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Àííîòàöèÿ. Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ ìèêðîôèáðû íà
îñíîâå ïîëèýòèëåíà âûñîêîé ïëîòíîñòè è ïîëèáåíçîêñàçîëà íà îñåâîå ðàñòÿæåíèå
ôèáðîêîìïîçèòîâ. Ïðåäëîæåíî îïðåäåëåíèå ÿâëåíèÿ äåôîðìàöèîííîãî óïðî÷íåíèÿ
ôèáðîêîìïîçèòà ãèäðàòàöèîííîãî òâåðäåíèÿ. Ïîëó÷åíû è ïðîàíàëèçèðîâàíû õàðàê-
òåðíûå äèàãðàììû äåôîðìèðîâàíèÿ ðàçëè÷íûõ ôèáðîàðìèðîâàííûõ êîìïîçèòîâ.
Îïðåäåëåíû äèàïàçîíû âåëè÷èí äåôîðìàöèîííîãî óïðî÷íåíèÿ è ïëàñòè÷åñêîé
äåôîðìàöèè, à òàêæå óñòàíîâëåíû ôàêòîðû, îáóñëîâëèâàþùèå ýòè õàðàêòåðèñòèêè.
Ñ ïðàêòè÷åñêîé òî÷êè çðåíèÿ ðîñò ñîïðîòèâëåíèÿ ôèáðîêîìïîçèòà ñ ñîõðàíåíèåì
åãî öåëîñòíîñòè â óñëîâèÿõ âûñîêèõ çíà÷åíèé ïëàñòè÷åñêèõ äåôîðìàöèé îòêðûâàåò
âîçìîæíîñòü èñïîëüçîâàíèÿ ïîäîáíûõ ìàòåðèàëîâ äëÿ ðåìîíòà ïîâðåæäåííûõ ïðî-
ëåòíûõ ñòðîåíèé è ïåðåêðûòèé, äîëãîâå÷íîé (òåïëî- è áèîñòîéêîé) ãåðìåòèçàöèè
ñòûêîâ ñáîðíûõ æåëåçîáåòîííûõ êîíñòðóêöèé.
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Original article

DEFORMATION-HARDENING FIBER COMPOSITES:
DEFINITION, PRINCIPLES OF PREPARATION

AND PROSPECTS OF APPLICATION
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1Saint Petersburg Mining University, Saint Petersburg, Russia
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Abstract. The article presents the results of a study of the effect of microfiber based on
high-density polyethylene and polybenzoxazole on the axial stretching of fibrocomposites.
The definition of the phenomenon of deformation hardening of a hydration hardening
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fibrocomposite is proposed. Characteristic deformation diagrams of various
fiber-reinforced composites are obtained and analyzed. The ranges of values of deformation
hardening and plastic deformation are determined, as well as the factors that determine
these characteristics are stated. From a practical point of view the increase of the resistance
of fibrocomposite while maintaining its integrity in conditions of high values of plastic
deformations opens up the possibility of using such materials for repairing damaged
superstructures and ceilings, durable (heat and bio-resistant) sealing of joints of precast
reinforced concrete structures.

Keywords: deformation hardening, plastic deformation, microfiber, deformation
curve, microcracking, high density polyethylene, polybenzoxazole

For citation: Smirnova O.M., Kharitonov A.M. Deformation-hardening fiber
composites: definition, principles of preparation and prospects of application. News of

Higher Educational Institutions. Construction. 2022; (10): 14–22. (In Russ.). DOI:
10.32683/0536-1052-2022-766-10-14-22.

Ââåäåíèå. Îäíèì èç îòëè÷èòåëüíûõ ïðèçíàêîâ ôèáðîáåòîíîâ ÿâëÿåòñÿ
èõ áîëåå âûñîêàÿ äåôîðìàòèâíîñòü. Äëÿ äåòàëüíîãî èçó÷åíèÿ èçìåíåíèÿ
õàðàêòåðà ïîâåäåíèÿ áåòîíà ïîä íàãðóçêîé ïðè äèñïåðñíîì àðìèðîâàíèè
ñèíòåòè÷åñêîé ìàêðîôèáðîé èñïîëüçîâàíû äèàãðàììû äåôîðìèðîâàíèÿ
ïðè ðàñòÿæåíèè ñ èçãèáîì (ðèñ. 1). Òàê, â ñëó÷àå íåáîëüøîãî ðàñõîäà ôèáðû
âåëè÷èíà íàãðóçêè, êîòîðàÿ ïåðåäàåòñÿ îò ìàòðèöû íà âîëîêíà ïîñëå îáðà-
çîâàíèÿ ìàãèñòðàëüíîé òðåùèíû, óìåíüøàåòñÿ â íåñêîëüêî ðàç ïî ñðàâíå-
íèþ ñ ðàçðóøàþùåé íàãðóçêîé äëÿ ìàòðèöû (ðèñ. 1, ðàñõîä ôèáðû 3 è
5 êã/ì3).

Ïðè àíàëèçå êðèâûõ äåôîðìèðîâàíèÿ ôèáðîáåòîíîâ ñ ïîâûøåííûì
ðàñõîäîì ôèáðû (ðèñ. 1, ðàñõîä ìàêðîôèáðû 7 êã/ì3) ñëåäóåò îáðàòèòü
âíèìàíèå íà íàëè÷èå äâóõ õàðàêòåðíûõ ïèêîâ. Ïåðâûé ìàêñèìóì íà êðèâîé
ñîîòâåòñòâóåò íàèáîëüøåé íàãðóçêå, êîòîðóþ ñïîñîáíà âûäåðæàòü ìàòðè-
öà, è îòðàæàåò ðàáîòó ôèáðîáåòîíà íà ýòàïå óïðóãîãî äåôîðìèðîâàíèÿ.
Âòîðîé ïèê îòíîñèòñÿ ê ïðåäåëüíîé íàãðóçêå, âîñïðèíèìàåìîé âîëîêíàìè
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Ðèñ. 1. Êðèâûå äåôîðìèðîâàíèÿ ïðè èçãèáå ôèáðîêîìïîçèòîâ ñ ðàçëè÷íûì ðàñõîäîì
ñèíòåòè÷åñêîé ìàêðîôèáðû

Fig. 1. Deformation curves in bending the fibrocomposites with different amount of
synthetic macrofiber



ïîñëå îáðàçîâàíèÿ ìàãèñòðàëüíîé òðåùèíû â ìàòðèöå, è õàðàêòåðèçóåò
ðàáîòó ìàòåðèàëà ñ òðåùèíîé [1–4]. Ïðè âûñîêîé ñòåïåíè äèñïåðñíîãî
àðìèðîâàíèÿ (7 êã/ì3) äàæå ïîñëå îáðàçîâàíèÿ ìàêðîòðåùèíû ïðîÿâëÿåòñÿ
ýôôåêò óïðî÷íåíèÿ êîìïîçèòà, ñîïðîâîæäàþùèéñÿ àêòèâíûì íàðàñòàíèåì
ïëàñòè÷åñêèõ äåôîðìàöèé. Ïëàñòè÷åñêèå äåôîðìàöèè îáóñëîâëåíû ðàç-
âèòèåì ìàãèñòðàëüíîé òðåùèíû âïëîòü äî ìîìåíòà ðàçðóøåíèÿ îáðàçöà
(ðèñ. 1, ôîòî).

Â ýòîé ñâÿçè îñîáûé èíòåðåñ ïðåäñòàâëÿþò äèñïåðñíî-àðìèðîâàííûå áå-
òîíû, â êîòîðûõ çà ñ÷åò âîâëå÷åíèÿ â ðàáîòó ôèáðû ïî ìåðå óâåëè÷åíèÿ íà-
ãðóçêè çíà÷èòåëüíî íàðàñòàþò ïëàñòè÷åñêèå äåôîðìàöèè, íî ïðè ýòîì ñîõðà-
íÿåòñÿ êàê íåñóùàÿ ñïîñîáíîñòü, òàê è öåëîñòíîñòü îáðàçöà. Ê äàííîìó ÿâëå-
íèþ â ïîëíîé ìåðå, íà íàø âçãëÿä, îòíîñèòñÿ ïîíÿòèå äåôîðìàöèîííîãî
óïðî÷íåíèÿ.

Ó ïîëèìåðíûõ ìàòåðèàëîâ è ìåòàëëîâ äåôîðìàöèîííîå óïðî÷íåíèå
îáóñëîâëåíî ñòåñíåíèåì ïðîäâèæåíèÿ ìàññèâîâ äèñëîêàöèé ïðè ïëàñòè÷å-
ñêîé äåôîðìàöèè. Â îòíîøåíèè ôèáðîêîìïîçèòîâ ãèäðàòàöèîííîãî òâåð-
äåíèÿ ñóùåñòâóþùåå îïðåäåëåíèå òðåáóåò óòî÷íåíèÿ. Äåôîðìàöèîííûì
óïðî÷íåíèåì êîìïîçèòà ïîä íàãðóçêîé ÿâëÿåòñÿ ïðîöåññ ïîâûøåíèÿ íàïðÿ-
æåíèé â çîíå ïëàñòè÷åñêèõ äåôîðìàöèé êîìïîçèòà áåç ïîÿâëåíèÿ ìàãèñò-
ðàëüíûõ òðåùèí. Â ýòîì ñëó÷àå ïëàñòè÷åñêèå äåôîðìàöèè îáóñëîâëåíû
ìèêðîòðåùèíîîáðàçîâàíèåì, îòëè÷èòåëüíûì ïðèçíàêîì êîòîðîãî ÿâëÿåòñÿ
ïîÿâëåíèå çíà÷èòåëüíîãî êîëè÷åñòâà ìèêðîòðåùèí, øèðèíà ðàñêðûòèÿ êî-
òîðûõ ÷ðåçâû÷àéíî ìàëà, ÷òî ïîçâîëÿåò ãîâîðèòü î ñîõðàíåíèè öåëîñòíîñòè
ìàòåðèàëà. Âàæíî ïðè ýòîì îáåñïå÷èòü óâåëè÷åíèå çîíû ìèêðîòðåùèíîîá-
ðàçîâàíèÿ è óìåíüøåíèå çîíû ìàêðîòðåùèíîîáðàçîâàíèÿ íà äèàãðàììå
äåôîðìàöèè.

Ñ ïðàêòè÷åñêîé òî÷êè çðåíèÿ ïîâûøåíèå íåñóùåé ñïîñîáíîñòè ôèáðî-
êîìïîçèòà ñ ñîõðàíåíèåì åãî öåëîñòíîñòè â óñëîâèÿõ âûñîêèõ çíà÷åíèé
ïëàñòè÷åñêèõ äåôîðìàöèé îòêðûâàåò âîçìîæíîñòü èñïîëüçîâàíèÿ ïîäîáíûõ
ìàòåðèàëîâ äëÿ ýôôåêòèâíîãî ðåìîíòà ïîâðåæäåííûõ ïðîëåòíûõ ñòðîåíèé
è ïåðåêðûòèé, äîëãîâå÷íîé (òåïëî- è áèîñòîéêîé) ãåðìåòèçàöèè ñòûêîâ
ñáîðíûõ æåëåçîáåòîííûõ êîíñòðóêöèé.

Èñõîäÿ èç âûøåñêàçàííîãî, òðåáóåòñÿ âûÿâèòü óñëîâèÿ, ïðè êîòîðûõ
âîçìîæíî çíà÷èòåëüíîå äåôîðìàöèîííîå óïðî÷íåíèå ïðè ïëàñòè÷åñêîì
äåôîðìèðîâàíèè ôèáðîêîìïîçèòà ïîä íàãðóçêîé. Ðàíåå áûëî óñòàíîâëåíî,
÷òî ðîñò òðåùèíû ñïîñîáíà ñäåðæèâàòü ôèáðà, äèàìåòð êîòîðîé ñîïîñòàâèì
ñ øèðèíîé òðåùèíû [5–9]. Òàêèì îáðàçîì, ïðåäñòàâëÿåòñÿ öåëåñîîáðàçíûì
èñïîëüçîâàíèå ìèêðîôèáðû äëÿ ïîâûøåíèÿ óäåëüíîé ðàáîòû ìèêðîòðåùè-
íîîáðàçîâàíèÿ è ñîîòâåòñòâåííî äîñòèæåíèÿ ýôôåêòà äåôîðìàöèîííîãî
óïðî÷íåíèÿ ïðè çíà÷èòåëüíûõ ïëàñòè÷åñêèõ äåôîðìàöèÿõ. Òàêæå íåîáõîäè-
ìî ïðèíèìàòü âî âíèìàíèå âåëè÷èíó æåñòêîñòè ôèáðû, êîòîðàÿ âî ìíîãîì
îïðåäåëÿåò ñïîñîáíîñòü äèñïåðñíîãî àðìèðîâàíèÿ ñäåðæèâàòü ðàçâèòèå òðå-
ùèí [10].

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ. Äëÿ ïîèñêîâûõ èññëåäîâà-
íèé áûëè âûáðàíû äâà âèäà ìèêðîôèáðû: íà îñíîâå ïîëèýòèëåíà âûñî-
êîé ïëîòíîñòè è ïîëèáåíçîêñàçîëà. Õàðàêòåðèñòèêè ôèáðû ïðåäñòàâëåíû
â òàáë. 1.
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Ïðè ïðîåêòèðîâàíèè ôèáðîáåòîíîâ, ñïîñîáíûõ ê äåôîðìàöèîííîìó
óïðî÷íåíèþ, íåîáõîäèìî ñòðåìèòüñÿ ê òîìó, ÷òîáû íà ó÷àñòêå êðèâîé äå-
ôîðìèðîâàíèÿ ìåæäó äâóìÿ ïèêàìè îòñóòñòâîâàëî ðåçêîå ñíèæåíèå íàïðÿ-
æåíèé, óêàçûâàþùåå íà îáðàçîâàíèå òðåùèí ñ îòíîñèòåëüíî áîëüøèì ðàñ-
êðûòèåì.

Ñóùåñòâåííûå îòëè÷èÿ â ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâàõ ìàòðèöû, çà-
ïîëíèòåëÿ è ôèáðû îáóñëîâëèâàåò íàëè÷èå âûðàæåííîé ãðàíèöû ðàçäåëà ìå-
æäó ýëåìåíòàìè ñòðóêòóðû. Òàê êàê ïëàñòè÷åñêèå äåôîðìàöèè è äåôîðìàöè-
îííîå óïðî÷íåíèå ôèáðîêîìïîçèòà ïðåäïîëàãàåò àêòèâíîå ìèêðîòðåùèíî-
îáðàçîâàíèå, òî ïëîùàäü ðàçäåëà «ìàòðèöà–ôèáðà» äîëæíà ìíîãîêðàòíî
ïðåâîñõîäèòü ïëîùàäü ðàçäåëà «ìàòðèöà–çàïîëíèòåëü». Ââèäó ýòîãî, ïðè
ðàçðàáîòêå ñîñòàâîâ öåìåíòíûõ ìàòðèö ïîòðåáîâàëîñü ïîëíîñòüþ èñêëþ-
÷èòü êðóïíûé çàïîëíèòåëü è ñîêðàòèòü êîëè÷åñòâî è ðàçìåð çåðåí ìåëêîãî
çàïîëíèòåëÿ, à ðàñõîä ìèêðîôèáðû óâåëè÷èòü [11–13].

Èññëåäîâàíèå ïî îïðåäåëåíèþ ìåõàíè÷åñêèõ ñâîéñòâ âûïîëíåíî ñ ïî-
ìîùüþ ñåðâîãèäðàâëè÷åñêîé ñèñòåìû MTS 816. Îáîðóäîâàíèå ïîçâîëÿåò
ïðîâîäèòü èñïûòàíèÿ îáðàçöîâ íà îäíîîñíîå ðàñòÿæåíèå (ðèñ. 2, ôîòî). Òðè
îáðàçöà áûëè èñïûòàíû äëÿ êàæäîãî ñîñòàâà â âîçðàñòå 28 äíåé.

Ðåçóëüòàòû èñïûòàíèé è îáñóæäåíèå. Íà ðèñ. 2 ïðåäñòàâëåíû äèà-
ãðàììû äåôîðìèðîâàíèÿ ïðè îñåâîì ðàñòÿæåíèè ôèáðîêîìïîçèòîâ â âîçðàñ-
òå 28 ñóò. Âñå ñîñòàâû èìåëè öåìåíòíóþ ìàòðèöó, ïîëó÷åííóþ ïî ïðèíöèïó
ðåàêöèîííî-ïîðîøêîâîãî áåòîíà ñ ïðåäåëîì ïðî÷íîñòè íà ñæàòèå îêîëî
100 ÌÏà, ðàñõîä ìèêðîôèáðû áûë ïðèíÿò òàêæå íåèçìåííûì – 2 % ïî
îáúåìó, îòëè÷èÿ çàêëþ÷àëèñü òîëüêî â âèäå ìàòåðèàëà ìèêðîôèáðû.

Ðåçóëüòàòû èñïûòàíèé, ïîëó÷åííûå ãðàôè÷åñêèì ìåòîäîì ïî äèàãðàì-
ìàì äåôîðìèðîâàíèÿ (ðèñ. 3) ïðè àíàëèçå ïîâåðõíîñòè îáðàçöîâ ïîñëå ðàçðó-
øåíèÿ, ïðåäñòàâëåíû â òàáë. 2.
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Ò à á ë è ö à 1. Õàðàêòåðèñòèêè ñèíòåòè÷åñêèõ ìèêðîôèáð

T a b l e 1. Characteristics of synthetic microfibres

Ïàðàìåòð
Âèä ôèáðû (òîðãîâàÿ ìàðêà)

Dyneema Zylon

Ìàòåðèàë ôèáðû Ïîëèýòèëåí
âûñîêîé

ïëîòíîñòè
(HDPE)

Ïîëèáåíçîê-
ñàçîë
(PBO)

Ñðåäíèé äèàìåòð, ìêì 20 13

Äëèíà, ìì 6 6

Ïëîòíîñòü, ã/ñì3 0,97 1,54

Ïðåäåë ïðî÷íîñòè íà îäíîîñíîå ðàñòÿæåíèå, ÌÏà 25 5800

Ìîäóëü óïðóãîñòè, ÃÏà 1,2 180

Îòíîñèòåëüíîå óäëèíåíèå ïðè ðàçðûâå, % 700 3,5

Òåìïåðàòóðà ïëàâëåíèÿ, °Ñ 150 650

Ïîâåðõíîñòü ìèêðîôèáðû Ãèäðîôîáíàÿ Ãèäðîôèëüíàÿ
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Ðèñ. 2. Äèàãðàììû äåôîðìèðîâàíèÿ ïðè îñåâîì ðàñòÿæåíèè ôèáðîêîìïîçèòîâ
ñ ìèêðîôèáðîé íà îñíîâå ïîëèýòèëåíà âûñîêîé ïëîòíîñòè (à) è ïîëèáåíçîêñà-

çîëà (á)

Fig. 2. Deformation diagrams in axial stretching of fibrocomposites with microfiber
based on high-density polyethylene (a) and on polybenzoxazole (b)

Ðèñ. 3. Îñîáåííîñòè ïîâåðõíîñòåé îáðàçöîâ ñ HDPE-ìèêðîôèáðîé (à) è ñ
ÐÂÎ-ìèêðîôèáðîé (á) ïîñëå ðàçðóøåíèÿ

Fig. 3. Features of surfaces of sample with HDPE microfiber (a) and with PBO
microfiber (b) after destruction



Ïîâûøåíèå ïðåäåëà óïðóãîñòè ôèáðîêîìïîçèòà ñ ÐÂÎ-ìèêðîôèáðîé
(6,5 ÌÏà) ïî îòíîøåíèþ ê ñîñòàâó ñ HDPE-ìèêðîôèáðîé (3,8 ÌÏà) ìîæíî
îáúÿñíèòü áîëåå âûñîêîé ïðî÷íîñòüþ è ìîäóëåì óïðóãîñòè âîëîêîí èç ïî-
ëèáåíçîêñàçîëà. Ïîâûøåíèþ ïðåäåëà óïðóãîñòè â ýòîì ñëó÷àå òàêæå ñïîñîá-
ñòâóåò ãèäðîôèëüíàÿ ïîâåðõíîñòü ÐÂÎ-ôèáðû, ÷òî îáåñïå÷èâàåò åå ëó÷øåå
çààíêåðèâàíèå â öåìåíòíîé ìàòðèöå.

Ïðåäåë ïðî÷íîñòè, ñîîòâåòñòâóþùèé ðàçðóøåíèþ îáðàçöîâ, ñîñòàâèë
9,1 è 11,1 ÌÏà, äåôîðìàöèîííîå óïðî÷íåíèå (ðàçíèöà ìåæäó ïðåäåëîì ïðî÷-
íîñòè è ïðåäåëîì óïðóãîñòè) – 5,3 è 4,6 ÌÏà äëÿ HDPE- è ÐÂÎ-ìèêðîôèáðû
ñîîòâåòñòâåííî. Òàêèì îáðàçîì, äåôîðìàöèîííîå óïðî÷íåíèå ñîñòàâèëî
139 % ïî îòíîøåíèþ ê ïðåäåëó óïðóãîñòè äëÿ êîìïîçèòà ñ HDPE-ìèêðîôèá-
ðîé è 70 % – äëÿ êîìïîçèòà ñ ÐÂÎ-ìèêðîôèáðîé.

Îáðàùàåò íà ñåáÿ âíèìàíèå çíà÷èòåëüíîå ðàçëè÷èå â âåëè÷èíå ìàêñè-
ìàëüíîãî îòíîñèòåëüíîãî óäëèíåíèÿ ôèáðîêîìïîçèòîâ, êîòîðîå ñîñòàâëÿåò
4,77 % äëÿ êîìïîçèòà ñ HDPE-ìèêðîôèáðîé è 1,64 % ñ ÐÂÎ-ìèêðîôèáðîé.
Ñëåäîâàòåëüíî, ìîæíî ãîâîðèòü îá îòëè÷èè ïëàñòè÷åñêîé äåôîðìàöèè ïî÷òè
â 3 ðàçà. Ýòî îáúÿñíÿåòñÿ â ïåðâóþ î÷åðåäü ðàçíûì îòíîñèòåëüíûì óäëèíå-
íèåì ïðè ðàçðûâå ñàìèõ âîëîêîí, êîòîðîå ñîñòàâëÿåò 700 è 3,5 % äëÿ HDPE-
è  ÐÂÎ-ìèêðîôèáðû ñîîòâåòñòâåííî. Â ñâÿçè ñ ýòèì áîëåå âûðàæåíî ðàñòÿ-
ãèâàíèå HDPE-ìèêðîôèáðû, ñäåðæèâàþùåé ðàñêðûòèå ìèêðîòðåùèíû. Íà
ýòîò ôàêò òàêæå óêàçûâàåò âåëè÷èíà óñðåäíåííîãî çíà÷åíèÿ øèðèíû ìèêðî-
òðåùèí ðàçãðóæåííîãî îáðàçöà ñ HDPE-ìèêðîôèáðîé, êîòîðîå ñîñòàâèëî
55 ìêì, ÷òî áîëüøå, ÷åì ó îáðàçöîâ ñ ÐÂÎ-ìèêðîôèáðîé (20 ìêì).

Ïðè âèçóàëüíîì èññëåäîâàíèè ïîâåðõíîñòåé îáðàçöîâ ïîñëå ðàçðóøåíèÿ
(ñì. ðèñ. 3) îòìå÷åíî, ÷òî HDPE-âîëîêíà â îñíîâíîì ðàñòÿíóòû è îáîðâàíû,
à  ÐÂÎ-âîëîêíà â áîëüøåé ÷àñòè âûäåðíóòû èç ìàòðèöû. Ïðè ñîâìåñòíîé
ðàáîòå ìàòðèöû è ÐÂÎ-âîëîêîí îáðàçîâàëîñü áîëüøåå êîëè÷åñòâî ìèêðî-
òðåùèí.
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Ò à á ë è ö à 2. Ðåçóëüòàòû èñïûòàíèé ôèáðîêîìïîçèòîâ ïðè îäíîîñíîì
ðàñòÿæåíèè â âîçðàñòå 28 ñóò

T a b l e 2. Test results of fibrocomposites under uniaxial tension at the age
of 28 days

Ïàðàìåòð
Âèä ìèêðîôèáðû

HDPE (6 ìì) PBO (6 ìì)

Ïðåäåë óïðóãîñòè (íàïðÿæåíèå ïåðâîé ìèêðîòðåùèíû),
MÏa

3,8 6,5

Îòíîñèòåëüíîå óäëèíåíèå äî ïîÿâëåíèÿ ïåðâîé ìèêðîòðå-
ùèíû, %

0,021 0,026

Ïðåäåë ïðî÷íîñòè ïðè îäíîîñíîì ðàñòÿæåíèè, MÏa 9,1 11,1

Ìàêñèìàëüíîå îòíîñèòåëüíîå óäëèíåíèå, % 4,77 1,64

Äåôîðìàöèîííîå óïðî÷íåíèå, ÌÏà 5,3 4,6

Êîëè÷åñòâî ìèêðîòðåùèí (n), øò. 63 76

Ñðåäíåå çíà÷åíèå øèðèíû ìèêðîòðåùèí ðàçãðóæåííîãî
îáðàçöà (b), ìêì

55 20

Óäëèíåíèå çà ñ÷åò ìèêðîòðåùèíîîáðàçîâàíèÿ (n´b), ìì 3,465 1,52



Äîïîëíèòåëüíî ê óêàçàííîìó ðàíåå, êðåïëåíèå ãîðíûõ âûðàáîòîê ìîæåò
áûòü îäíîé èç âàæíåéøèõ îáëàñòåé ïðèìåíåíèÿ ïîäîáíûõ êîìïîçèòîâ. Ïðè
èñïîëüçîâàíèè äèñïåðñíî-àðìèðîâàííîãî òîðêðåò-áåòîíà äëÿ êðåïëåíèÿ ãîð-
íîé âûðàáîòêè åãî ýôôåêòèâíîñòü â óñëîâèÿõ ñëîæíîãî íàãðóæåíèÿ îáäåëêè
îáóñëîâëåíà èçîòðîïíîñòüþ äåôîðìàöèîííî-ìåõàíè÷åñêèõ ñâîéñòâ ìàòå-
ðèàëà ïðè îáúåìíîì àðìèðîâàíèè [14, 15].

Âûâîäû. Òàêèì îáðàçîì, ñîäåðæàíèå â òîíêîçåðíèñòîé öåìåíòèðóþùåé
ìàòðèöå ñèíòåòè÷åñêîé ìèêðîôèáðû íà îñíîâå ïîëèýòèëåíà âûñîêîé ïëîò-
íîñòè èëè áåíçîêñàçîëà â êîëè÷åñòâå 2 % îò îáúåìà ñïîñîáíî îáåñïå÷èòü äå-
ôîðìàöèîííîå óïðî÷íåíèå êîìïîçèòà ïðè åãî ïëàñòè÷åñêîì äåôîðìèðîâà-
íèè. Ñâîéñòâî äåôîðìàöèîííîãî óïðî÷íåíèÿ ôèáðîêîìïîçèòà ãèäðàòàöèîí-
íîãî òâåðäåíèÿ ìîæíî îïðåäåëèòü êàê ïîâûøåíèå ñîïðîòèâëåíèÿ ìàòåðèàëà
ïðè ïëàñòè÷åñêîé äåôîðìàöèè, ñîïðîâîæäàþùåéñÿ ìèêðîòðåùèíîîáðàçîâà-
íèåì ñ ñîõðàíåíèåì öåëîñòíîñòè ìàòåðèàëà.

Âåëè÷èíà ïëàñòè÷åñêîé äåôîðìàöèè êîìïîçèòà çàâèñèò îò øèðèíû ðàñ-
êðûòèÿ è êîëè÷åñòâà ìèêðîòðåùèí, à òàêæå îòíîñèòåëüíîãî óäëèíåíèÿ ñàìîé
ìèêðîôèáðû. Íà àáñîëþòíóþ âåëè÷èíó äåôîðìàöèîííîãî óïðî÷íåíèÿ íå-
çíà÷èòåëüíîå âëèÿíèå îêàçûâàþò ìåõàíè÷åñêèå ñâîéñòâà ñèíòåòè÷åñêîé
ìèêðîôèáðû, à èìåííî òàêèå ôàêòîðû, êàê ïðåäåë ïðî÷íîñòè ïðè îäíîîñíîì
ðàñòÿæåíèè, ìîäóëü óïðóãîñòè, à òàêæå ïðî÷íîñòü êîíòàêòíîé çîíû ìåæäó
ìàòðèöåé è ôèáðîé, îáóñëîâëåííàÿ âåëè÷èíîé ñìà÷èâàíèÿ ïîâåðõíîñòè ôèá-
ðû. Áåçóñëîâíî, òðåáóåòñÿ ïðîäîëæåíèå èññëåäîâàíèé, íàïðàâëåííûõ íà âû-
ÿâëåíèå êëþ÷åâûõ ôàêòîðîâ, îïðåäåëÿþùèõ âåëè÷èíó äåôîðìàöèîííîãî óï-
ðî÷íåíèÿ.

Ñïèñîê èñòî÷íèêîâ

1. Ïóõàðåíêî Þ.Â., Ìîðîçîâ Â.È., Ïàíòåëååâ Ä.À., Æàâîðîíêîâ Ì.È. Äèàãðàììû
ðàçðóøåíèÿ öåìåíòíûõ êîìïîçèòîâ, àðìèðîâàííûõ àìîðôíîìåòàëëè÷åñêîé ôèá-
ðîé // Ýêñïåðò: òåîðèÿ è ïðàêòèêà. 2020. ¹ 3. Ñ. 50–55.

2. Ïóõàðåíêî Þ.Â., Æàâîðîíêîâ Ì.È., Ïàíòåëååâ Ä.À. Ñîâåðøåíñòâîâàíèå ìåòîäîâ
îïðåäåëåíèÿ ñèëîâûõ è ýíåðãåòè÷åñêèõ õàðàêòåðèñòèê òðåùèíîñòîéêîñòè ôèáðî-
áåòîíà // Âåñòíèê ÌÃÑÓ. 2019. Ò. 14, ¹ 3. Ñ. 301–310.

3. Ïåòðîâ Ä.Í. Îïðåäåëåíèå ïðî÷íîñòíûõ ïîêàçàòåëåé áåòîíîâ ñ ïîëèìåðíîé ôèá-
ðîé // Çàïèñêè Ãîðíîãî èíñòèòóòà. 2013. Ò. 204. Ñ. 236–239.

4. Belyakov N., Smirnova O., Alekseev A., Tan H. Numerical simulation of the mechanical
behavior of fiber-reinforced cement composites subjected dynamic loading // Applied
sciences. 2021. Vol. 11, no. 3. P. 1112.

5. Ïóõàðåíêî Þ.Â., Àõìåòîâ Ä.À., Ìîðîçîâ Â.È., Êîñòðèêèí Ì.Ï. Ýôôåêòèâíîñòü
èñïîëüçîâàíèÿ íèçêîìîäóëüíûõ ñèíòåòè÷åñêèõ âîëîêîí â ñîñòàâå àýðîäðîìíûõ
ïëèò // ALITinform: Öåìåíò. Áåòîí. Ñóõèå ñìåñè. 2021. ¹ 3. Ñ. 42–52.

6. Heravi A.A., Mechtcherine V., Smirnova O. Effect of strain rate and fiber type on tensile
behavior of high-strength strain-hardening cement-based composites (HS-SHCC) //
RILEM Bookseries. 2018. Vol. 15. P. 266–274.

7. Ïóõàðåíêî Þ.Â. Íàó÷íûå è ïðàêòè÷åñêèå îñíîâû ôîðìèðîâàíèÿ ñòðóêòóðû è
ñâîéñòâ ôèáðîáåòîíîâ: Àâòîðåô. äèñ. … ä-ðà òåõí. íàóê. ÑÏá., 2004. 46 ñ.

8. Êîðîòêèõ Ä.Í., ×åðíûøîâ Å.Ì. Êðèòåðèàëüíàÿ îöåíêà êîíñòðóêöèîííîãî ïîòåí-
öèàëà è òåõíèêî-ýêîíîìè÷åñêîé ýôôåêòèâíîñòè ñîâðåìåííûõ öåìåíòíûõ áåòî-
íîâ // Òåõíîëîãèè áåòîíîâ. 2016. ¹ 1-2. Ñ. 49–52.

Building materials and products

20



9. ×åðíûøîâ Å.Ì., Êîðîòêèõ Ä.Í. Îïðåäåëÿþùèå ñîîòíîøåíèÿ ïîêàçàòåëåé ñîïðî-
òèâëåíèÿ ðàçðóøåíèþ öåìåíòíûõ áåòîíîâ è ïàðàìåòðîâ èõ ñòðóêòóðû // Ñòðîè-
òåëüñòâî è ðåêîíñòðóêöèÿ. 2015. ¹ 2. Ñ. 167–174.

10. Ïóõàðåíêî Þ.Â., Ïàíòåëååâ Ä.À., Æàâîðîíêîâ Ì.È. Àíàëèç ïîâåäåíèÿ ôèáðîáå-
òîíà, àðìèðîâàííîãî ðàçëè÷íûìè âèäàìè ôèáðû, ïîä íàãðóçêîé // Ôóíäàìåí-
òàëüíûå, ïîèñêîâûå è ïðèêëàäíûå èññëåäîâàíèÿ ÐÀÀÑÍ ïî íàó÷íîìó îáåñïå÷å-
íèþ ðàçâèòèÿ àðõèòåêòóðû, ãðàäîñòðîèòåëüñòâà è ñòðîèòåëüíîé îòðàñëè Ðîññèé-
ñêîé Ôåäåðàöèè â 2021 ãîäó: Ñá. íàó÷. òð. ÐÀÀÑÍ. Ò. 2. Ì.: Èçä-âî ÀÑÂ, 2022.
Ñ. 358–363.

11. Ñìèðíîâà Î.Ì., Õàðèòîíîâ À.Ì., Êàçàíñêàÿ Ë.Ô. Òåõíîëîãè÷åñêèå àñïåêòû ïðè-
ãîòîâëåíèÿ ðàñòâîðíûõ ñìåñåé âûñîêîíàïîëíåííûõ ïîëèïðîïèëåíîâîé ìèêðî-
ôèáðîé öåìåíòíûõ êîìïîçèòîâ // Áþëëåòåíü ñòðîèòåëüíîé òåõíèêè. 2022. ¹ 8.
Ñ. 26–28.

12. Smirnova O.M. Low-clinker cements with low water demand // Journal of Materials
in Civil Engineering. 2020. Vol. 32, no. 7. P. 06020008.

13. Àõìåòîâ Ä.À., Ïóõàðåíêî Þ.Â., Ðîîò Å.Í., Àõàæàíîâ Ñ.Á. Âëèÿíèå ìåëêîäèñ-
ïåðñíûõ íàïîëíèòåëåé èç òåõíîãåííûõ îòõîäîâ è íèçêîìîäóëüíîãî ôèáðîâîëîê-
íà íà óäîáîóêëàäûâàåìîñòü ñàìîóïëîòíÿþùèõñÿ áåòîíîâ // Âåñòíèê ãðàæäàí-
ñêèõ èíæåíåðîâ. 2021. ¹ 5. Ñ. 102–108.

14. Òóëèí Ï.Ê., Î÷êóðîâ Â.È., Øóáèí À.À., Ñîòíèêîâ Ð.Î. Ìåòîäèêà îïðåäåëåíèÿ
ñâîéñòâ äèñïåðñíî-àðìèðîâàííîãî áåòîíà // Ãîðíûé èíôîðìàöèîííî-àíàëèòè÷å-
ñêèé áþëëåòåíü. 2021. ¹ 8. Ñ. 129–14.

15. Êàðàñåâ Ì.À., Ñîòíèêîâ Ð.Î. Ïðîãíîç íàïðÿæåííîãî ñîñòîÿíèÿ íàáðûçã-áåòîí-
íîé êðåïè ïðè ìíîãîêðàòíîì ñåéñìè÷åñêîì âîçäåéñòâèè // Çàïèñêè Ãîðíîãî èí-
ñòèòóòà. 2021. Ò. 251, ¹ 5. Ñ. 626–638.

References

1. Pukharenko Yu.V., Morozov V.I., Panteleev D.A., Zhavoronkov M.I. Diagrams of
destruction of cement composites reinforced with amorphous metallic fiber. Ekspert:

teoriya i praktika = Expert: theory and practice. 2020; (3): 50–55. (In Russ.).
2. Pukharenko Yu.V., Zhavoronkov M.I., Panteleev D.A. Improvement of methods for

determining the strength and energy characteristics of the crack resistance of fibroblast.
Vestnik MGSU = Bulletin of MGSU. 2019; 14 (3): 301–310. (In Russ.).

3. Petrov D.N. Determination of strength indicators of concrete with polymer fiber. Zapiski

Gornogo instituta = Notes of the Mining Institute. 2013; (204): 236–239. (In Russ.).
4. Belyakov N., Smirnova O., Alekseev A., Tan H. Numerical simulation of the mechanical

behavior of fiber-reinforced cement composites subjected dynamic loading. Applied

Sciences. 2021; 11(3): 1112.
5. Pukharenko Yu.V., Akhmetov D.A., Morozov V.I., Kostrikin M.P. Efficiency of using

low-modulus synthetic fibers as part of airfield plates. ALITinform: Tsement. Beton.

Sukhie smesi = ALITinform: Cement. Concrete. Dry mixes. 2021; (3): 42–52. (In Russ.).
6. Heravi A.A., Mechtcherine V., Smirnova O. Effect of strain rate and fiber type on tensile

behavior of high-strength strain-hardening cement-based composites (HS-SHCC).
RILEM Bookseries. 2018; (15): 266–274.

7. Pukharenko Yu.V. Scientific and practical foundations of the formation of the structure
and properties of fiber-reinforced concrete: Abstract diss. ... DSc. St. Petersburg, 2004.
46 p. (In Russ.).

8. Korotkikh D.N., Chernyshov E.M. Criterion assessment of the structural potential and
technical and economic efficiency of modern cement concretes. Tekhnologii betonov =

Concrete technologies. 2016; (1-2): 49–52. (In Russ.).

Ñòðîèòåëüíûå ìàòåðèàëû è èçäåëèÿ

21



9. Chernyshov E.M., Korotkikh D.N. Determining ratios of indicators of resistance to
destruction of cement concretes and parameters of their structure. Stroitel’stvo i

rekonstruktsiya = Construction and reconstruction. 2015; (2): 167–174. (In Russ.).
10. Pukharenko Yu.V., Panteleev D.A., Zhavoronkov M.I. Analysis of the behavior of fiber

reinforced concrete reinforced with various types of fiber under load. Fundamental,
exploratory and applied research of the RAASN on scientific support for the
development of architecture, urban planning and the construction industry of the
Russian Federation in 2021: Collection of scientific papers of the RAASN. Vol. 2.
Moscow, 2022. P. 358–363. (In Russ.).

11. Smirnova O.M., Kharitonov A.M., Kazanskaya L.F. Technological aspects of the
preparation of mortar mixtures of highly filled polypropylene microfiber cement
composites. Byulleten’ stroitel’noy tekhniki = Bulletin of Construction Machinery.
2022; (8): 26–28. (In Russ.).

12. Smirnova O.M. Low-clinker cements with low water demand. Journal of Materials in

Civil Engineering. 2020; 32(7): 06020008.
13. Akhmetov D.A., Pukharenko Yu.V., Root E.N., Akhazhanov S.B. The influence of

fine-grained fillers from man-made waste and low-modulus fiber on the workability
of  self-compacting concrete. Vestnik grazhdanskikh inzhenerov = Bulletin of Civil

Engineers. 2021; (5): 102–108. (In Russ.).
14. Tulin P.K., Ochkurov V.I., Shubin A.A., Sotnikov R.O. Methodology for determining

the properties of dispersed reinforced concrete. Gornyy informatsionno-analiticheskiy

byulleten’ = Mining information and Analytical bulletin. 2021; (8): 129–141. (In
Russ.).

15. Karasev M.A., Sotnikov R.O. Forecast of the stress state of the spray-concrete support
under repeated seismic impact. Zapiski Gornogo instituta = Notes of the Mining

Institute. 2021; 251(5): 626–638. (In Russ.).

Èíôîðìàöèÿ îá àâòîðàõ
Î.Ì. Ñìèðíîâà – êàíäèäàò òåõíè÷åñêèõ íàóê, äîöåíò, smirnovaolgam@rambler.ru
À.Ì. Õàðèòîíîâ – äîêòîð òåõíè÷åñêèõ íàóê, äîöåíò, peepdv@mail.ru

Information about the authors
Î.M. Smirnova – PhD, Ass. Professor, smirnovaolgam@rambler.ru
A.M. Kharitonov – DSc, Ass.Professor, peepdv@mail.ru

Âêëàä àâòîðîâ: âñå àâòîðû ñäåëàëè ýêâèâàëåíòíûé âêëàä â ïîäãîòîâêó ïóáëèêàöèè.
Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà èíòåðåñîâ.
Contribution of the authors: the authors contributed equally to this article. The authors
declare no conflicts of interests.

Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 14.08.2022 The article was submitted 14.08.2022
Îäîáðåíà ïîñëå ðåöåíçèðîâàíèÿ 14.09.2022 Approved after reviewing 14.09.2022
Ïðèíÿòà ê ïóáëèêàöèè 21.09.2022 Accepted for publication 21.09.2022

Building materials and products

22


