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Â äàííîé ñòàòüå ðàññìàòðèâàëèñü îñíîâíûå âîïðîñû ïîèñêà îïòèìàëüíûõ âàðèàíòîâ óñèëåíèÿ 
êðûøè êóçîâà àâòîìîáèëÿ íà áàçå òîïîëîãè÷åñêîé îïòèìèçàöèè ñ öåëüþ îáåñïå÷åíèÿ òðåáîâàíèé 
ïàññèâíîé áåçîïàñíîñòè ïðè ìèíèìóìå ìàññû. Ìåòîäîì äîñòèæåíèÿ ïîñòàâëåííîé öåëè ÿâëÿ-
ëîñü ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ñ èñïîëüçîâàíèåì ìîäóëåé òîïîëîãè÷åñêîé îïòèìèçàöèè 
(Topology Optimization) ïðîãðàììíîãî êîìïëåêñà ANSYS è ÿâíîé äèíàìèêè LS-Dyna. Äëÿ ïðîâåðêè 
ýôôåêòèâíîñòè óñèëåíèé â êà÷åñòâå ðåæèìà íàãðóæåíèÿ áûë âûáðàí áîêîâîé óäàð î ñòîëá, ðåãëà-
ìåíòèðîâàííûé ÅÝÊ ÎÎÍ 135 «Åäèíîîáðàçíûå ïðåäïèñàíèÿ, êàñàþùèåñÿ îôèöèàëüíîãî óòâåðæ-
äåíèÿ òðàíñïîðòíûõ ñðåäñòâ â îòíîøåíèè èõ õàðàêòåðèñòèê ïðè áîêîâîì óäàðå î ñòîëá». Êðèòå-
ðèåì ýôôåêòèâíîñòè ïðèíèìàëàñü ýíåðãîåìêîñòü êóçîâà, îïðåäåëÿåìàÿ êàê îòíîøåíèå ýíåðãèè 
ñèñòåìû ê îñòàòî÷íîé (ïëàñòè÷åñêîé) äåôîðìàöèè íà óðîâíå öåíòðà äâåðè. Íà îñíîâàíèè òîïîëî-
ãè÷åñêîé îïòèìèçàöèè áûëè ïîëó÷åíû äâà ïðàêòè÷åñêè ðàâíîçíà÷íûõ ïî ýôôåêòèâíîñòè âàðèàíòà 
ðàñïîëîæåíèÿ óñèëèâàþùèõ ýëåìåíòîâ. Äëÿ íàèáîëåå ïîëíîé îöåíêè âëèÿíèÿ ïàðàìåòðîâ áûëè 
ðàññìîòðåíû íåñêîëüêî âàðèàíòîâ óñèëåíèÿ êðûøè: ðàññòàíîâêà ñòàëüíûõ óñèëèâàþùèõ ýëåìåí-
òîâ; ðàçìåùåíèå ïåíîàëþìèíèÿ ïîä êðûøó; êîìáèíàöèÿ ñòàëüíûõ ýëåìåíòîâ ñ çàïîëíåíèåì èõ 
ïîëîñòåé ïåíîàëþìèíèåì. Ïî ðåçóëüòàòàì ìîäåëèðîâàíèÿ áûëà âûïîëíåíà ñðàâíèòåëüíàÿ îöåíêà 
ýôôåêòèâíîñòè ðàññìîòðåííûõ âàðèàíòîâ óñèëåíèÿ. Íàèáîëåå ýôôåêòèâíûå îêàçàëèñü âàðèàíòû 
óñèëåíèÿ êðûøè áàëêàìè øâåëëåðîîáðàçíîãî ñå÷åíèÿ è çàïîëíåíèÿ èõ ïåíîé è âàðèàíò óñèëåíèÿ 
êðûøè áàëêàìè øâåëëåðîîáðàçíîãî ñå÷åíèÿ è äèàãîíàëüíûìè ïåðåìû÷êàìè â íèõ, îáóñëîâëèâàþ-
ùèå åå ïîâûøåíèå ïî ñðàâíåíèþ ñ îðèãèíàëüíîé êîíñòðóêöèåé íà 20,88 è 19,94 % ñîîòâåòñòâåí-
íî, íî ïðè ýòîì ìàññà ïåðâîãî âàðèàíòà íà 42 êã ìåíüøå ìàññû âòîðîãî.
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 Ââåäåíèå
Àâòîìîáèëüíûå àâàðèè ÿâëÿþòñÿ îäíîé 

èç îñíîâíûõ ïðè÷èí ðîñòà ñìåðòíîñòè ëþäåé 
âî âñåì ìèðå. Â ÷àñòíîñòè áîêîâîé óäàð ÿâëÿ-
åòñÿ îäíèì èç ñàìûõ ñåðüåçíûõ âèäîâ àâàðèè â 
ñâÿçè ñ íåïîñðåäñòâåííîé áëèçîñòüþ âîäèòåëÿ 
è ïàññàæèðà ê ìåñòó ñòîëêíîâåíèÿ. Ïî äàííûì 
ìèðîâîé ñòàòèñòèêè ÄÒÏ, ïî÷òè 60 % ñìåðòåé 
â ðåçóëüòàòå áîêîâîãî ñòîëêíîâåíèÿ ïðîèñõîäÿò 
èç-çà òðàâì ãîëîâíîãî ìîçãà. Òðàâìà ãîëîâíî-
ãî ìîçãà â îñíîâíîì âîçíèêàëà èç-çà ïðîíèê-
íîâåíèÿ ýëåìåíòîâ êóçîâà âíóòðü ïàññàæèð-
ñêîãî ñàëîíà. Ïðè áîêîâîì óäàðå àâòîìîáèëÿ 
ñ äðóãèì òðàíñïîðòíûì ñðåäñòâîì èëè óçêèì 
îáúåêòîì (äåðåâî, ñòîëá) óäàðíûé îáúåêò çà-

ìåäëÿåòñÿ çà ñ÷åò ïëàñòè÷åñêîãî äåôîðìèðîâà-
íèÿ è ïîãëîùåíèÿ ýíåðãèè òàêèõ ñèëîâûõ ýëå-
ìåíòîâ, êàê äâåðè, ïîðîãè, öåíòðàëüíàÿ ñòîéêà 
è êðûøà.  Êðûøà, íåñìîòðÿ íà òî, ÷òî ïîäêëþ÷à-
åòñÿ íå ñíà÷àëà ïðîöåññà äåôîðìèðîâàíèÿ, òàê 
êàê íå ÿâëÿåòñÿ íàèáîëåå âûñòóïàþùèì â ñòî-
ðîíó ïðåïÿòñòâèÿ ýëåìåíòîì, îêàçûâàåò ñóùå-
ñòâåííîå âëèÿíèå íà äåôîðìèðîâàíèå êóçîâà è, 
êàê ñëåäñòâèå, íà âåëè÷èíó ïðîíèêíîâåíèÿ âíó-
òðåííåé ïàíåëè äâåðè â ñàëîí [1]. Âñëåäñòâèå 
ýòîãî ïîâûøåíèå åå æåñòêîñòè ÿâëÿåòñÿ âàæíîé 
çàäà÷åé, ðåøåíèå êîòîðîé ïîçâîëèò ïîâûñèòü 
óðîâåíü ïàññèâíîé áåçîïàñíîñòè àâòîìîáèëÿ. 
Êðûøà, êîòîðàÿ óñèëåíà òîëüêî ïåíîàëþìè-
íèåì ïîâûøàåò ýíåðãîåìêîñòü êóçîâà àâòîìî-
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áèëÿ íà 10 %, íî ïðè ýòîì ìàññà àâòîìîáèëÿ 
âîçðàñòàåò íà 97 êã, ïîýòîìó óñèëåíèå êðûøè 
íåîáõîäèìî ïðîâîäèòü ñ ïîìîùüþ òîïîëîãè÷å-
ñêîé îïòèìèçàöèè [1]. Â ðàáîòå Ð.Á. Ãîí÷àðîâà, 
Â.Í. Çóçîâà [2] ñ ïîìîùüþ òîïîëîãè÷åñêîé îï-
òèìèçàöèè áûëî ðåàëèçîâàíî îïòèìàëüíîå ðàñ-
ïîëîæåíèå ñèëîâûõ ýëåìåíòîâ íà çàäíåé ñòåíêå 
êàáèíû ïðè óäàðå ìàÿòíèêîì è ïðè ýòîì ìàññà 
êàáèíû óâåëè÷èëàñü íåçíà÷èòåëüíî.  Â ðàáîòå 
À.À. Ôðàíöóçîâà è äðóãèõ [3] áëàãîäàðÿ ïðèìå-
íåíèþ òîïîëîãè÷åñêîé îïòèìèçàöèè áûëà ñíè-
æåíà ìàññà çâåíüåâ çàõâàòà â 1,5 ðàçà ïî ñðàâíå-
íèþ ñ ïåðâîíà÷àëüíîé. Zhaokai Li [4] ñ ïîìîùüþ 
òîïîëîãè÷åñêîé îïòèìèçàöèè èññëåäîâàë ñïî-
ñîáû ðàöèîíàëüíîãî ðàñïðåäåëåíèÿ ïåíîàëþ-
ìèíèÿ â áàìïåðå àâòîìîáèëÿ äëÿ ïîâûøåíèÿ 
åãî óäàðîïðî÷íîñòè ïðè ôðîíòàëüíîì óäàðå. 

Öåëü èññëåäîâàíèÿ
Öåëü ðàáîòû çàêëþ÷àåòñÿ â ïîâûøåíèè 

ýíåðãîåìêîñòè êóçîâà çà ñ÷åò ðàçðàáîòêè óñè-
ëåíèÿ êðûøè àâòîìîáèëÿ íà áàçå òîïîëîãè-
÷åñêîé îïòèìèçàöèè ñ öåëüþ óäîâëåòâîðåíèÿ 
òðåáîâàíèé ïàññèâíîé áåçîïàñíîñòè.

Ìåòîäû è ñðåäñòâà 
ïðîâåäåíèÿ èññëåäîâàíèé
Òîïîëîãè÷åñêàÿ 
îïòèìèçàöèÿ êðûøè 
Íà ïåðâûé âçãëÿä ìîæåò ïîêàçàòüñÿ, 

÷òî êðûøà â ðåæèìå áîêîâîãî ñòîëêíîâåíèÿ 
àâòîìîáèëÿ ñ ïðåïÿòñòâèåì òèïà ñòîëá ÿâëÿåò-
ñÿ ëèøü îïîðîé äëÿ äâåðè è ïðèíèìàåì êîñâåí-
íîå ó÷àñòèå â äåôîðìèðîâàíèè áîêîâîé ÷àñòè 
êóçîâà. Îäíàêî, êàê ýòî áûëî ïîêàçàíî â ñòàòüå 
[1], â ôàçå 3 (ðèñ. 1) êðûøà ïîäêëþ÷àåòñÿ 
â íåïîñðåäñòâåííîå âîñïðèÿòèå âîçäåéñòâèÿ 
ñòîëáà è, ñëåäîâàòåëüíî, âëèÿåò íà îáùóþ 
ýíåðãîåìêîñòü êóçîâà è ïðîíèêíîâåíèÿ ðàç-
ëè÷íûõ ýëåìåíòîâ êóçîâà â ñàëîí. Ââèäó òîãî, 
÷òî ïàññèâíàÿ áåçîïàñíîñòü âêëþ÷àåò â ñåáÿ 
ìèíèìèçàöèþ ïðîäàâëèâàíèÿ ýëåìåíòîâ 
âî âíóòðåííåå ïðîñòðàíñòâî ñàëîíà, ïîýòîìó 
â äàííîé ñòàòüå ïðîèçâîäèòñÿ îöåíêà âëèÿíèÿ 
ðàçëè÷íûõ âàðèàíòîâ óñèëåíèÿ êðûøè íà âå-
ëè÷èíó ïðîäàâëèâàíèÿ ïðè áîêîâîì óäàðå. 

Â áàçîâîì âàðèàíòå êðûøà óñèëåíà 3 ïîïå-
ðå÷íûìè ëîíæåðîíàìè êîðûòîîáðàçíîãî òèïà 
(ðèñ. 2). Âàðèàíòàìè óñèëåíèÿ êðûøè áûëè 
ðàññìîòðåíû:

– ðàöèîíàëüíàÿ ðàññòàíîâêà ñòàëüíûõ óñè-
ëèâàþùèõ ýëåìåíòîâ;

– ðàçìåùåíèå ïåíîàëþìèíèÿ ïîä êðûøó;

– êîìáèíàöèÿ ñòàëüíûõ ýëåìåíòîâ ñ çàïîë-
íåíèåì èõ ïîëîñòåé ïåíîàëþìèíèåì. 

Ðàöèîíàëüíàÿ ðàññòàíîâêà óñèëèâàþùèõ 
ýëåìåíòîâ ìîæåò áûòü íàéäåíà ñ èñïîëüçîâà-
íèåì îïòèìèçàöèîííûõ ïîäõîäîâ [2−7].

Êðûøà ïðåäñòàâëÿåò ñîáîé ëèñòîâîå øòàì-
ïîâàííîå òåëî, äëÿ êîòîðîãî ìîæåò áûòü 
ïðèìåíèìà òîïîãðàôè÷åñêàÿ îïòèìèçàöèÿ, 
ïîçâîëÿþùàÿ ïîëó÷èòü ðàñïîëîæåíèå âû-
øòàìïîâîê, ïóêëåé è çèãîâ íà íåé. Àëüòåðíà-
òèâíûì âàðèàíòîì ÿâëÿåòñÿ òîïîëîãè÷åñêàÿ 
îïòèìèçàöèÿ, êîòîðàÿ ïîçâîëÿåò ïîëó÷èòü 
êàðòû ïñåâäîïëîòíîñòåé ìàòåðèàëà, òðàêòîâêà 
êîòîðûõ âåäåò ê ôîðìèðîâàíèþ ðàññòàíîâêè 
óñèëèâàþùèõ ýëåìåíòîâ. 

Ñóùåñòâóåò ðÿä ïðîãðàììíûõ ïðîäóê-
òîâ, ðåàëèçóþùèõ ìåòîäû îïòèìèçàöèè, íàè-
áîëåå ïîïóëÿðíûìè èç êîòîðûõ ÿâëÿþòñÿ 
Ansys è Altair Inspire. Altair Inspire ðåàëèçóåò 

Ðèñ. 1. Ôàçà 3. Äåôîðìèðîâàíèå êðûøè

Fig. 1. Phase 3. Roofing deformation

Ðèñ. 2. Óñèëåíèå êðûøè â áàçîâîì âàðèàíòå

Fig. 2. Roofing reinforcement in basic version
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êàê ìåòîä òîïîëîãè÷åñêîé îïòèìèçàöèè, òàê 
è òîïîãðàôè÷åñêîé, Ansys – òîëüêî ìåòîä òî-
ïîëîãè÷åñêîé îïòèìèçàöèè. Îäíàêî ôîðìèðî-
âàíèå âûøòàìïîâîê â Altair Inspire âîçìîæíî 
ëèøü â òðåõ âàðèàíòàõ: äâóõ îðòîãîíàëüíûõ 
è êðóãîâîì. Êðûøà âûáðàííîãî íàìè àâòîìî-
áèëÿ (ðèñ. 1) íàõîäèòñÿ ïðè óäàðå â ñëîæíîì 
íàïðÿæåííî-äåôîðìèðîâàííîì ñîñòîÿíèè, ýòî 
ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî ðàñïîëîæåíèå 
óñèëèâàþùèõ ýëåìåíòîâ íå áóäåò îðòîãîíàëü-
íûì, ïîýòîìó öåëåñîîáðàçíî èñïîëüçîâàòü 
ÏÊ Ansys. Èäåÿ ìåòîäà òîïîëîãè÷åñêîé îï-
òèìèçàöèè ïðèâåäåíà â ðàáîòå [3], â êîòîðîé 
âûïîëíÿëàñü îïòèìèçàöèÿ çâåíüåâ çàõâàòà 
òþáèíãîâ òîííåëüíîãî ýêñêàâàòîðà. Ýòî ïîêà-
çûâàåò íà óíèâåðñàëüíîñòü ìåòîäà òîïîëîãè÷å-
ñêîé îïòèìèçàöèè.

Äëÿ âûïîëíåíèÿ òîïîëîãè÷åñêîé îïòèìèçà-
öèè íåîáõîäèìî:

– çàäàíèå ìàññèâà ìàòåðèàëà äëÿ îïòèìèçà-
öèè è îïðåäåëåíèå îïòèìèçèðóåìîé ÷àñòè;

– ôîðìèðîâàíèå ðàñ÷åòíîé ìîäåëè;
– îïðåäåëåíèå öåëåâîé ôóíêöèè;
– çàäàíèå îãðàíè÷åíèé.
Ìàññèâ ìàòåðèàëà äëÿ îïòèìèçàöèè ïðåä-

ñòàâëÿë ñîáîé êðûøó ñ ÷àñòÿìè ñòîåê (ðèñ. 3) 
â äâóõ âàðèàíòàõ: áåç áàçîâûõ óñèëèâàþùèõ 
ëîíæåðîíîâ è ñ íèìè.

Ðèñ. 3. Ìàññèâ ìàòåðèàëà äëÿ îïòèìèçàöèè

Fig. 3. Array of material for optimization

Ðàñ÷åòíàÿ ìîäåëü ðàçðàáàòûâàëàñü ïðå-
èìóùåñòâåííî ñ èñïîëüçîâàíèåì îáîëî-
÷å÷íûõ êîíå÷íûõ ýëåìåíòîâ, ãðàíè÷íûìè 
óñëîâèÿìè (ÃÓ) äëÿ êîòîðîé ÿâëÿëèñü: çà-
êðåïëåíèå ïî ñòîéêàì è óñèëèå âäîëü áîðòà 
(ðèñ. 4). Ïðè ïðîâåäåíèè îïòèìèçàöèè ñòîéêè 
êóçîâà íå ó÷èòûâàëèñü, ïîòîìó ÷òî îíè ìîãóò 
èñêàæàòü ðåçóëüòàòû îïòèìèçàöèè. Íàãðóç-
êà áðàëàñü íåïîëíîé, òàê êàê ÷àñòü ýíåðãèè 
â ïðîöåññå äåôîðìèðîâàíèÿ áûëà óæå çàòðà-
÷åíà íà ïîðîã è äâåðü, ïîòîìó ÷òî ýòè äâà ñè-
ëîâûõ ýëåìåíòà ïåðâûìè âñòóïàþò â êîíòàêò 
ñî ñòîëáîì. Êðîìå òîãî, åäèíè÷íûé êðàø-òåñò 
íå ïîçâîëÿåò îöåíèòü ïðèëîæåíèå íàãðóçêè 

íå â ìåñòå ðàçìåùåíèÿ ïðåïÿòñòâèÿ, ñòîëáà, 
ïîýòîìó ïîòðåáóåòñÿ ðÿä ðàñ÷åòîâ è îïòèìè-
çàöèè íà îñíîâàíèè ñîâîêóïíîñòè ðåçóëüòàòîâ. 
Çíà÷åíèå íàãðóçêè îïðåäåëÿëîñü ïî ãðàôèêàì 
ðàñïðåäåëåíèÿ ýíåðãèé, êîòîðûå ïðåäñòàâëå-
íû â ðàáîòå [1]. Ïðè áîëüøèõ äåôîðìàöèÿõ 
æåñòêîñòü è ðàçìåðû êîíñòðóêöèè ìåíÿþòñÿ 
ñóùåñòâåííî, ÷òî âëèÿåò íà ðàñ÷åòíóþ ñõåìó, 
îäíàêî çàäà÷åé ÿâëÿåòñÿ ìèíèìèçàöèÿ äåôîð-
ìàöèé, ïîýòîìó ñïðàâåäëèâî ðàññìàòðèâàòü 
äåéñòâèå ïðîèçâîëüíîé ñèëû, ïðèëîæåííîé 
ê íåäåôîðìèðîâàííîé ãåîìåòðèè.

Ðèñ. 4. Êîíå÷íî-ýëåìåíòíàÿ ìîäåëü è ñõåìà 
ãðàíè÷íûõ óñëîâèé

Fig. 4. Finite element model and boundary 
conditions scheme

Öåëåâîé ôóíêöèåé ÿâëÿëàñü ìàêñèìèçàöèÿ 
æåñòêîñòè, îãðàíè÷åíèåì – îñòàòî÷íàÿ ìàññà, 
ðàâíàÿ 50 % îò èñõîäíîé. Íà ðèñ. 5 ïðåäñòàâ-
ëåíû ðåçóëüòàòû îïòèìèçàöèè ïî âàðèàíòàì 
«áåç ëîíæåðîíîâ» è «ñ ëîíæåðîíàìè».

Ðèñ. 5. Ðåçóëüòàòû òîïîëîãè÷åñêîé îïòèìèçàöèè

Fig. 5. Topological optimization results

Â ïðîöåññå óäàðà àâòîìîáèëÿ î ñòîëá ñòîëá 
ìîæåò íàõîäèòüñÿ â ëþáîé òî÷êå, ñîîòâåò-
ñòâåííî, öåëåñîîáðàçíî óñèëèâàòü âñþ êðûøó, 
ïîýòîìó óñèëèå îò ñòîëáà ìîæåò ïðèëàãàòü-
ñÿ âäîëü âñåãî áîðòà, çàêðåïëåíèå âûïîëíåíî 
ïî ñòîéêàì â ìåñòàõ èõ îòäåëåíèÿ îò îñòàëü-
íîé ÷àñòè.

Â ðåçóëüòàòå òðàêòîâêè êàðò ïñåâäîïëîò-
íîñòåé (ðèñ. 6) áûëè ðàçðàáîòàíû ñëåäóþùèå 
âàðèàíòû óñèëåíèÿ ñ òîëùèíîé ñòåíêè 3 ìì 
è âûñîòîé 24 ìì (ðàçìåðû ñîîòâåòñòâóþò òîë-
ùèíå è âûñîòå áàçîâûõ ëîíæåðîíîâ). Â äàëü-
íåéøåì äàííûå ðàçìåðû óòî÷íÿëèñü ñ ïîìî-
ùüþ ïàðàìåòðè÷åñêîé îïòèìèçàöèè.
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Èíòåðïðåòàöèÿ ðåçóëüòàòîâ ïðîâîäèëàñü 
ñ ó÷åòîì òåõíîëîãè÷åñêèõ âîçìîæíîñòåé, 
íî ýòî íå ÿâëÿåòñÿ îñíîâíîé öåëüþ ñòàòüè, ïî-
ýòîìó ñïîñîá èçãîòîâëåíèÿ è óñòàíîâêè óñèëè-
òåëåé â êóçîâ íå ðàññìàòðèâàåòñÿ. 

Äëÿ ïðîâåðêè ýôôåêòèâíîñòè óñèëåíèé 
áûëà âûïîëíåíà ïðîâåðêà â óñëîâèÿõ âèðòó-
àëüíîãî êðàø-òåñòà, ðåãëàìåíòèðîâàííûõ 
ïðàâèëàìè ÅÝÊ ÎÎÍ 135 «Åäèíîîáðàçíûå 
ïðåäïèñàíèÿ, êàñàþùèåñÿ îôèöèàëüíîãî óò-
âåðæäåíèÿ òðàíñïîðòíûõ ñðåäñòâ â îòíîøåíèè 
èõ õàðàêòåðèñòèê ïðè áîêîâîì óäàðå î ñòîëá». 
Ïðèìåì ñëåäóþùèå îáîçíà÷åíèÿ (ðèñ. 7):

Ðèñ. 7. Ýíåðãèè ïðîöåññà óäàðà î ñòîëá

Fig. 7. The energies of the process of hitting the pillar

Ðèñ. 6. Âàðèàíòû óñèëåíèÿ ïî ðåçóëüòàòàì îïòèìèçàöèè

Fig. 6. Reinforcement options based 
on optimization results
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A  –  êóçîâ â èñõîäíîì èñïîëíåíèè, áåç óñè-
ëèòåëåé;

B – âàðèàíò ïîñëå îïòèìèçàöèè áåç ëîíæå-
ðîíîâ;

Ñ – âàðèàíò ïîñëå îïòèìèçàöèè ñ ëîíæåðî-
íàìè.

Êîððåêòíîñòü ðåøåíèÿ ïîñòàâëåííîé 
çàäà÷è ïðîâåðÿåòñÿ êîíòðîëåì ýíåðãèé ïðîöåñ-
ñà (ðèñ. 7). 

Ñóììà âíóòðåííåé, êèíåòè÷åñêîé è ýíåðãèè 
ñêîëüæåíèÿ äîëæíà áûòü ðàâíà ïîëíîé ýíåð-
ãèè ñ âåëè÷èíîé ïîãðåøíîñòè îïðåäåëÿåìîé 

ýíåðãèåé ïåñî÷íûõ ÷àñîâ [8]. Íà ðèñ. 8 ïðèâåäå-
íû äåôîðìèðîâàííûå ñîñòîÿíèÿ êóçîâà ïîñëå 
óäàðà î ñòîëá.

Ýôôåêòèâíîñòü âàðèàíòîâ îöåíèâàåì 
ïî ýíåðãîåìêîñòè. Ýíåðãîåìêîñòü îïðåäåëÿëàñü 
êàê îòíîøåíèå íà÷àëüíîé ýíåðãèè ê ðàçíîñòè 
ìåæäó íà÷àëüíûì (ïðè íåäåôîðìèðîâàííîì ñî-
ñòîÿíèè êóçîâà) è êîíå÷íûì (ïðè äåôîðìèðî-
âàííîì ñîñòîÿíèè êóçîâà), ðåçóëüòàòû ïðèâåäå-
íû â òàáëèöå 1 è íà ðèñ. 9 è 10.

Ðèñ. 9. Ýíåðãîåìêîñòü ðàçëè÷íûõ âàðèàíòîâ êóçîâà

Fig. 9. Energy intensity of different body options

Íà îñíîâàíèè ïîëó÷åííûõ ðåçóëüòàòîâ 
ìîæíî ñäåëàòü âûâîä î òîì, ÷òî âàðèàíò óñè-
ëåíèÿ B ÿâëÿåòñÿ áîëåå ýôôåêòèâíûì, âñëåä-
ñòâèå ÷åãî äàëüíåéøåå ðàññìîòðåíèå âàðèàí-
òîâ óñèëåíèÿ áóäåì âûïîëíÿòü íà åãî îñíîâå, 
â êà÷åñòâå äîïîëíèòåëüíîãî ðàññìîòðèì òàêæå 
âàðèàíò ðàçìåùåíèÿ óñèëåíèÿ èç ïåíîàëþìè-
íèÿ ïîä êðûøåé.

Òàêèìè âàðèàíòàìè ÿâëÿþòñÿ (ðèñ. 11):
B1 – óñèëèâàþùèé ýëåìåíò ñîáðàí èç áàëîê 

øâåëëåðîîáðàçíîãî ñå÷åíèÿ;
B2 – âàðèàíò Â1 ñ çàïîëíåíèåì ïîëîñòåé 

óñèëèâàþùåãî ýëåìåíòà ïåíîàëþìèíèåì;
B3 – âàðèàíò Â1 ñ óñòàíîâëåííûìè â áàëêàõ 

äèàãîíàëüíûìè ïåðåìû÷êàìè;
D – ïåíîàëþìèíèé ïîä êðûøåé áåç ñòàëü-

íûõ áàëîê ñ èñõîäíûìè óñèëèâàþùèìè ëîíæå-
ðîíàìè.

Òàáëèöà 1
Ýíåðãîåìêîñòü ðàçëè÷íûõ âàðèàíòîâ êóçîâà

Table 1. Energy intensity of different body options

 Âàðèàíò
Íà÷àëüíûé 

ðàçìåð
Ìàññà, êã Ðàçìåð ïîñëå äåôîðìàöèè, ìì Ýíåðãîåìêîñòü, Äæ/ìì Ïðèðîñò, %

A
1843

– 1302 169 –
B +26 1332,62 181 6,99
C +34 1328,2 180 6,36

Ðèñ. 8. Äåôîðìèðîâàííîå ñîñòîÿíèå ïîñëå óäàðà

Fig. 8. Deformed state after impact
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Äëÿ îïèñàííîãî ðàíåå êðàø-òåñòà áûëè âû-
ïîëíåíû ðàñ÷åòû, â òàáëèöå 2 è íà ðèñ. 12 ïðè-
âåäåíû ðàñ÷åòíûå âåëè÷èíû ýíåðãîåìêîñòè, 
êîòîðàÿ îïðåäåëÿëàñü êàê îòíîøåíèå íà÷àëüíîé 
ýíåðãèè ê ðàçíîñòè ìåæäó íà÷àëüíûì (ïðè íåäå-
ôîðìèðîâàííîì ñîñòîÿíèè êóçîâà) è êîíå÷íûì 
(ïðè äåôîðìèðîâàííîì ñîñòîÿíèè êóçîâà). Äå-
ôîðìèðîâàííîå ñîñòîÿíèå êóçîâà äëÿ ðàññìî-
òðåííûõ âàðèàíòîâ ïðåäñòàâëåíî íà ðèñ. 13. 

Ðèñ. 11. Âàðèàíòû óñèëåíèÿ êðûøè (âàðèàíòû B2, 
B3 è D â ðàññå÷åííîì ñîñòîÿíèè)

Fig. 11. Roofing reinforcement options 
(options B2, B3 and D in the dissected state)

Ðèñ. 12. Ýíåðãîåìêîñòè âàðèàíòîâ 
ñ óñèëåííûìè êðûøàìè

Fig. 12. Energy intensity options 
with reinforced roofings

Ðèñ. 10. Ïîÿñíåíèå ê ðàñ÷åòó ðàçìåðà 
â äåôîðìèðîâàííîì ñîñòîÿíèè

Fig. 10. Explanation of the calculation 
of the size in the deformed state

Òàáëèöà 2 

Ñðàâíåíèå ýôôåêòèâíîñòè óñèëåíèÿ êðûøè ïî ýíåðãîåìêîñòè

Table 2. Comparison of the efficiency of roofing reinforcement in terms of energy intensity

Âàðèàíò Èñïîëíåíèå
Íà÷àëüíûé 

ðàçìåð
Ìàññà, êã

Ðàçìåð ïîñëå 
äåôîðìàöèè, ìì

Ýíåðãîåìêîñòü, 
Äæ/ìì

Ïðèðîñò, 
%

A
Îðèãèíàëüíàÿ 
êîíñòðóêöèÿ

1843

– 1302 169 –

B
Óñèëåíèå 
ïî ðåçóëüòàòàì 
îïòèìèçàöèè

+26 1332,62 181 6,99

B1
Ïî âàðèàíòó Â 
ñ áàëêàìè øâåëëåðîî-
áðàçíîãî ñå÷åíèÿ

+25 1330,11 180 6,76

B2
Ïî âàðèàíòó Â1 
ñ ïåíîàëþìèíèåì

+39 1389,21 204 20,88

B3
Ïî âàðèàíòó Â1 
â äèàãîíàëüíûìè 
ïåðåìû÷êàìè

+81 1379 203 19,94

D
Ïåíîàëþìèíèé 
ïî êðûøåé ñ èñõîäíûìè 
ëîíæåðîíàìè

+52 1365,3 195 15,36
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Àíàëèç ðåçóëüòàòîâ ïîçâîëÿåò ñäåëàòü 
âûâîä î òîì, ÷òî íàèáîëåå ýôôåêòèâíûìè ÿâ-
ëÿþòñÿ âàðèàíòû Â2 è Â3, îäèí èç íèõ, Â2, 
ñîäåðæèò áàëî÷íóþ êîíñòðóêöèþ íà îñíîâå 
òîïîëîãè÷åñêîé îïòèìèçàöèè ñ çàïåíåííûìè 
åå ïîëîñòÿìè, âòîðîé, Â3, ðåàëèçîâàí òàêæå 
íà îñíîâå ðåçóëüòàòîâ îïòèìèçàöèè, íî äî-
ðàáîòàí óñòàíîâêîé äèàãîíàëüíûõ ïåðåìû÷åê 
â áàëêè óñèëåíèÿ.

Âûâîäû
1. Â ðåçóëüòàòå ìîäåëèðîâàíèÿ áîêîâî-

ãî óäàðà î ñòîëá êóçîâà ñ äâóìÿ âàðèàíòàìè 
êîíñòðóêöèè êðûøè (ñ ëîíæåðîíàìè è áåç) 
íà îñíîâå èíòåðïðåòàöèè ðåçóëüòàòîâ òîïîëî-
ãè÷åñêîé îïòèìèçàöèè ïîëó÷åíî, ÷òî èõ ýô-
ôåêòèâíîñòü ïðàêòè÷åñêè îäèíàêîâà è ïðè-
âîäèò ê óâåëè÷åíèþ ýíåðãîåìêîñòè íà 6,36 
è 6,99 % ñîîòâåòñòâåííî (òàáëèöà 1).

2. Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî 
íàèáîëåå ýôôåêòèâíûìè, ñ ïîçèöèè ïîâûøå-
íèÿ ýíåðãîåìêîñòè, îêàçàëèñü âàðèàíò óñèëå-
íèÿ êðûøè áàëêàìè øâåëëåðîîáðàçíîãî ñå÷å-
íèÿ è çàïîëíåíèÿ èõ ïåíîé è âàðèàíò óñèëåíèÿ 
êðûøè áàëêàìè øâåëëåðîîáðàçíîãî ñå÷åíèÿ 
è äèàãîíàëüíûìè ïåðåìû÷êàìè â íèõ, îáóñëîâ-
ëèâàþùèå åå ïîâûøåíèå ïî ñðàâíåíèþ ñ îðè-
ãèíàëüíîé êîíñòðóêöèåé íà 20,88 è 19,94 % 
ñîîòâåòñòâåííî, íî ïðè ýòîì ìàññà ïåðâîãî âà-
ðèàíòà íà 42 êã ìåíüøå ìàññû âòîðîãî.  
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TOPOLOGICAL OPTIMIZATION OF THE ROOF STRUCTURE OF A PASSENGER CAR 
IN ORDER TO INCREASE ENERGY INTENSITY IN A SIDE IMPACT

D.A. Sulegin, DSc in Engineering V.N. Zuzov
Bauman Moscow State Technical University, Moscow, Russia

d_sulegin@mail.ru

This article considered the main issues of finding options for strengthening the roofing of the vehicle body 
based on topological optimization in order to meet the requirements of passive safety with a minimum 
mass. The method for achieving this goal was mathematical modeling using the Topology Optimization 
modules of the ANSYS software package and the explicit dynamics of LS-Dyna. In order to test the ef-
fectiveness of the reinforcements, the pillar side impact according to UNECE 135 “Uniform provisions 
concerning the approval of vehicles with regard to their performance in side impact on a pillar” was 
selected as the loading mode. The efficiency criterion was the energy intensity of the body, defined as 
the ratio of the energy of the system to the residual (plastic) deformation at the level of the center of the 
door. Based on the topological optimization, two variants of the arrangement of the reinforcing elements, 
practically equivalent in efficiency, were obtained. For the most complete assessment of the influence 
of the parameters, several options for strengthening the roofing were considered: placement of steel 
reinforcing elements; placement of foam aluminum under the roof; combination of steel elements with 
filling their cavities with foam aluminum. Based on the simulation results, a comparative assessment of 
the effectiveness of the considered amplification options was carried out. The most effective were the 
options for reinforcing the roofing with channel-shaped beams and filling them with foam and the option 
for reinforcing the roofing with channel-shaped beams and diagonal bridges in them, causing it to in-
crease compared to the original structure by 20,88 and 19,94 %, respectively, but at the same time the 
mass of the first option is 42 kg less than the mass of the second.
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