

0x
 – ïðîäîëüíàÿ ñêîðîñòü öåíòðà êîëåñà; 

Ð
Z
, Ð

X
 – âåðòèêàëüíàÿ è ïðîäîëüíàÿ ñèëû, ïðèëîæåííûå ê öåíòðó êîëåñà ñî ñòîðîíû îñè ÊÌ; 

R
r
, R– ðàäèàëüíàÿ è òàíãåíöèàëüíàÿ ïðîåêöèè ðåàêöèè âçàèìîäåéñòâèÿ êîëåñà ñ îïîðíûì îñíîâàíèåì;

 R
ëîá

 – ñèëà ëîáîâîãî ñîïðîòèâëåíèÿ êà÷åíèþ êîëåñà; r
ê
 – ñâîáîäíûé ðàäèóñ êîëåñà; Z

2gri
, X

2i
 – êîîðäèíàòû 

òî÷êè îïîðíîãî îñíîâàíèÿ ïîä i-é òî÷êîé íåäåôîðìèðîâàííîãî ïðîôèëÿ êîëåñà; 
i
 – óãîë ìåæäó âåðòèêàëüíîé 

îñüþ è i-é òî÷êîé íåäåôîðìèðîâàííîãî ïðîôèëÿ êîëåñà; 
ýêâ

 – ýêâèâàëåíòíûé óãîë òî÷êè ïðèëîæåíèÿ ñóììàðíîé 
ðåàêöèè; dr

i
 – ïðîãèá øèíû â ðàäèàëüíîì íàïðàâëåíèè äëÿ i-é òî÷êè íåäåôîðìèðîâàííîãî ïðîôèëÿ êîëåñà;

 h
ãi
 – ãëóáèíà êîëåè ïîä i-é òî÷êîé íåäåôîðìèðîâàííîãî ïðîôèëÿ êîëåñà
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2 20

2 20

sin cos( );

sin sin( );

;
2 2

i k i

i k i

i

X X r

Y Y r

    

    

 
   

ãäå Õ
20

, Y
20

 – êîîðäèíàòû öåíòðà êîëåñà Î 
â ÍÑÊ.

Âåðòèêàëüíóþ êîîðäèíàòó Z
2i
 i-é òî÷êè íå-

äåôîðìèðîâàííîãî ïðîôèëÿ êîëåñà â ÍÑÊ 
îïðåäåëèì ïî ôîðìóëàì:

2 20 cosi k iZ Z r   ,

ãäå Z
20

 – âåðòèêàëüíàÿ êîîðäèíàòà öåíòðà 
êîëåñà â ÍÑÊ.

Ôîðìèðîâàíèå ïðîäîëüíîãî ïðîôèëÿ 2griZ  
ïðîâîäèòñÿ ïî ñëåäóþùåìó àëãîðèòìó:

,

ãäå h
ãi
 – âåðòèêàëüíàÿ îñàäêà ãðóíòà ïîä i-é 

ýëåìåíòàðíîé ïëîùàäêîé ïÿòíà êîíòàêòà (ñì. 
äàëåå); 

2
íåäåô
griZ  – âåðòèêàëüíàÿ êîîðäèíàòà íå-

äåôîðìèðîâàííîãî ïðîôèëÿ êîëåè (ìîäåëèðó-
åòñÿ çàðàíåå ïî èçâåñòíîé ìåòîäèêå, èçëîæåí-
íîé, íàïðèìåð, â [15]).

Ïðîãèá øèíû dr
i
 â ðàäèàëüíîì íàïðàâëåíèè 

äëÿ i-é òî÷êè íåäåôîðìèðîâàííîãî ïðîôèëÿ 
íàõîäèì èç ñëåäóþùèõ ñîîòíîøåíèé:

2

2 2 2 2

0, ,

( )cos , ,
gri i

i
gri i i gri i

Z Z
dr

Z Z Z Z

    
ãäå Z

2gri
 – âåðòèêàëüíàÿ êîîðäèíàòà ïðîôèëÿ 

îïîðíîãî îñíîâàíèÿ ïîä i-é òî÷êîé êîëåñà.

Òàêèì îáðàçîì, äëÿ îïðåäåëåíèÿ ðåàêöèé 
âçàèìîäåéñòâèÿ êîëåñà ñ îïîðíîé ïîâåðõíî-
ñòüþ R

x 
è R

z 
â ÌÏÑÊ ïðè íàëè÷èè íåñêîëüêèõ 

çîí ïåðåêðûòèÿ ïðîôèëåì îïîðíîãî îñíîâà-
íèÿ íåäåôîðìèðîâàííîãî êîíòóðà êîëåñà íå-
îáõîäèìî îïðåäåëèòü ýêâèâàëåíòíûé óãîë 

ýêâ
 

òî÷êè ïðèëîæåíèÿ ñóììàðíîé ðàäèàëüíîé ðå-
àêöèè R

r
 â ðàäèàëüíîì íàïðàâëåíèè è òàíãåí-

öèàëüíîé ðåàêöèè R (ðèñ. 1).
Îïðåäåëèì 

ýêâ
 êàê âçâåøåííîå ñðåäíåå çíà-

÷åíèå:

1

1

n

i i
i

kb n

i
i

dr

dr







 




.

Ðàäèàëüíàÿ ðåàêöèÿ R
r
 ÿâëÿåòñÿ ñóììîé 

äâóõ ñîñòàâëÿþùèõ: óïðóãîé R
ró

 è äåìïôèðóþ-
ùåé R

rä 
: R

r
 = R

ró
 + R

rä
. 

R
ró

 çàâèñèò îò ýêâèâàëåíòíîãî ïðîãèáà 
øèíû:

1

n

i
i

kb

k

dr
dr

n


 


,

ãäå n
k
 – êîëè÷åñòâî òî÷åê íåäåôîðìèðîâàííî-

ãî ïðîôèëÿ, íàõîäÿùèõñÿ â êîíòàêòå ñ îïîðíîé 
ïîâåðõíîñòüþ.

R
rä

 çàâèñèò îò ñêîðîñòè ïðîãèáà øèíû â ðà-
äèàëüíîì íàïðàâëåíèè. Äëÿ ýòîãî îïðåäåëèì 
ïðîåêöèè ñêîðîñòè òî÷åê êîíòóðà êîëåñà íà 
îñè Õ

Ò
 è Z

Ò
:

0

0

( ) cos ,

( )sin ,
T T

T T

iX k k i i X

iZ k k i i Z

V r dr V

V r dr V

    

    

ãäå 
ê
 – óãëîâàÿ ñêîðîñòü âðàùåíèÿ êîëåñà; 

V
0XÒ

 è V
0ZÒ

 – ïðîåêöèè âåêòîðà ñêîðîñòè öåíòðà 
êîëåñà (òî÷êà Î) íà îñè Õ

Ò
 è Z

Ò
 ñîîòâåòñòâåííî.

Âåêòîð ëèíåéíîé ñêîðîñòè i-é òî÷êè íåäå-
ôîðìèðîâàííîãî ïðîôèëÿ êîëåñà â ðàäèàëüíîì 
íàïðàâëåíèè:

sin cos .
T Tri iX i iZ iV V V   

Ñêîðîñòü äåôîðìàöèè ïðîôèëÿ i-é òî÷êè â 
ðàäèàëüíîì íàïðàâëåíèè:

2( ) cos .  gri
i i ri

dZd dr V
dt dt

Ýêâèâàëåíòíàÿ ñêîðîñòü ïðîãèáà:

1
( )

.

n

i
kb i

k

d dr
dr dt
dt n
 

 
 
 



Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà äëÿ îïðåäåëåíèÿ ñèëû 
âçàèìîäåéñòâèÿ êîëåñà ñ îïîðíîé ïîâåðõíîñòüþ:
 

êV


 – âåêòîð ëèíåéíîé ñêîðîñòè öåíòðà êîëåñà; 
       R


ê  – âåêòîð ðåàêöèè âçàèìîäåéñòâèÿ êîëåñà 

ñ îïîðíûì îñíîâàíèåì;  – óãîë ìåæäó ïðîäîëüíîé 
îñüþ ìàøèíû è îñüþ Õ

2
 ÍÑÊ; – óãîë ïîâîðîòà 

óïðàâëÿåìîãî êîëåñà; – óãîë ìåæäó ïëîñêîñòüþ 
ñèììåòðèè êîëåñà è âåêòîðîì 

êV
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Äàëåå, çíàÿ óïðóãóþ è äåìïôèðóþùóþ õà-
ðàêòåðèñòèêè øèíû â ðàäèàëüíîì íàïðàâëå-
íèè, íàõîäèì R

r
. 

Cèëà âçàèìîäåéñòâèÿ i-ãî êîëåñà ñ ãðóíòîì 
â ïëîñêîñòè X

2
OY

2
:

c i
i S i

c i
 

VR N
V
ê

ê
ê

,

ãäå s  – êîýôôèöèåíò òðåíèÿ ÷àñòè÷íîãî 
ñêîëüæåíèÿ, N

i
 – íîðìàëüíàÿ ðåàêöèÿ, ñêiV  – 

âåêòîð ñêîðîñòè ñêîëüæåíèÿ êîëåñà.

max
01
êS

S

s s e




 
     
 
 

,

çäåñü maxs  – êîýôôèöèåíò òðåíèÿ ïîëíîãî 
ñêîëüæåíèÿ äëÿ äàííîãî óãëà  ïîâîðîòà âåê-
òîðà ñêîðîñòè ñêîëüæåíèÿ; S

ê
 – êîýôôèöèåíò 

áóêñîâàíèÿ; S
0
 – êîíñòàíòà. 

Äàííîå âûðàæåíèå ñïðàâåäëèâî äëÿ íå-
ñâÿçíûõ ãðóíòîâ. Âåëè÷èíà maxs  îïðåäåëÿ-
åò ìàêñèìàëüíîå çíà÷åíèå ôóíêöèè  s S ê , 
à â ñîâîêóïíîñòè ñ êîíñòàíòîé S

0
 – ãðàäèåíò 

ôóíêöèè  s S ê  â íà÷àëå êîîðäèíàò, îòðà-
æàþùèé ñâîéñòâà ãðóíòà ïðè ìàëûõ ñêîëü-
æåíèÿõ. 

Äëÿ ñâÿçíûõ ãðóíòîâ ìîæåò áûòü ïðèíÿòî 
ñëåäóþùåå âûðàæåíèå s :

max
0 11 1
S S
S S

s s e e
 



   
         
   

  

ê ê

,

ãäå 1S  – êîíñòàíòà.
Êîýôôèöèåíò òðåíèÿ ïîëíîãî ñêîëüæåíèÿ 

â ñîîòâåòñòâèè ñ ïðåäñòàâëåíèÿìè îá ýëëèïñå 
òðåíèÿ [16] ìîæíî ïðåäñòàâèòü â âèäå:

max max
max 2 2 2 2

max maxsin cos
sx sy

s
sx sy



 
 

       ,

ãäå maxsx , maxsy  – ïàðàìåòðû ýëëèïñà 
òðåíèÿ (ðèñ. 3).

Êîýôôèöèåíò áóêñîâàíèÿ:

TKX k
k

k

V r
S

r







 
 – äëÿ òÿãîâîãî ðåæèìà êà-

÷åíèÿ êîëåñà;

T

T

KX k

k

KX

V r
S

V
 

  – äëÿ òîðìîçíîãî èëè âåäî-

ìîãî ðåæèìà êà÷åíèÿ êîëåñà,
ãäå V

KXT
 – ïðîåêöèÿ ëèíåéíîé ñêîðîñòè öåíòðà 

êîëåñà íà îñü X
T
 ìèêðîïîäâèæíîé ñèñòåìû êî-

îðäèíàò.

Ðàññìîòðèì îäíî èç êîëåñ ÌÊÌ (ðèñ. 2). 
Êîîðäèíàòû öåíòðà i-ãî êîëåñà â ÍÑÊ:

2 2 0i iK C K BL P L ,

ãäå 2CP  – ðàäèóñ-âåêòîð ïîëîæåíèÿ öåíòðà 
ìàññ ÊÌ â ÍÑÊ; 0iK

L  – ðàäèóñ-âåêòîð öåíòðà 
i-ãî êîëåñà ê êîðïóñó â ÏÑÊ.

Âåêòîð ëèíåéíîé ñêîðîñòè öåíòðà êîëåñà â 
ÏÑÊ:

  0 0 0K C C KV V L ,

ãäå 0CV  – âåêòîð ñêîðîñòè öåíòðà ìàññ ìàøèíû 
â ÏÑÊ; C   – âåêòîð óãëîâîé ñêîðîñòè öåíòðà 
ìàññ ìàøèíû; 0  KL  – ðàäèóñ-âåêòîð êðåïëåíèÿ 
öåíòðîâ êîëåñ ê êîðïóñó.

Ðàñêðîåì âåêòîðíîå ïðîèçâåäåíèå 0C K L :

0 0

0 0 0

0 0

Y kz Z ky

C K Z kx X kz

X ky Y kx

L L
L L
L L

  
     
   

L ,

ãäå 0 0 0, ,kx ky kzL L L  – ïðîåêöèè ðàäèóñ-âåêòîðà 
êðåïëåíèÿ ïîäâåñêè ê êîðïóñó â ÏÑÊ.

Âåêòîð ëèíåéíîé ñêîðîñòè öåíòðà êîëåñà â 
ÍÑÊ:

2 0 .K KV BV

Ðèñ. 3. Ýëëèïñ òðåíèÿ
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Ïðîåêöèè âåêòîðà ëèíåéíîé ñêîðîñòè 
öåíòðà êîëåñà â ÌÏÑÊ:

0 0

0 0 0

0 0

Y kz Z ky

C K Z kx X kz

X ky Y kx

L L
L L
L L

  
     
   

L ,

ãäå φ, ψ – óãëû ïðîäîëüíîãî è ïîïåðå÷íîãî íà-
êëîíà êîðïóñà ìàøèíû ñîîòâåòñòâåííî.

Îïðåäåëèì ñêîðîñòü ñêîëüæåíèÿ êîëåñà â 
ìèêðîïîäâèæíîé ñèñòåìå êîîðäèíàò:

2 2 ,

,

.
T

T

X Y

X KX k

Y KY

V V V

V V r

V V


 

  



ÑÊ ÑÊ

ÑÊ

ÑÊ

ÑÊ

Óãîë δ ìåæäó âåêòîðîì ñêîðîñòè öåíòðà 
êîëåñà è îñüþ Õ

Ò
 îïðåäåëÿåòñÿ ñëåäóþùèì îá-

ðàçîì. Åñëè 0V ÑÊ , òî:

2 2
tg T

T T

KY

KY KX

V

V V
 


,

èíà÷å cos 1; sin 0i i    . 
Åñëè 

ê
r

ê0
  0, òî:

   

   

max max

22
max max

2 2

0 0

sin cos

1 exp

 
  

      

  
  

        
  

ÑÊ ÑÊ

x y

x i y i

X Y

k k

V V

r S
,

èíà÷å:

   

   

max max

22
max max

2 2

0

sin cos

1 exp
0.001

 
  

      

  
  

      
  

ÑÊ ÑÊ

x y

x i y i

X YV V

S
.

Ðåàêöèè âçàèìîäåéñòâèÿ øèíû ñ îïîðíûì 
îñíîâàíèåì â ÌÏÑÊ:

cos  rR R ; 
cos sin

TKX rR R R R     ýêâ ýêâ ëîá ; 
sin

TKY rR R R   áîê ; 
sin cos

TZ rR R R    ýêâ ýêâ , 

ãäå , R Rëîá áîê  – ñèëû ëîáîâîãî ñîïðîòèâëåíèÿ 
ãðóíòà êà÷åíèþ êîëåñà (áóëüäîçåðíûé ýôôåêò) 
è áîêîâîãî îòïîðà, êîòîðûå îïðåäåëÿþòñÿ ïî 
ìåòîäèêå, èçëîæåííîé â ðàáîòå [17].

 2

ëîá ø ê ã ýêâ ïàñ ã0,5R b r h dr q    ,

 
2
bR q r h dr h   ø

áîê ïàñ ã ê ã ýêâ ã ,

 0,01 90 bq a    ï
ïàñ ï ,

    01 0,1 fab

faa aï ,

 00,1 fbb
fbb a  ï ,

0
0,3082 0,0709faa


  


ø ,

0
2,0751 1,3354fab


  


ø ,

0
0,5756 0,1024fba


  


ø ,


  

0

1,0608 0,0619fbb ø ,

ãäå b
ø
 – øèðèíà øèíû; ã  – óäåëüíûé âåñ 

ãðóíòà, ÌÍ/ì3; 0 ,  ø  – ñîîòâåòñòâåííî óãîë 
âíóòðåííåãî òåðíèÿ ãðóíòà è óãîë òðåíèÿ 
ãðóíòà î ñòåíêó øèíû, ãðàä.

Ãðàôèêè äëÿ îïðåäåëåíèÿ 0 ,  ø  ïðåäñòàâ-
ëåíû â ðàáîòå [17].

Ïðîåêöèè ðåàêöèè âçàèìîäåéñòâèÿ øèíû ñ 
îïîðíûì îñíîâàíèåì â ÏÑÊ:

0

0

0

( cos sin )cos sin ,

sin cos ,

cos cos .

T T

T T

T

kb r kbKX KX KY

KY KX KY

KZ KZ

R R R R

R R R

R R

       

    

  

×èñëåííîå ìîäåëèðîâàíèå äâèæåíèÿ àâòî-
ìîáèëÿ ïðîâîäÿò äëÿ ðàçëè÷íûõ òèïîâ òâåð-
äîãî îïîðíîãî îñíîâàíèÿ ñî ñëåäóþùèìè ïàðà-
ìåòðàìè.

Äèíàìèêà âðàùåíèÿ êîëåñà ïðåäñòàâëåíà íà 
ðèñ. 1 è îïèñûâàåòñÿ óðàâíåíèÿìè:

       ê ê ê êTX f h TJ M R r dr M M Mýêâ , 
 sin cosf rM R r dr   ê ýêâ ýêâ ýêâ , 
 1

Th ZM R r S ê ê ,

ãäå Ì
ê
 – êðóòÿùèé ìîìåíò, ïîäâîäèìûé ê 

êîëåñó; Ì
Ò
 – òîðìîçíîé ìîìåíò íà êîëåñå; Ì

f 
 – 

ìîìåíò ñîïðîòèâëåíèÿ êà÷åíèþ êîëåñà çà ñ÷åò 
ñìåùåíèÿ ðåàêöèè R

r
; R

XT 
– ïðîåêöèÿ ñèëû 

âçàèìîäåéñòâèÿ êîëåñà ñ ãðóíòîìâ ÌÏÑÊ íà 
îñü ÎÕ

Ò
; Ì

h
 – ìîìåíò ñîïðîòèâëåíèÿ, âûçâàí-

íûé âåðòèêàëüíîé äåôîðìàöèåé ãðóíòà [17].
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Îïðåäåëåíèå ïàðàìåòðîâ ïÿòíà 
êîíòàêòà è ãëóáèíû êîëåè h

ã

Ïëîùàäü i-é ýëåìåíòàðíîé ïëîùàäêè ïÿòíà 
êîíòàêòà F

øi
 (ðèñ. 4) îïðåäåëèì ïî ôîðìóëå:

   
1

2
i

i

iF b r dr d






      ø ê ,

 
   1

dr
b b

r
 

   
 

ø
ê

, (1)

ãäå b
ø
 – øèðèíà øèíû.

Äèñêðåòíûé àíàëîã ôîðìóëû (1) ìîæíî çà-
ïèñàòü òàê:

 

1 1

1

2
2

.

i i i i
i

i i

dr dr dr drF b r
r

 



        
  

  

ø ø ê
ê

Îïðåäåëèì íîðìàëüíûå äàâëåíèÿ 0zip  â 
i-é ýëåìåíòàðíîé ïëîùàäêå ïÿòíà êîíòàêòà. 
Êàæäàÿ òàêàÿ ïëîùàäêà (ðèñ. 4) îáðàçóåòñÿ 
äâóìÿ ïëîñêîñòÿìè, ïðîõîäÿùèìè ÷åðåç îñü 
âðàùåíèÿ êîëåñà è ïîâåðíóòûìè äðóã îòíî-
ñèòåëüíî äðóãà íà óãîë 1i i  . Ïî ôîðìóëå 
Áåðíøòåéíà-Ëåòîøíåâà [17]:

0 ,zi ip chã ÌÏà,

ãäå ñ – êîýôôèöèåíò äåôîðìàöèè ãðóíòà; μ – 
ïîêàçàòåëü ïëîòíîñòè ãðóíòà.

Ñ äðóãîé ñòîðîíû:

0 6
1

cos ,
10

iz
zi in

i ii

drPp k
F dr



  


ä
ø

 ÌÏà,

1

0
1k
k t


 

   
ä

ï

,

0,0087 c  ðàä ,
ãäå Ð

z
 – âåðòèêàëüíàÿ íàãðóçêà íà êîëåñî; 

k
ä
 – êîýôôèöèåíò Ïîêðîâñêîãî, ó÷èòûâàþùèé 

âëèÿíèå âðåìåíè äåéñòâèÿ íàãðóçêè íà äåôîð-
ìàòèâíûå ñâîéñòâà ãðóíòà [18]; t – âðåìÿ äåé-
ñòâèÿ íàãðóçêè, ñ; k

n
 – ÷èñëî ïðîõîäîâ êîëåñà 

ïî êîëåå (ó÷åò öèêëè÷íîñòè íàãðóæåíèÿ 
ãðóíòà).

Òîãäà:

1

6
1

,cos  1,  
10

.iz
i i kn

i ii

drPh k i n
cF dr





 
     
 
 

ã ä
ø

Îáùàÿ äëèíà L ïÿòíà êîíòàêòà ïî ñðåäíåé 
ëèíèè ìîæåò áûòü îïðåäåëåíà êàê ñóììà äëèí 
ýëåìåíòàðíûõ ïëîùàäîê L

i
:

1

kn

i
i

L L


  ,   1
12

i i
i i i

dr drL r 


     
 
ê .

Âëèÿíèå ãðóíòîçàöåïîâ 
íà ïàðàìåòðû äâèæåíèÿ êîëåñà
Ïðè íàëè÷èè ãðóíòîçàöåïîâ íåîáõîäèìî äî-

ïîëíèòåëüíî âû÷èñëèòü êàñàòåëüíûå ñèëû â 
çîíàõ âûñòóïîâ è âïàäèí, à òàêæå âûíîñ ãðóíòà 
èç çîíû êîíòàêòà â ñëó÷àå èíòåíñèâíîãî áóêñî-
âàíèÿ êîëåñà.

Äîïîëíèòåëüíîå âåðòèêàëüíîå çàãëóáëåíèå 

dhãý  öåíòðà êîëåñà â ãðóíò, âûçâàííîå ýêñêàâà-
öèåé ãðóíòà èç çîíû êîíòàêòà, âû÷èñëÿþò ïî 
ôîðìóëå [18]:

 


1

t h S
dh

t S
âï ãðç ê

ãý
ãðç ê

,  
2 rt
n


 ê
ãðç

ãðç

,

ãäå t
âï

 – äëèíà âïàäèíû ãðóíòîçàöåïà; h
ãðç

 – 
âûñîòà ãðóíòîçàöåïà; t

ãðç
 – øàã ãðóíòîçàöå-

ïà; n
ãðç

 – îáùåå êîëè÷åñòâî ãðóíòîçàöåïîâ ïî 
äëèíå îêðóæíîñòè øèíû.

Òîãäà ñóììàðíîå âåðòèêàëüíîå çàãëóáëåíèå 
h

ñóì
 öåíòðà êîëåñà:

h h dh ñóì ã ãý .
Ðèñ. 4. Ðàñ÷åòíàÿ ñõåìà äëÿ îïðåäåëåíèÿ 

ïëîùàäè ïÿòíà êîíòàêòà
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Áóäåì ñ÷èòàòü, ÷òî åñëè h rñóì ê , òî ïðîèñ-
õîäèò ïîòåðÿ ïîäâèæíîñòè ìàøèíû âñëåäñòâèå 
âûâåøèâàíèÿ êîðïóñà íà ãðóíòå.

Äëÿ îïðåäåëåíèÿ äîïîëíèòåëüíûõ êàñà-
òåëüíûõ ñèë jR

ãðç  â çîíàõ âûñòóïîâ è âïàäèí 
ãðóíòîçàöåïîâ (ðèñ. 5) âîñïîëüçóåìñÿ ðåçóëü-
òàòàìè, ïîëó÷åííûìè â ðàáîòå [18]:

 2

ãðç 6
ãðç ãð 0ñ 10 exp tg

0,05
x xm

j

xm

e e
R F

e

 
   
 




,
    

2

1

t

x
t

e S t t r dr dt     ê ê ýêâ , 

2 1t t t   ,

ãäå F
ãðç

 – ïëîùàäü ëîáîâîé ïðîåêöèè ãðóí-
òîçàöåïà; e

xm
 – ìàêñèìàëüíûé ñäâèã ãðóíòà, 

ïðè êîòîðîì ñâÿçàííîñòü ÷àñòèö ãðóíòà íå 
íàðóøåíà; e

x
 – òåêóùèé ñäâèã ãðóíòà; S(t) – 

ïóòü, ïðîéäåííûé öåíòðîì êîëåñà çà âðåìÿ t; 
 tê  – òåêóùàÿ óãëîâàÿ ñêîðîñòü âðàùåíèÿ 

êîëåñà.
Ñóììàðíàÿ êàñàòåëüíàÿ ñèëà 

TX
R
ãðç  â ïðîåê-

öèè íà îñü X
T
 ÌÏÑÊ ïî âñåì m ãðóíòîçàöåïàì, 

íàõîäÿùèìñÿ â çîíå êîíòàêòà êîëåñà ñ îïîð-
íûì îñíîâàíèåì:

1
cos

T

m

j jX
j

R R


 ãðç ãðç , 1 2

2
L Lm n
r


 
 ãðç
ê

.

Òîãäà âûðàæåíèå äëÿ îïðåäåëåíèÿ ïðîäîëü-
íîé ðåàêöèè 

TKXR  êîëåñà ñ îïîðíûì îñíîâàíè-
åì â ïðîåêöèè íà îñü TX  ÌÏÑÊ:

cos sin
T TKX r XR R R R R       ãðç

ýêâ ýêâ ëîá .

Ó÷åò ñöåïíûõ ñâîéñòâ ãðóíòîâîãî îñíîâà-
íèÿ â ãîðèçîíòàëüíîì íàïðàâëåíèè ïðè äåé-
ñòâèè âåðòèêàëüíîé íàãðóçêè

Âåëè÷èíà ãîðèçîíòàëüíîé ðåàêöèè 
TKXR  

ìîæåò áûòü îãðàíè÷åíà äâóìÿ ôàêòîðàìè [18]: 
ñêîëüæåíèåì êîëåñà ïî ïîâåðõíîñòè óïëîòíåí-
íîãî ãðóíòà è ñäâèãîì ìàññû ãðóíòà â ñòîðî-
íó äåéñòâèÿ ãîðèçîíòàëüíîé ðåàêöèè. È åñëè 
ñöåïíûå ñâîéñòâà ó÷èòûâàþòñÿ êîýôôèöèåí-
òîì 

s
, òî ñäâèã ãðóíòà ìîæíî îöåíèòü ïóòåì 

ñðàâíåíèÿ äåéñòâóþùèõ êàñàòåëüíûõ íàïðÿæå-
íèé  ñ ìàêñèìàëüíî äîïóñòèìûìè íàïðÿæåíè-
ÿìè 

max
.

Ìàêñèìàëüíîå êàñàòåëüíîå íàïðÿæåíèå â 
ïÿòíå êîíòàêòà âû÷èñëÿþò ñ èñïîëüçîâàíèåì 
âûðàæåíèÿ Êóëîíà:

6
max 0 0 0tg 10zp c     , 

ãäå ñ
0
 – êîýôôèöèåíò ñâÿçàííîñòè (ñöåïëåíèÿ) 

ãðóíòà, ÌÏà.
Äåéñòâóþùåå êàñàòåëüíîå íàïðÿæåíèå  

ïðåäåëèì ïî ôîðìóëå [17]:

 

0 0

2
6

0 0

tg 1 exp
0,1

10 exp tg .
0,05

x
z

xm

x xm

xm

e
p

e

e e
c

e

  
       

   
 
    

 






Îêîí÷àòåëüíî âûðàæåíèå äëÿ 
TXR  ïðèìåò 

âèä:

 cos sin
T TKX r XR k R R R R        ãðç

ýêâ ýêâ ëîá ,

ãäå 
max

max
max

1,  

,  
k

  
 

   

åñëè

åñëè
.

Ó÷åò âëèÿíèÿ ñîñòîÿíèÿ ãðóíòà 
íà åãî ôèçè÷åñêèå è ìåõàíè÷åñêèå 
õàðàêòåðèñòèêè
 Áîëüøîå âëèÿíèå íà õàðàêòåðèñòèêè ãðóíòà 

îêàçûâàåò åãî âëàæíîñòü [18]. Öåëåñîîáðàç-
íûì, ïîäòâåðæäåííûì ïðàêòèêîé ÿâëÿåòñÿ 
ñïîñîá ó÷åòà âëèÿíèÿ âëàæíîñòè, îñíîâàííûé 
íà ïðèìåíåíèè ìàòåìàòè÷åñêèõ âûðàæåíèé, 
ïîëó÷åííûõ â ðàáîòå [18] â ðåçóëüòàòå ñòàòè-
ñòè÷åñêîé îáðàáîòêè áîëüøîãî ÷èñëà ýêñïå-
ðèìåíòàëüíûõ äàííûõ. Ïî íèì ìîæíî îïðå-
äåëèòü ìåõàíè÷åñêèå èíâàðèàíòû ãðóíòà, çíàÿ 
åãî ãðàíóëîìåòðè÷åñêèé ñîñòàâ è ôèçè÷åñêîå 
ñîñòîÿíèå.

Ðèñ. 5. Ðàñ÷åòíàÿ ñõåìà äëÿ îïðåäåëåíèÿ 
êàñàòåëüíûõ ñèë jR

ãðç  â çîíàõ âûñòóïîâ 
è âïàäèí ãðóíòîçàöåïîâ
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Äëÿ óãëà âíóòðåííåãî òðåíèÿ â ãðóíòå:

40 0
4445 40 1 0,1

44
T

T c

WW
W

    
            


     

.

Äëÿ êîýôôèöèåíòà ñâÿçàííîñòè ãðóíòà:

0 0
0

60 5T Tc W W W
W
 

    





 ,

ãäå  – ïëîòíîñòü ãðóíòà â òåêóùåì ñîñòîÿ-
íèè; 

ñ
 – ïëîòíîñòü ñóõîãî ãðóíòà; W

0
 – îòíî-

ñèòåëüíàÿ âëàæíîñòü ãðóíòà; W
T
 – âëàæíîñòü 

ïðåäåëà òåêó÷åñòè.

Âûâîäû
Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü êðè-

âîëèíåéíîãî êà÷åíèÿ ýëàñòè÷íîãî êîëåñà ïî 
íåðîâíîìó äåôîðìèðóåìîìó îïîðíîìó îñíî-
âàíèþ, ó÷èòûâàþùàÿ äåôîðìàöèþ ïÿòíà êîí-
òàêòà â êàæäîé êîíå÷íîé ýëåìåíòàðíîé ïëî-
ùàäêå è èçìåíåíèå íàïðàâëåíèÿ ðàäèàëüíîé è 
òàíãåíöèàëüíîé ðåàêöèé.
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QUASI-FINITE ELEMENT MODEL OF ROLLING ELASTIC WHEELS 
ON UNEVEN DEFORMABLE SUBSTRUCTURE 

IN NONLINEAR MOTION OF A WHEELED VEHICLE

Dr.Eng. N.S. Volskaja, Dr.Eng. M.M. Zhileykin, Ph.D. A.J. Zakharov, M.V. Panshin 
Bauman MSTU, Moscow, Russia
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One of the main directions of economic development of Russia was and should remain the accelerat-
ed development of the regions of the North and North-East, occupying more than 60% of the country. 
Further development of these areas requires new approaches and new technologies to solve transport 
and technological problems in the movement of goods and people in conditions where the roadway is 
off-road. At the same time, the movement of transport and technological machines is not only difficult, 
but in some cases completely excluded. The existing all-terrain vehicle equipment, made according to 
the old traditional schemes and commercially produced by the industry, does not meet the requirements 
that determine the efficiency and environmental friendliness of the engines of machines in complex nat-
ural and climatic conditions of operation. In this situation, the problem of forecasting the permeability of 
wheeled vehicles (KM) on the support surface with weak bearing properties is relevant. One of the main 
methods to predict permeability is a simulation of the motion of wheeled vehicles in different operating 
conditions, which are based on mathematical models of interaction between elastic tires with deformable 
irregularities of the support base. Currently in the theoretical study of the interaction of propellers with 
the ground formed two main directions: analytical method involving a mathematical description of the 
process under study and the finite element method based on computer simulation. The aim of this study 
is to develop a mathematical model of rolling elastic wheels on deformable rough reference base, taking 
into account the deformation of the contact patch at each end of the elementary playground. The math-
ematical model combines a mathematical description of the physical processes of interaction between 
elastic tires with uneven deformable substrates and finite element approach, based on consideration of 
processes in each end unit site of contact.

Keywords: rolling of elastic wheels; irregularities of deformed support base; elementary area of the 
contact patch; prediction of patency of wheeled vehicles.


