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ÏÐÎ×ÍÎÑÒÍÛÅ È ÒÅÏËÎÔÈÇÈ×ÅÑÊÈÅ ÑÂÎÉÑÒÂÀ
ÁÅÒÎÍÀ Ñ ÏÎËÈÏÐÎÏÈËÅÍÎÂÎÉ ÔÈÁÐÎÉ Â ÓÑËÎÂÈßÕ
ÒÅÌÏÅÐÀÒÓÐÍÎÃÎ ÐÅÆÈÌÀ ÑÒÀÍÄÀÐÒÍÎÃÎ ÏÎÆÀÐÀ

Èçó÷åíî âëèÿíèå òåìïåðàòóðû íà ïðî÷íîñòíûå è òåïëîòåõíè÷åñêèå õàðàêòåðèñòèêè áåòîíà ñ äî-
áàâêîé ïîëèïðîïèëåíîâûõ âîëîêîí. Ïîëó÷åíû àíàëèòè÷åñêèå çàâèñèìîñòè ïðî÷íîñòè ôèáðî-
áåòîíà íà îñåâîå ñæàòèå â çàâèñèìîñòè îò òåìïåðàòóðû íàãðåâà. Óñòàíîâëåíî, ÷òî ïðè ïðîãðåâå
îïûòíûõ îáðàçöîâ ïðî÷íîñòü áåòîíà ñ äîáàâêîé ôèáðû íà 16 % íèæå ïî ñðàâíåíèþ ñ áåòîíîì
áåç äîáàâêè. Ïðîâåäåíû ýêñïåðèìåíòû ïî îïðåäåëåíèþ òåïëîôèçè÷åñêèõ ñâîéñòâ áåòîíà ñ äî-
áàâêîé ïîëèïðîïèëåíîâîé ôèáðû ïðè îäíîñòîðîííåì íàãðåâå îïûòíûõ îáðàçöîâ ïëèò ïî òåì-
ïåðàòóðíîìó ðåæèìó ñòàíäàðòíîãî ïîæàðà. Ïîëó÷åíû çàâèñèìîñòè òåïëîôèçè÷åñêèõ õàðàê-
òåðèñòèê áåòîíà ñ îòå÷åñòâåííîé è èìïîðòíîé ïîëèïðîïèëåíîâîé ôèáðîé ïðè ðîñòå òåìïå-
ðàòóðû, äàþùèå âîçìîæíîñòü ïðîâîäèòü ðàñ÷åò ïðîãðåâà æåëåçîáåòîííûõ êîíñòðóêöèé ñ
âûáðàííûì âèäîì äîáàâêè. Ïîêàçàíî, ÷òî ñ ðîñòîì òåìïåðàòóðû êîýôôèöèåíò òåïëîïðîâîä-
íîñòè áåòîíà ñ äîáàâêîé ïîëèïðîïèëåíîâîé ôèáðû ñíèæàåòñÿ áîëåå èíòåíñèâíî, ÷åì áåòîíà
áåç äîáàâêè. Óñòàíîâëåíî, ÷òî äîáàâêà ôèáðû íå âëèÿåò íà èçìåíåíèå êîýôôèöèåíòà òåïëîåì-
êîñòè áåòîíà ïðè íàãðåâå. Â ðåçóëüòàòå îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ ïîëó÷åíû àíàëè-
òè÷åñêèå çàâèñèìîñòè äëÿ îïðåäåëåíèÿ ïðî÷íîñòè áåòîíà íà ñæàòèå è êîýôôèöèåíòîâ òåïëî-
ïðîâîäíîñòè è òåïëîåìêîñòè â èíòåðâàëå òåìïåðàòóð 20–800 �Ñ.

Êëþ÷åâûå ñëîâà: ïðî÷íîñòü áåòîíà íà ñæàòèå; ôèáðîáåòîí; ïîëèïðîïèëåíîâàÿ ôèáðà; òåìïå-
ðàòóðà; êîýôôèöèåíò òåïëîïðîâîäíîñòè; êîýôôèöèåíò òåïëîåìêîñòè; ñòàíäàðòíûé òåìïåðà-
òóðíûé ðåæèì ïîæàðà.
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Ââåäåíèå

Ïîæàðíàÿ îïàñíîñòü àâòîäîðîæíûõ òîííåëåé ãëó-

áîêîãî çàëîæåíèÿ, æåëåçíîäîðîæíûõ è ïåðåãîííûõ

òîííåëåé ìåòðîïîëèòåíà îáóñëîâëåíà âûñîêîé èí-

òåíñèâíîñòüþ äâèæåíèÿ, øèðîêîé íîìåíêëàòóðîé

ïåðåâîçèìûõ ïîæàðîîïàñíûõ ãðóçîâ, áîëüøèì êî-

ëè÷åñòâîì ëþäåé, îäíîâðåìåííî íàõîäÿùèõñÿ â

òîííåëå. Â ðÿäå ñëó÷àåâ ïîæàðû ìîãóò íîñèòü êàòà-

ñòðîôè÷åñêèé õàðàêòåð, ÷òî ïðèâîäèò ê ìàññîâîé

ãèáåëè ëþäåé, áîëüøèì ìàòåðèàëüíûì ïîòåðÿì, à

äëÿ èõ òóøåíèÿ òðåáóåòñÿ ïðèâëå÷åíèå çíà÷èòåëü-

íûõ ñèë è ñðåäñòâ [1–3].

Îñíîâíàÿ öåëü çàùèòû òîííåëåé ñîñòîèò â òîì,

÷òîáû ñîõðàíÿòü íåñóùóþ ñïîñîáíîñòü êîíñòðóê-

öèé òîííåëÿ âî âðåìÿ è ïîñëå ïîæàðà. Â ñâÿçè ñ

ýòèì ïðè åãî ñòðîèòåëüñòâå ñëåäóåò èñïîëüçîâàòü

òàêèå êîíñòðóêöèè, êîòîðûå ïîçâîëÿò â ñëó÷àå ïî-

æàðà âîññòàíîâèòü ýêñïëóàòàöèîííûå âîçìîæíîñòè

òîííåëÿ çà ìèíèìàëüíîå âðåìÿ è ñ íàèìåíüøèìè

òåõíè÷åñêèìè è ôèíàíñîâûìè çàòðàòàìè. Ðàñòóùèå

òåìïû ñòðîèòåëüñòâà òîííåëåé îáóñëàâëèâàþò øè-

ðîêîå ïðèìåíåíèå â îáäåëêàõ òîííåëåé æåëåçîáå-

òîííûõ òþáèíãîâ çàâîäñêîãî èçãîòîâëåíèÿ.

Â îòëè÷èå îò æåëåçîáåòîííûõ êîíñòðóêöèé íàä-

çåìíûõ çäàíèé è ñîîðóæåíèé îãðàæäàþùèå æåëåçî-

áåòîííûå áëîêè òîííåëüíûõ îáäåëîê èìåþò ïîâû-

øåííóþ âëàæíîñòü (áîëåå 3,5 %), ÷òî ïðè âîçíèê-

íîâåíèè ïîæàðà íà ðàííèõ ñòàäèÿõ ìîæåò ïðèâåñòè

ê õðóïêîìó (âçðûâîîáðàçíîìó) ðàçðóøåíèþ áåòîíà

[4–6] è ïðåæäåâðåìåííîé ïîòåðå èõ íåñóùåé ñïî-

ñîáíîñòè.

Äëÿ óìåíüøåíèÿ ïîñëåäñòâèé îò õðóïêîãî ðàçðó-

øåíèÿ áåòîíà â çàùèòíîì ñëîå ñòðîèòåëüíûõ êîí-

ñòðóêöèé óñòàíàâëèâàþò ïðîòèâîîòêîëüíûå ñåòêè

ëèáî èñïîëüçóþò îãíåçàùèòíûå ïîêðûòèÿ äëÿ ñíè-

æåíèÿ èíòåíñèâíîñòè íàãðåâà áåòîíà ïðè ïîæàðå
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[7–9]. Îäíàêî ñîâðåìåííûå èññëåäîâàíèÿ ïîêàçàëè,

÷òî íàèáîëåå ýôôåêòèâíûì ñïîñîáîì çàùèòû áåòî-

íà îò õðóïêîãî ðàçðóøåíèÿ ñ òî÷êè çðåíèÿ òðóäîåì-

êîñòè è ìàòåðèàëüíûõ çàòðàò ÿâëÿåòñÿ ââåäåíèå â

áåòîííóþ ñìåñü äîáàâêè â âèäå ïîëèïðîïèëåíîâîé

ôèáðû. Ðåêîìåíäàöèè ïî ïðèìåíåíèþ áåòîíîâ ñ ïî-

ëèïðîïèëåíîâîé ôèáðîé ñîäåðæàòñÿ â EN 1992-1-2

è ðÿäå çàðóáåæíûõ ïóáëèêàöèé [10, 11]. Äîáàâêà â áå-

òîí ïîëèïðîïèëåíîâîé ôèáðû â êîëè÷åñòâå 1–2 êã/ì3

ïîçâîëÿåò ñíèçèòü âåðîÿòíîñòü âçðûâîîáðàçíîãî ðàç-

ðóøåíèÿ æåëåçîáåòîííûõ êîíñòðóêöèé, èìåþùèõ

ïîâûøåííóþ âëàæíîñòü.

Èññëåäîâàíèå îãíåñòîéêîñòè æåëåçîáåòîííûõ

êîíñòðóêöèé òîííåëüíûõ íåñóùèõ è îãðàæäàþùèõ

êîíñòðóêöèé ñ äîáàâêîé â áåòîííóþ ñìåñü ïîëèïðî-

ïèëåíîâîé ôèáðû ÿâëÿåòñÿ âàæíîé çàäà÷åé â îáëàñ-

òè ïîâûøåíèÿ ïîæàðíîé áåçîïàñíîñòè òîííåëüíûõ

íåñóùèõ è îãðàæäàþùèõ êîíñòðóêöèé, òàê êàê ýòî

ïîçâîëÿåò ñíèçèòü âåðîÿòíîñòü âçðûâîîáðàçíîãî

ðàçðóøåíèÿ æåëåçîáåòîííûõ êîíñòðóêöèé, èìåþ-

ùèõ ïîâûøåííóþ âëàæíîñòü. Âî ÂÍÈÈÏÎ áûëè

ïðîâåäåíû ýêñïåðèìåíòû [12, 13] ïî îïðåäåëåíèþ

ôàêòè÷åñêèõ ïðåäåëîâ îãíåñòîéêîñòè äâóõ âèäîâ òþ-

áèíãîâ è âëèÿíèÿ íà îãíåñòîéêîñòü äîáàâêè ïîëè-

ïðîïèëåíîâîé ôèáðû â áåòîííóþ ñìåñü.

Îäíàêî ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ îãíå-

ñòîéêîñòè òþáèíãîâ äîâîëüíî òðóäîåìêè è ñâÿçàíû

ñ áîëüøèìè ìàòåðèàëüíûìè çàòðàòàìè, à ïî ðåçóëü-

òàòàì ýêñïåðèìåíòîâ íåâîçìîæíî îöåíèòü îãíåñòîé-

êîñòü êîíñòðóêöèé ïðè èçìåíåíèè òàêèõ ôàêòîðîâ,

êàê ðàçìåð, íàãðóçêà, êëàññ áåòîíà, êëàññ àðìàòóðû

è ò. ä.

Â íàñòîÿùåå âðåìÿ ðàçðàáîòàí ìåòîä ðàñ÷åòà

ôàêòè÷åñêèõ ïðåäåëîâ îãíåñòîéêîñòè æåëåçîáåòîí-

íûõ êîíñòðóêöèé, êîòîðûé ñîñòîèò èç òåïëîòåõíè-

÷åñêîé è ñòàòè÷åñêîé ÷àñòåé. Â òåïëîòåõíè÷åñêîé

÷àñòè ïðè ðàñ÷åòå òåìïåðàòóðû ïî ñå÷åíèþ êîíñò-

ðóêöèè íåîáõîäèìî èìåòü äàííûå ïî òåïëîôèçè÷å-

ñêèì ñâîéñòâàì áåòîíà. Â ñòàòè÷åñêîé ÷àñòè ïðè

ðàñ÷åòå íåñóùåé ñïîñîáíîñòè êîíñòðóêöèè èñïîëü-

çóþò äàííûå ïî èçìåíåíèþ ïðî÷íîñòè áåòîíà ïðè

íàãðåâå. Òàêèì îáðàçîì, äëÿ îöåíêè îãíåñòîéêîñòè

æåëåçîáåòîííûõ êîíñòðóêöèé èç ôèáðîáåòîíà ðàñ-

÷åòíûìè ìåòîäàìè íåîáõîäèìî èìåòü äàííûå ïî

ïðî÷íîñòíûì è òåïëîôèçè÷åñêèì ñâîéñòâàì áåòî-

íà ñ ïîëèïðîïèëåíîâîé ôèáðîé ïðè íàãðåâå.

Ñ ýòîé öåëüþ äëÿ ïîëó÷åíèÿ èñõîäíûõ äàííûõ

äëÿ ðàñ÷åòà ïðåäåëà îãíåñòîéêîñòè æåëåçîáåòîííûõ

êîíñòðóêöèé èç äàííîãî âèäà ôèáðîáåòîíà áûëè

ïðîâåäåíû èññëåäîâàíèÿ ïî îïðåäåëåíèþ ïðî÷íî-

ñòíûõ è òåïëîôèçè÷åñêèõ õàðàêòåðèñòèê áåòîíà ñ

äîáàâêîé ïîëèïðîïèëåíîâîé ôèáðû ïðè âîçäåéñò-

âèè òåìïåðàòóðíûõ ðåæèìîâ ïîæàðà.

Ìàòåðèàëû è ìåòîäèêà
ïðîâåäåíèÿ ýêñïåðèìåíòîâ

Äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ ïî îïðåäåëåíèþ

ïðî÷íîñòíûõ è òåïëîôèçè÷åñêèõ õàðàêòåðèñòèê íà

çàâîäå ÎÀÎ “Ìîñïðîìæåëåçîáåòîí” èçãîòàâëèâàëè

îáðàçöû â âèäå êóáèêîâ è ïëèò èç áåòîíà íà îñíîâå

ïîðòëàíäöåìåíòà ÏÖ I-500-Í, ìåëêîãî çàïîëíèòå-

ëÿ — êâàðöåâîãî ïåñêà, êðóïíîãî çàïîëíèòåëÿ —

ãðàíèòíîãî ùåáíÿ (5–15 ìì) è ïëàñòèôèêàòîðà Gle-

nium 51. Â áåòîííóþ ñìåñü, ïîìèìî âûøåïðèâåäåí-

íûõ èíãðåäèåíòîâ, äîáàâëÿëè ïîëèïðîïèëåíîâóþ

ôèáðó â êîëè÷åñòâå 1 êã/ì3.

Èññëåäîâàíèÿ ïðîâîäèëè ñ îòå÷åñòâåííîé è èì-

ïîðòíîé ïîëèïðîïèëåíîâîé ôèáðîé. Âîëîêíà èìåëè

äèàìåòð 18 ìêì è äëèíó ñîîòâåòñòâåííî 12 è 6 ìì.

Äëÿ èññëåäîâàíèÿ ïðåäåëà ïðî÷íîñòè íà ñæàòèå

áåòîíà áåç äîáàâêè è ñ äîáàâêîé ïîëèïðîïèëåíîâîé

ôèáðû áûëè èçãîòîâëåíû îáðàçöû â âèäå êóáèêîâ

ðàçìåðîì 100�100�100 ìì. Èññëåäîâàíèÿ ïðî÷íî-

ñòè áåòîíà ñ ïîëèïðîïèëåíîâîé ôèáðîé íà îñåâîå

ñæàòèå ïðè âûñîêèõ òåìïåðàòóðàõ íàãðåâà ïðîâî-

äèëèñü ïî ðàçðàáîòàííîé ìåòîäèêå ñ ó÷åòîì ÃÎÑÒ

10180–2012.

Òåïëîôèçè÷åñêèå õàðàêòåðèñòèêè ôèáðîáåòîíà

îïðåäåëÿëè ìåòîäîì ðåøåíèÿ îáðàòíîé çàäà÷è íå-

ñòàöèîíàðíîé òåïëîïðîâîäíîñòè [3]. Êîýôôèöèåí-

òû òåïëîïðîâîäíîñòè �t è òåïëîåìêîñòè ct óñòàíàâ-

ëèâàëè ïóòåì ñîïîñòàâëåíèÿ ýêñïåðèìåíòàëüíûõ è

ðàñ÷åòíûõ êðèâûõ ïðîãðåâà ïëèò èç ôèáðîáåòîíà.

Ýêñïåðèìåíòàëüíûå äàííûå ïî ïðîãðåâó ïëèò ïî-

ëó÷àëè â ðåçóëüòàòå îãíåâûõ èñïûòàíèé â ñîîòâåò-

ñòâèè ñ ÃÎÑÒ 30247.0–94.

Ïðî÷íîñòü ôèáðîáåòîíà
íà îñåâîå ñæàòèå ïðè íàãðåâå

Ýêñïåðèìåíòû ïî îïðåäåëåíèþ ïðî÷íîñòè êó-

áèêîâ áåòîíà íà îñåâîå ñæàòèå ïðè íàãðåâå ïðîâî-

äèëè â Àêàäåìèè ÃÏÑ Ì×Ñ Ðîññèè. Ïåðåä èñïûòà-

íèåì îáðàçöû ïðîãðåâàëè â äèàïàçîíå òåìïåðàòóð

20–800 °Ñ. Çàòåì íàãðåòûå îáðàçöû íàãðóæàëè ñ

ïîñòîÿííîé ñêîðîñòüþ íà ãèäðàâëè÷åñêîì ïðåññå

äî ðàçðóøåíèÿ.

Ïðè ïðîâåäåíèè ýêñïåðèìåíòîâ âûÿâëåí õàðàê-

òåð ðàçðóøåíèÿ áåòîííûõ îáðàçöîâ áåç äîáàâêè è ñ

äîáàâêîé ïîëèïðîïèëåíîâîé ôèáðû. Óñòàíîâëåíî,

÷òî â äèàïàçîíå òåìïåðàòóð 20–200 °Ñ äëÿ îáðàçöà

áåòîíà áåç äîáàâêè ôèáðû õàðàêòåðíî ðàçðóøåíèå

ñ õëîïêóì, îòêàëûâàíèåì ñîñòàâíûõ êîìïîíåíòîâ

è ðàçëåòîì èõ íà 2–3 ì (ðèñ. 1,à). Ðàçðóøåíèå æå áå-

òîííûõ îáðàçöîâ ñ äîáàâêîé ôèáðû â äàííîì èíòåð-

âàëå òåìïåðàòóð áûëî ïëàñòè÷íûì, ïðàêòè÷åñêè

áåç èçìåíåíèÿ ôîðìû (ðèñ. 1,á).

Ïðè ïðîãðåâå áåòîííûõ êóáèêîâ ñ äîáàâêîé ôèá-

ðû è áåç äîáàâêè â äèàïàçîíå 300–800 °Ñ ïîä âîç-

äåéñòâèåì íàãðóçêè îáðàçöû ðàçðóøàëèñü ñ ðàññû-
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ïàíèåì ñîñòàâíûõ êîìïîíåíòîâ áåòîíà. Âîçìîæíî,

ýòî ïðîèñõîäèëî âñëåäñòâèå óìåíüøåíèÿ ñöåïëå-

íèÿ ìåæäó êîìïîíåíòàìè áåòîíà â ðåçóëüòàòå ïðî-

ãðåâà îáðàçöîâ äî âûñîêèõ òåìïåðàòóð. Ðåçóëüòàòû

èññëåäîâàíèÿ âëèÿíèÿ íàãðåâà íà ïðî÷íîñòü áåòîí-

íûõ îáðàçöîâ áåç äîáàâêè è ñ äîáàâêîé ôèáðû ïîêà-

çàíû íà ðèñ. 2.

Èçìåíåíèå ïðî÷íîñòè áåòîíà ñ óâåëè÷åíèåì òåì-

ïåðàòóðû õàðàêòåðèçóåòñÿ êîýôôèöèåíòîì  b,tem:

 b,tem = Rtem �R20,

ãäå Rtem — âðåìåííîå ñîïðîòèâëåíèå áåòîíà ñæàòèþ

ïðè ñîîòâåòñòâóþùåé òåìïåðàòóðå íàãðåâà, ÌÏà;

R20 — âðåìåííîå ñîïðîòèâëåíèå áåòîíà ñæàòèþ

ïðè òåìïåðàòóðå 20 °Ñ, ÌÏà.

Ìîæíî ïðåäïîëîæèòü, ÷òî äîáàâëåíèå ïîëèïðî-

ïèëåíîâîé ôèáðû â áåòîí â êîëè÷åñòâå 1 êã/ì3 ïðè-

âîäèò ê âûòåñíåíèþ èç íåãî òàêîãî æå êîëè÷åñòâà öå-

ìåíòà è ìåëêîãî íàïîëíèòåëÿ è, êàê ñëåäñòâèå, ê ñíè-

æåíèþ åãî ïðî÷íîñòè ïðè íîðìàëüíîé òåìïåðàòóðå.

Ïðè íàãðåâå äî 200–300 °Ñ ïðåäåë ïðî÷íîñòè áåòî-

íà íà ñæàòèå áåç äîáàâêè ôèáðû è ñ äîáàâêîé óâåëè-

÷èâàåòñÿ áëàãîäàðÿ óïëîòíåíèþ ñòðóêòóðû öåìåíò-

íîãî êàìíÿ, êîòîðîå ïðîèñõîäèò âñëåäñòâèå óäàëå-

íèÿ âîäû èç ãåëÿ äâóõêàëüöèåâîãî ñèëèêàòà, è ïëàâ-

ëåíèþ ïîëèïðîïèëåíîâîé ôèáðû ïðè òåìïåðàòóðå

140–160 °Ñ.

Ïðè òåìïåðàòóðå ñâûøå 300 °Ñ ïðîèñõîäèò ðåç-

êîå ñíèæåíèå ïðåäåëà ïðî÷íîñòè îïûòíûõ îáðàç-

öîâ áåòîíà íà ñæàòèå. Îñíîâíîé ïðè÷èíîé ýòîãî â

äàííîì ñëó÷àå ÿâëÿåòñÿ ðàçëè÷èå òåìïåðàòóðíûõ

äåôîðìàöèé â öåìåíòíîì êàìíå è â çàïîëíèòåëÿõ

ïîä âîçäåéñòâèåì âûñîêèõ òåìïåðàòóð.

Â ðåçóëüòàòå îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàí-

íûõ ìåòîäîì ðåãðåññèîííîãî àíàëèçà ïîëó÷åíû

àíàëèòè÷åñêèå çàâèñèìîñòè äëÿ îïðåäåëåíèÿ êîýô-

ôèöèåíòà  b,tem äëÿ áåòîíà áåç äîáàâêè è ñ äîáàâêîé

ôèáðû:
� áåç äîáàâêè ôèáðû:

 b,tem = –0,0000024314t2 + 0,0010800881t + 1,00359;

� ñ äîáàâêîé îòå÷åñòâåííîé ïîëèïðîïèëåíîâîé

ôèáðû:

 b,tem = –0,0000023626t2 + 0,00093184t + 1,0131;

� ñ äîáàâêîé èìïîðòíîé ïîëèïðîïèëåíîâîé ôèáðû:

 b,tem = –0,000002561t2 + 0,0011462t + 1,004413,

ãäå t — òåìïåðàòóðà áåòîíà, °Ñ.

Àíàëèç ïîëó÷åííûõ ýêñïåðèìåíòàëüíûõ äàííûõ

ïîêàçàë, ÷òî äîáàâêà ïîëèïðîïèëåíîâîé ôèáðû ñíè-

æàåò ïðî÷íîñòü áåòîíà íà ñæàòèå â ñðåäíåì íà 16 %

êàê ïðè íîðìàëüíîé òåìïåðàòóðå, òàê è ïðè ïîâû-

øåííîé.

Â õîäå èññëåäîâàíèé ñðàâíèâàëèñü äâà âèäà áå-

òîíà, ñ äîáàâêîé îòå÷åñòâåííîé è èìïîðòíîé ïîëè-

ïðîïèëåíîâîé ôèáðû. Òàê, â äèàïàçîíå 20–300 °Ñ

ïðî÷íîñòü íà îñåâîå ñæàòèå áåòîíà ñ äîáàâêîé îòå-

Ðèñ. 2. Îòíîñèòåëüíàÿ ïðî÷íîñòü áåòîíà áåç äîáàâêè (1) è ñ

äîáàâêîé îòå÷åñòâåííîé (2) è èìïîðòíîé (3) ïîëèïðîïèëå-

íîâîé ôèáðû

Ðèñ. 1. Âèä îáðàçöîâ áåòîíà áåç äîáàâêè (à) è ñ äîáàâêîé ôèá-

ðû (á) ïîñëå ïðîâåäåíèÿ ýêñïåðèìåíòà
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÷åñòâåííîé ïîëèïðîïèëåíîâîé ôèáðû âûøå ïî ñðàâ-

íåíèþ ñ èìïîðòíîé íà 12 %. Â äèàïàçîíå 300–800 °Ñ

áåòîí ñ äîáàâêîé îòå÷åñòâåííîé ïîëèïðîïèëåíîâîé

ôèáðû ïî ïðî÷íîñòè óñòóïàåò áåòîíó ñ äîáàâêîé èì-

ïîðòíîé ôèáðû.

Òåïëîïðîâîäíîñòü è òåïëîåìêîñòü
ôèáðîáåòîíà ïðè íàãðåâå

Äëÿ èññëåäîâàíèÿ òåïëîôèçè÷åñêèõ õàðàêòåðè-

ñòèê áåòîíà áåç äîáàâêè è ñ äîáàâêîé ïîëèïðîïèëå-

íîâîé ôèáðû áûëè èçãîòîâëåíû îïûòíûå îáðàçöû

â âèäå áåòîííûõ ïëèò èç òîãî æå ñîñòàâà áåòîíà, ÷òî

è êóáèêè, ðàçìåðîì 110�110 ñì è òîëùèíîé 11 ñì.

Ïåðåä áåòîíèðîâàíèåì îïûòíûõ îáðàçöîâ â îïà-

ëóáêó óñòàíàâëèâàëè ðàìêè-äåðæàòåëè (ðèñ. 3) ñ çà-

êðåïëåííûìè íà íèõ òåðìîýëåêòðè÷åñêèìè ïðåîá-

ðàçîâàòåëÿìè — òåðìîïàðàìè (ÒÏ). Îáùèé âèä èñ-

ñëåäóåìûõ îáðàçöîâ ïëèò ïðåäñòàâëåí íà ðèñ. 4.

Ïåðåä ïðîâåäåíèåì îãíåâûõ èñïûòàíèé ïëîò-

íîñòü áåòîíà ñîñòàâëÿëà:
� áåç äîáàâêè — 2405 êã/ì3;
� ñ äîáàâêîé îòå÷åñòâåííîé ïîëèïðîïèëåíîâîé

ôèáðû — 2365 êã/ì3;
� ñ äîáàâêîé èìïîðòíîé ïîëèïðîïèëåíîâîé ôèá-

ðû — 2380 êã/ì3.

Âåñîâàÿ âëàæíîñòü áåòîíà â îïûòíûõ îáðàçöàõ

ïëèò ñîñòàâèëà â ñðåäíåì 4 %. Èñïûòàíèÿ ïðîâîäè-

ëèñü â ìàëîé ãîðèçîíòàëüíîé îãíåâîé ïå÷è ïî ñòàí-

äàðòíîìó òåìïåðàòóðíîìó ðåæèìó, êîòîðûé îïèñû-

âàåòñÿ ñëåäóþùåé çàâèñèìîñòüþ:

tâ = 345lg (0,133! + 1) + tí,

ãäå tâ — òåìïåðàòóðà â îãíåâîé êàìåðå ïå÷è, ñîîò-

âåòñòâóþùàÿ âðåìåíè !, °Ñ;

tí — íà÷àëüíàÿ òåìïåðàòóðà îêðóæàþùåé ñðå-

äû, °Ñ;

! — âðåìÿ íàãðåâà îáðàçöà, ñ.

Âî âðåìÿ îãíåâûõ èñïûòàíèé òåìïåðàòóðà â ïëè-

òàõ çàìåðÿëàñü ñ ïîìîùüþ òðåõ òåðìîïàð, óñòàíîâ-

ëåííûõ íà ðàññòîÿíèè 25, 55 è 85 ìì îò îáîãðåâà-

åìîé ïîâåðõíîñòè, è òðåõ òåðìîïàð — íà íåîáî-

ãðåâàåìîé ïîâåðõíîñòè. Ðåçóëüòàòû ïðîãðåâà ïëèò

ïðåäñòàâëåíû íà ðèñ. 5. Èç ðèñóíêà âèäíî, ÷òî ïðè

äîñòèæåíèè òåìïåðàòóðû 100 °Ñ êðèâûå ïðîãðåâà

èìåþò ÿâíî âûðàæåííûé ïîëîãèé ó÷àñòîê (ïëî-

ùàäêó âûïàðèâàíèÿ), à ñêîðîñòü ïðîãðåâà áåòîíà ñ

äîáàâêîé ïîëèïðîïèëåíîâîé ôèáðû ñíèæàåòñÿ ïî

ñðàâíåíèþ ñ áåòîíîì áåç äîáàâêè. Âîçìîæíî, ïðè

ïðîãðåâå îïûòíûõ îáðàçöîâ ñ äîáàâêîé ôèáðû ïðî-

èñõîäèò ïëàâëåíèå ïîëèïðîïèëåíà è åãî âûïàðèâà-

íèå èç ñîñòàâà áåòîíà ñîâìåñòíî ñ âîäîé. Â ðåçóëü-

òàòå ïîðèñòîñòü ìàòåðèàëà óâåëè÷èâàåòñÿ. Â ïîðàõ

áåòîíà ïîñëå ýòîãî ïðîöåññà îñòàåòñÿ âîçäóøíîå

ïðîñòðàíñòâî, ÷òî ïðèâîäèò ê ñíèæåíèþ òåïëîïå-

ðåäà÷è â åãî ñòðóêòóðå.

Åñëè ïðîàíàëèçèðîâàòü ãðàôèêè ïðîãðåâà áåòî-

íîâ ñ äîáàâêîé èìïîðòíîé è îòå÷åñòâåííîé ïîëè-

ïðîïèëåíîâîé ôèáðû, òî ìîæíî óâèäåòü, ÷òî áåòîí

ñ äîáàâêîé èìïîðòíîé ôèáðû ïðîãðåâàåòñÿ áîëåå

èíòåíñèâíî, ÷åì ñ îòå÷åñòâåííîé. Â äàííîì ñëó÷àå

Ðèñ. 4. Ïëèòû äëÿ èññëåäîâàíèÿ òåïëîôèçè÷åñêèõ õàðàêòå-

ðèñòèê

Ðèñ. 3. Ñõåìà (à) è îáùèé âèä (á) ðàìêè-äåðæàòåëÿ äëÿ òåðìî-

ïàð: 1 — ìåòàëëè÷åñêàÿ ðàìêà; 2 — ìåòàëëè÷åñêàÿ ïðîâîëî-

êà; 3 — òåðìîïàðû
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îñíîâíîå âëèÿíèå íà ðàçíèöó â ïðîãðåâå îêàçûâàþò

ðàçìåðû âîëîêîí ôèáðû. Äëèíà âîëîêîí îòå÷åñò-

âåííîé ôèáðû áîëüøå, ÷åì èìïîðòíîé, ÷òî óâåëè-

÷èâàåò ðàçìåð ïîð è èõ êîëè÷åñòâî â áåòîíå.

Äëÿ îïðåäåëåíèÿ êîýôôèöèåíòîâ òåïëîïðîâîä-

íîñòè �t è òåïëîåìêîñòè ñt èñïîëüçîâàëè ïðÿìîëè-

íåéíûå çàâèñèìîñòè îò òåìïåðàòóðû t:

�t = À + Ât; ct = C + Dt.

Íà÷àëüíûå êîýôôèöèåíòû òåïëîïðîâîäíîñòè À

è òåïëîåìêîñòè Ñ, ñîîòâåòñòâóþùèå äàííîé ïëîò-

íîñòè áåòîíà, âçÿòû èç ñîîòâåòñòâóþùåé ñïðàâî÷íîé

ëèòåðàòóðû. Ïðè íàëè÷èè ýêñïåðèìåíòàëüíûõ äàí-

íûõ ïóòåì ðåøåíèÿ îáðàòíîé çàäà÷è òåïëîïðîâîä-

íîñòè ñ ïîìîùüþ ðàíåå ðàçðàáîòàííîé êîìïüþòåð-

íîé ïðîãðàììû áûëè îïðåäåëåíû òåïëîôèçè÷åñêèå

õàðàêòåðèñòèêè (êîýôôèöèåíòû òåïëîïðîâîäíîñòè

è òåïëîåìêîñòè) ôèáðîáåòîíà ïðè ïîâûøåííûõ òåì-

ïåðàòóðàõ.

Â ðåçóëüòàòå èññëåäîâàíèé ïîëó÷åíû ñëåäóþùèå

çàâèñèìîñòè:
� äëÿ áåòîíà áåç äîáàâêè ôèáðû:

�t = 1,3 – 0,0005t; ct = 481 + 0,9t;

� äëÿ áåòîíà ñ äîáàâêîé îòå÷åñòâåííîé è èìïîðò-

íîé ïîëèïðîïèëåíîâîé ôèáðû:

�t = 1,3 – 0,0006t; ct = 481 + 0,92t.

Ïîëó÷åííûå çàâèñèìîñòè íàãëÿäíî ïîêàçûâàþò,

÷òî ïðè ââåäåíèè â ñîñòàâ áåòîíà ïîëèïðîïèëåíî-

âîé ôèáðû ïðè íàãðåâå íàáëþäàåòñÿ áîëåå èíòåí-

ñèâíîå ñíèæåíèå êîýôôèöèåíòà òåïëîïðîâîäíîñòè

�t ôèáðîáåòîíà ïî ñðàâíåíèþ ñ áåòîíîì áåç äîáàâ-

êè. Â òî æå âðåìÿ ïðè íàãðåâå óâåëè÷åíèå êîýôôè-

öèåíòà òåïëîåìêîñòè ñt ôèáðîáåòîíà ïðîèñõîäèò

áîëåå âûñîêèì òåìïîì ïî ñðàâíåíèþ ñ áåòîíîì áåç

äîáàâêè.

Çàêëþ÷åíèå

Óñòàíîâëåíî âëèÿíèå íàãðåâà â èíòåðâàëå òåì-

ïåðàòóð 20–800 °Ñ íà ïðî÷íîñòíûå è òåïëîôèçè÷å-

ñêèå õàðàêòåðèñòèêè áåòîíà ñ äîáàâêîé îòå÷åñòâåí-

íîé è èìïîðòíîé ïîëèïðîïèëåíîâîé ôèáðû â êîëè-

÷åñòâå 1 êã/ì3.

Â ðåçóëüòàòå îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàí-

íûõ ìåòîäîì ðåãðåññèîííîãî àíàëèçà ïîëó÷åíû

àíàëèòè÷åñêèå çàâèñèìîñòè äëÿ îïðåäåëåíèÿ ïðî÷-

íîñòíûõ õàðàêòåðèñòèê èññëåäóåìîãî ôèáðîáåòîíà

íà îñåâîå ñæàòèå ïðè âîçäåéñòâèè âûñîêèõ òåìïå-

ðàòóð.

Ýêñïåðèìåíòû ïî îïðåäåëåíèþ òåïëîôèçè÷åñêèõ

ñâîéñòâ (êîýôôèöèåíòû òåïëîïðîâîäíîñòè è òåïëî-

åìêîñòè) ôèáðîáåòîíà ïðîâîäèëè ïðè îäíîñòîðîí-

íåì íàãðåâå îïûòíûõ îáðàçöîâ ïëèò ïî òåìïåðàòóð-

íîìó ðåæèìó ñòàíäàðòíîãî ïîæàðà. Ïîëó÷åííûå

çàâèñèìîñòè òåïëîôèçè÷åñêèõ õàðàêòåðèñòèê áåòî-

íà ñ îòå÷åñòâåííîé è èìïîðòíîé ïîëèïðîïèëåíî-

âîé ôèáðîé ïðè ðîñòå òåìïåðàòóðû äàþò âîçìîæ-

íîñòü ïðîâîäèòü ðàñ÷åòû ïðîãðåâà æåëåçîáåòîí-

íûõ êîíñòðóêöèé ñ âûáðàííûì âèäîì äîáàâêè ïðè

òåìïåðàòóðíîì ðåæèìå ñòàíäàðòíîãî ïîæàðà.

Ïðîâåäåííûå èññëåäîâàíèÿ âëèÿíèÿ òåìïåðàòó-

ðû íà ïðî÷íîñòíûå è òåïëîôèçè÷åñêèå ñâîéñòâà áå-

òîíà ñ äîáàâêîé ïîëèïðîïèëåíîâîé ôèáðû ìîãóò

áûòü èñïîëüçîâàíû ïðè ðàñ÷åòå ïðåäåëà îãíåñòîé-

êîñòè íåñóùèõ è îãðàæäàþùèõ êîíñòðóêöèé, èçãî-

òîâëåííûõ èç äàííîãî âèäà ôèáðîáåòîíà.

Ðèñ. 5. Ðàñ÷åòíûå (–––—) è ýêñïåðèìåíòàëüíûå (– – –) êðè-

âûå ïðîãðåâà áåòîííûõ ïëèò áåç äîáàâêè (à) è ñ äîáàâêîé

îòå÷åñòâåííîé (á) è èìïîðòíîé (â) ôèáðû: 1–3 — òåìïåðàòó-

ðà â ìåñòàõ óñòàíîâêè òåðìîïàð ñîîòâåòñòâåííî ÒÏ1–ÒÏ3
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ABSTRACT

The paper discusses the problems of protection of reinforced concrete tunnel structures from brittle

(explosive) destruction of concrete tubbing lining of the tunnel. The relevance of the research is

attributed to increasing pace of construction of deep-level tunnels. Fires in such facilities could be

catastrophic, often resulting in massive loss of life and great material losses, and their suppression

requires involvement of considerable forces and assets.

During the construction and operation of road and subway tunnels, the protecting structures —

reinforced concrete lining blocks have a higher moisture content, which in the event of fire in the early

stages can lead to brittle failure of concrete tubing and the premature loss of their load-bearing

capacity.

To reduce the effects of brittle fracture of concrete in the protective layer of concrete structures

anti-spall mesh is installed, or fire retardant coating is used which reduces the intensity of heating of

concrete during fire. However, recent studies have shown that the most effective way of protecting

against brittle fracture of concrete from the point of view of labor and material cost is the use of

additives in the concrete mixture in the form of polypropylene fibers. Earlier, experiments were

carried out in VNIIPO to determine the actual limits of fire resistance of tunnel tubing and the in-

fluence of polypropylene fibers additives in concrete mix on the likelihood of brittle fracture of

concrete. However it seems impossible to assess the fire resistance of similar structures using

numerical methods due to the lack of baseline data on the strength and thermo-physical properties of

concrete with polypropylene fibers.

To achieve this goal, studies were conducted of concrete strength under axial compression with

the addition of polypropylene fibers in the amount of 1 kg/m3 and experimental data of thermal

characteristics of fiber-reinforced concrete at high temperatures were obtained. The paper presents

the results of experiments on the samples of fiber concrete under axial compression when exposed to

temperature in the range 20–800 °C. Graphics show the process of the strength change of concrete

with and without additives during heating.

Analytical dependencies for determination of strength of concrete under compression were

obtained with two types of polypropylene fibers at high temperatures.A comparison of the strength

properties of the investigated concrete mixtures was carried out. It was established experimentally

that when using the polypropylene fibers, the strength characteristics of fiber-concrete are reduced on

average by 16 %, compared to the concrete without fiber additives, both at normal and high tempe-

ratures. As a result of processing of the experimental data by regression analysis the analytical

dependencies were obtained for determination of strength characteristics of concrete under axial

compression with the addition of domestic and imported fibers when exposed to high temperatures.

Experiments to determine the thermal properties of concrete with the addition of polypropylene

fibers, were conducted during one-sided heating of board samples on the temperature regime of

“standard fire”.

In the presence of experimental data, by solving the inverse heat conduction problem using

the previously developed computer program, the thermophysical characteristics (thermal conducti-

vity and heat capacity) of fiber-reinforced concrete at elevated temperatures were defined. With

increasing temperature, the thermal conductivity decrease is more intensive in concrete with added

polypropylene fibers than that of concrete without additives. At the same time, the addition of fiber

does not affect the intensity of increase of the heat capacity of concrete. The obtained dependences of

thermophysical properties of concrete with domestic and imported polypropylene fibers on tempe-

rature increase make it possible to carry out calculations of heating of concrete structures with

selected additives on a temperature regime of “standard fire”.

The conducted studies on the effect of temperature on the strength and thermal properties of

concrete with addition of polypropylene fiber reinforcement can be used in calculation of the fire

resistance of load-bearing and enclosing structures made of this type of fiber-reinforced concrete.
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