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Ýïîêñèäíàÿ ñìîëà — âàæíûé ìîäèôèêàòîð ïðè ïðîèçâîäñòâå ïîëèìåðàñôàëüòîáåòîíà.

Äîáàâëåíèå ýïîêñèäíûõ ñìîë ê áèòóìó ïîçâîëÿåò óâåëè÷èòü òðåùèíîñòîéêîñòü, ñäâèãî-

óñòîé÷èâîñòü è äîëãîâðåìåííóþ ïðî÷íîñòü àñôàëüòîáåòîíà. Îäíàêî ïðîèçâîäñòâî ïîëè-

ìåðàñôàëüòîáåòîíà äîðîæå àñôàëüòîáåòîíà ââèäó áîëüøîãî îáúåìà äîáàâêè íà îñíîâå ýïî-

êñèäíûõ ñìîë. Ãèïåððàçâåòâëåííûå ïîëèìåðû (ÃÐÏ) ñ ýïîêñèäíûìè êîíöåâûìè ãðóïïà-

ìè îáðàçóþò ïðè îòâåðæäåíèè âûñîêîðàçâåòâëåííóþ ïðîñòðàíñòâåííóþ ñòðóêòóðó, èõ

ïðèìåíåíèå â êà÷åñòâå àêòèâíîãî ìîäèôèêàòîðà â ñîñòàâå áèòóìà ïðèâîäèò ê ôîðìèðîâà-

íèþ äîïîëíèòåëüíûõ ïðîñòðàíñòâåííûõ ñåòåé àðìèðîâàíèÿ â àñôàëüòîáåòîíå, ÷òî ïîçâî-

ëÿåò ïðè ìàëîì îáúåìå ìîäèôèêàòîðà óñèëèòü ýôôåêòû, äîñòèãíóòûå ïðè èñïîëüçîâàíèè

ýïîêñèäíûõ ñìîë, à òàêæå ïîâûñèòü óäàðíóþ âÿçêîñòü àñôàëüòîáåòîíà, âëàãîñòîéêîñòü,

òîïëèâîñòîéêîñòü è òåìïåðàòóðíóþ ñòàáèëüíîñòü. Öåëü ðàáîòû — ýêñïåðèìåíòàëüíîå èñ-

ñëåäîâàíèå ìåõàíè÷åñêèõ ñâîéñòâ àñôàëüòîáåòîíà ñ áèòóìîì, ìîäèôèöèðîâàííûì ÃÐÏ.

Äîáàâêó íà îñíîâå äîñòóïíîãî â ïðîìûøëåííîì ìàñøòàáå ÃÐÏ âíîñèëè â êà÷åñòâå ìî-

äèôèêàòîðà â îòíîñèòåëüíî íèçêèõ äîëÿõ — 3, 5 è 8 % ìàññ. îò ìàññû áèòóìà. Îïðåäåëÿëè

òàêèå ìåõàíè÷åñêèå ñâîéñòâà àñôàëüòîáåòîíà, êàê ìîäóëü óïðóãîñòè, ïðî÷íîñòü ïðè ñæà-

òèè, ïðî÷íîñòü íà ðàñòÿæåíèå ïðè ðàñêîëå, ñäâèãîóñòîé÷èâîñòü, îñòàòî÷íóþ ïðî÷íîñòü íà

ñæàòèå ïîñëå ìàëîöèêëîâîãî íàãðóæåíèÿ, êîýôôèöèåíò îñòàòî÷íîé ïðî÷íîñòè íà ñæàòèå,

à òàêæå ïðåäåëüíîå îòíîñèòåëüíîå ñæàòèå. Óñòàíîâëåíî, ÷òî àñôàëüòîáåòîí ñ ìîäèôèöèðî-

âàííûì áèòóìîì îáëàäàåò ëó÷øèìè õàðàêòåðèñòèêàìè, ÷åì èñõîäíûé àñôàëüòîáåòîí,

äàæå ïðè íèçêèõ äîëÿõ ìîäèôèêàòîðà. Ìîäóëü óïðóãîñòè è ïðî÷íîñòü íà ñæàòèå òåñíî

âçàèìîñâÿçàíû è ïðè ôîðìèðîâàíèè ñêåëåòà àðõèòåêòóðû ñâÿçåé â áèòóìå ðàñòóò ïðàêòè-

÷åñêè ëèíåéíî ñ óâåëè÷åíèåì ñîäåðæàíèÿ ÃÐÏ, ïîâûøàÿñü ñîîòâåòñòâåííî íà 9,0 è 17,7 %

äëÿ îáðàçöîâ ñ ñîäåðæàíèåì 8 % ìàññ. ýïîêñèäíîãî ìîäèôèêàòîðà. Ïðè ýòîì àñôàëüòîáå-

òîí ñòàíîâèòñÿ áîëåå ïëàñòè÷åí; ïðåäåëüíîå îòíîñèòåëüíîå ñæàòèå óâåëè÷èâàåòñÿ ñ 2,75 äî

3,5 % è ñóùåñòâåííî íå çàâèñèò îò êîëè÷åñòâà ÃÐÏ. Ïðåäåë ïðî÷íîñòè íà ðàñòÿæåíèå ïðè

ðàñêîëå ñíèæàåòñÿ ïî ìåðå ïîâûøåíèÿ äîëè ýïîêñèäíîãî ìîäèôèêàòîðà, ÷òî îæèäàåìî ñî-

ãëàñíî èìåþùèìñÿ â ëèòåðàòóðå äàííûì. Ïðè ýòîì ïëàñòè÷íîñòü àñôàëüòîáåòîíà çíà÷è-

òåëüíî óëó÷øàåòñÿ, äîñòèãàÿ ïðåäåëüíîé äåôîðìàöèè 1,8 % ïðè 5 % ìàññ. ìîäèôèêàòîðà.

Ïðè ýòîé æå äîëå ìîäèôèêàòîðà íàáëþäàåòñÿ ñàìàÿ âûñîêàÿ ïðî÷íîñòü íà ñäâèã —

0,48 ÌÏà. Ñ óâåëè÷åíèåì ìàññîâîé äîëè ýïîêñèäíîãî ìîäèôèêàòîðà ñíèæàåòñÿ óïëîòíå-

íèå ïðè äåéñòâèè ìàëîöèêëîâîãî íàãðóæåíèÿ; êîýôôèöèåíò îñòàòî÷íîé ïðî÷íîñòè êàê îò-

íîøåíèå îñòàòî÷íîé ïðî÷íîñòè íà ñæàòèå ïîñëå ìàëîöèêëîâîé óñòàëîñòè ê ñòàòè÷åñêîé

ïðî÷íîñòè íà ñæàòèå ñòðåìèòñÿ ê åäèíèöå äëÿ àñôàëüòîáåòîíà, òàêæå ìîäèôèöèðîâàííîãî

5 % ìàññ. ÃÐÏ. Òàêèì îáðàçîì, îïòèìàëüíûé ðåçóëüòàò äîñòèãàåòñÿ ïðè ââåäåíèè â áèòóì

5 % ìàññ. ýïîêñèäíîãî ÃÐÏ ìîäèôèêàòîðà.
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An epoxy resin is an important modifier in the production of polymer asphalt concretes; adding epoxy res-

ins to bitumen increases the crack resistance, shear resistance, and the long-term strength of the final

product. However, polymer asphalt concrete production is chargeable compared to that of traditional as-

phalt concrete due to high fraction of epoxy introduced. Hyperbranched polymers (HBP) with epoxy end

groups form a highly branched spatial network at curing, their application as an active modifier in bitu-

men composition leads to the formation of additional spatial reinforcement architectures in asphalt con-

crete, which allows to strengthen the effects achieved by epoxy resins, as well as to increase impact tough-

ness, moisture resistance, fuel resistance, and temperature stability of asphalt concrete at low fraction of

the modifier. We present an experimental study of the mechanical properties of asphalt concrete with a bi-

tumen modified by a hyperbranched polymer. The bitumen was modified with relatively low fractions (3,

5, and 8 wt.%) of the hyperbranched epoxy resin. The mechanical properties of asphalt concrete were

characterized with the modulus of elasticity, compressive strength, tensile strength at break, shear

strength, residual compressive strength after low-cycle loading, coefficient of residual compressive

strength, and the ultimate percent compression. The results demonstrated that asphalt concrete with

modified bitumen has improved characteristics compared to the original asphalt concrete, even at low

fractions of the modifier. The elastic modulus and compressive strength are closely bound and, during the

formation of the architecture of links in bitumen, increase almost linearly with an increase of hyper-

branched modifier fraction, achieving an improvement of 9.0 and 17.7%, respectively, for samples with

8 wt.% of epoxy modifier. At the same time, asphalt concrete becomes more ductile; the ultimate percent

compression increases from 2.75 to 3.5% and does not depend significantly on the amount of hyper-

branched polymer. The tensile strength at break decreases as the fraction of an epoxy modifier increases,

which is consistent with the literature data. However, the ductility of asphalt concrete is significantly im-

proved, reaching the ultimate percent deformation of 1.8% at 5 wt.% of the modifier. At the same fraction

of the modifier, the highest shear strength of 0.48 MPa is achieved. With an increase in the mass fraction

of the epoxy modifier, the compaction under low-cycle loading decreases; the residual strength coefficient,

as the ratio of the residual compressive strength after low-cycle fatigue to the static compressive strength,

tends to unity for asphalt concrete, also modified with 5 wt.% of hyperbranched polymer. Thus, the best

result, as a compromise of all factors under study, is achieved when 5 wt.% of epoxy hyperbranched modi-

fier is introduced into the bitumen.

Keywords: epoxy asphalt concrete; hyperbranched polymer; modified bitumen; mechanical charac-

teristics.

Ââåäåíèå

Ïîâûøåíèå èíòåíñèâíîñòè äâèæåíèÿ, íàãðó-

çîê íà ñîâðåìåííûå äîðîãè, à òàêæå çàòðàò íà èõ

ñîäåðæàíèå òðåáóåò ðàçðàáîòêè äîëãîâå÷íûõ äî-

ðîæíûõ ïîêðûòèé. Ìîäèôèêàöèÿ áèòóìà ïîëè-

ìåðàìè ïîçâîëÿåò èñêëþ÷èòü òèïè÷íûå íåäîñ-

òàòêè àñôàëüòîáåòîíà, òàêèå êàê êîëåéíîñòü,

íèçêîòåìïåðàòóðíîå ðàñòðåñêèâàíèå è ïð. Óâå-

ëè÷åíèå ñðîêà ñëóæáû äîðîæíûõ ïîêðûòèé ïðè-

âîäèò ê ñóùåñòâåííîìó ýêîíîìè÷åñêîìó ïðåèìó-

ùåñòâó [1]. Ïîýòîìó ðàçðàáîòêà íîâûõ èçíîñî-

ñòîéêèõ äîðîæíûõ ïîêðûòèé ÿâëÿåòñÿ àêòóàëü-

íîé çàäà÷åé [2].

Èññëåäîâàíèÿ ïîêàçàëè, ÷òî ìîäèôèêàöèÿ

áèòóìà ýïîêñèäíûìè ñìîëàìè ñîçäàåò óñòîé÷è-

âóþ òðåõìåðíóþ ñêåëåòíóþ ñøèâàþùóþ ñòðóêòó-

ðó, ñóùåñòâåííî èçìåíÿþùóþ åãî ñâîéñòâà [1, 3 –

5]. Ïðèãîòîâëåííûé òàêèì îáðàçîì àñôàëüòî-

áåòîí äåìîíñòðèðóåò ïðåâîñõîäíóþ òåìïåðàòóð-

íóþ ñòàáèëüíîñòü, ñîïðîòèâëåíèå ñêîëüæåíèþ,

òîïëèâîñòîéêîñòü, äîëãîâå÷íîñòü è äëèòåëüíóþ

âëàãîñòîéêîñòü äàæå â ñóðîâûõ êëèìàòè÷åñêèõ

óñëîâèÿõ è ïðè íàãðóçêàõ [2, 6 – 10]. Îäíàêî ïðè-

ìåíåíèå ïîëèìåðàñôàëüòîáåòîíîâ îãðàíè÷åíî èõ

ñòîèìîñòüþ ââèäó íåîáõîäèìîñòè âíåñåíèÿ áîëü-

øîé äîëè äîáàâêè íà îñíîâå ýïîêñèäíûõ ñìîë.

Ãèïåððàçâåòâëåííûå ïîëèìåðû (ÃÐÏ) èìåþò

ñèëüíî ðàçâåòâëåííóþ ñòðóêòóðó, ìíîæåñòâî

ôóíêöèîíàëüíûõ êîíöåâûõ ãðóïï è íèçêóþ âÿç-

êîñòü [11]. Èõ ïðèìåíÿþò ïðè ìîäèôèêàöèè òåð-

ìîðåàêòèâíûõ ñìîë äëÿ óëó÷øåíèÿ èõ ìåõàíè÷å-

ñêèõ ñâîéñòâ [12], â òîì ÷èñëå ïðî÷íîñòè íà ðàñ-

òÿæåíèå è óäàðíîé âÿçêîñòè [13 – 16]. Ðàíåå

áûëî ïîêàçàíî, ÷òî ìåõàíè÷åñêèå ñâîéñòâà ýïîê-

ñèäíîãî àñôàëüòîáåòîíà, â ÷àñòíîñòè îòíîñèòåëü-

íîå ïðåäåëüíîå óäëèíåíèå, ìîæíî óëó÷øèòü ïó-

òåì ââåäåíèÿ ÃÐÏ â àñôàëüòîáåòîííóþ ñìåñü.

Ýòî ñîçäàåò ïëîòíóþ òðåõìåðíóþ (3D) âåòâÿùóþ-

ñÿ àðõèòåêòóðó è ïîçâîëÿåò ãîìîãåíèçèðîâàòü

ñòðóêòóðó àñôàëüòîáåòîíà [17, 18], ÷òî îñîáåííî

âàæíî äëÿ ïðèìåíåíèÿ ïðè íèçêèõ òåìïåðàòó-

ðàõ, êîãäà ïðèîáðåòåííàÿ õðóïêîñòü çíà÷èòåëüíî

óõóäøàåò õàðàêòåðèñòèêè àñôàëüòîáåòîíà. Â

[17, 18] îòìå÷åíî, ÷òî äîáàâëåíèå ÃÐÏ îáðàçóåò

ðåçèíîïîäîáíóþ ñåòêó, êîòîðàÿ ïðè íåçíà÷èòåëü-

íîì óõóäøåíèè ïðî÷íîñòè íà ðàñòÿæåíèå çíà÷è-

òåëüíî ïîâûøàåò òðåùèíîñòîéêîñòü è îòíîñè-

òåëüíîå ïðåäåëüíîå óäëèíåíèå, ïîçâîëÿÿ àñôàëü-

òîáåòîíó ïðîòèâîñòîÿòü áîëåå ñèëüíûì äåôîðìà-

öèÿì. Îäíàêî òàêóþ êàðòèíó àâòîðû íàáëþäàëè

äëÿ àñôàëüòîáåòîíà ñ âûñîêèì ñîäåðæàíèåì

ýïîêñèäíîé ñìîëû, ïðèìåíåíèå êîòîðîãî ëèìè-

òèðîâàíî åãî ñòîèìîñòüþ è õðóïêîñòüþ.

Öåëü äàííîé ðàáîòû — èññëåäîâàíèå âîç-

ìîæíîñòè ñîêðàùåíèÿ ðàñõîäîâ íà ïîëó÷åíèå

àñôàëüòîáåòîíà ïóòåì âíåñåíèÿ â àñôàëüòî-
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áåòîííóþ ñìåñü íåáîëüøèõ êîëè÷åñòâ ÃÐÏ.

Èññëåäîâàëè ìåõàíè÷åñêèå ñâîéñòâà àñôàëüòî-

áåòîíà, ïîëó÷åííîãî ìîäèôèêàöèåé áèòóìà ãè-

ïåððàçâåòâëåííîé ýïîêñèäíîé ñìîëîé, âíîñèìîé

â îòíîñèòåëüíî íèçêèõ äîëÿõ. Â öåëÿõ ïîëó÷åíèÿ

äîñòîâåðíûõ ðåçóëüòàòîâ ðàçìåð îáðàçöîâ [19]

è ìåòîäèêó èññëåäîâàíèé [20] èñïîëüçîâàëè â

ñîîòâåòñòâèè ñ äåéñòâóþùèìè ðîññèéñêèìè ñòàí-

äàðòàìè.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ

Áàçîâûé ìàòåðèàë äëÿ îáðàçöîâ — áèòóì

ìàðêè ÁÍÄ 60/90 («Ðîñíåôòü», Ðîññèÿ) (òàáë. 1).

Äëÿ ìîäèôèêàöèè áèòóìà âûáèðàëè ýïîêñèäíóþ

ñìîëó CM601Rx75 («ÍÎÐÒÅÊÑ», Ðîññèÿ) è îò-

âåðäèòåëü ITAMID B70X (Chemicals Coatings,

Ðîññèÿ) (ñì. òàáë. 1). Âûáîð ýïîêñèäíîé äîáàâêè

îáóñëîâëåí åå ýêîíîìè÷åñêîé ýôôåêòèâíîñòüþ è

äîñòóïíîñòüþ íà ðûíêå â ïðîìûøëåííûõ ìàñ-

øòàáàõ. Â êà÷åñòâå ìèíåðàëüíûõ çàïîëíèòåëåé

äëÿ èçãîòîâëåíèÿ àñôàëüòîáåòîíà èñïîëüçîâàëè

ãðàíèòíûé ùåáåíü, ðå÷íîé ïåñîê è ãðàíèòíûé

ìèíåðàëüíûé ïîðîøîê ïðîèçâîäñòâà «Íåðóä-

Ñòðîé-Ì» (Ðîññèÿ) (òàáë. 2).

Áûëî ðàçðàáîòàíî ÷åòûðå âèäà àñôàëüòî-

áåòîííûõ ñìåñåé (E0, E3, E5, E8) ñ ó÷åòîì ðåêî-

ìåíäàöèé ÃÎÑÒ 9128–2013 (ñì. òàáë. 2). Äëÿ

ñóøêè ìèíåðàëüíûõ íàïîëíèòåëåé è ïîääåðæà-

íèÿ ôèêñèðîâàííîé òåìïåðàòóðû èñïîëüçîâàëè

ñóøèëüíûé øêàô SNOL 200/200 (SnolTherm,

Ëèòâà). Ñìåñèòåëü ËÑ-ÀÁ-10 (Íîâîå Äåëî, Ðîñ-

ñèÿ) ïðèìåíÿëè äëÿ èçãîòîâëåíèÿ àñôàëüòî-

áåòîííûõ ñìåñåé.

Ïîäãîòîâëåííóþ àñôàëüòîáåòîííóþ ñìåñü çà-

ãðóæàëè â öèëèíäðè÷åñêóþ ôîðìó ñ âíóòðåííèì

äèàìåòðîì d = 71,4 ìì è óïëîòíÿëè ïðåññîì

(ÒÏÊ ÂÍÈÈÐ, Ðîññèÿ) ïðè äàâëåíèè 40 ±

± 0,5 ÌÏà. Ó÷èòûâàÿ âëèÿíèå âðåìåíè ïîëèìå-

ðèçàöèè ýïîêñèäíûõ ìàòåðèàëîâ íà ìåõàíè-

÷åñêèå õàðàêòåðèñòèêè [21, 22], âñå îáðàçöû âû-

äåðæèâàëè â òå÷åíèå îäèíàêîâîãî âðåìåíè ïå-

ðåä ïðîâåäåíèåì èñïûòàíèé. Ïîñëå ïÿòè äíåé

îòâåðæäåíèÿ àñôàëüòîáåòîíà ïðè òåìïåðàòóðå

25 °C ïðîâîäèëè ìåõàíè÷åñêèå èñïûòàíèÿ ñî-

ãëàñíî ÃÎÑÒ 12801 íà ìàøèíå INSTRON 5969

(Instron, ÑØÀ). Îïðåäåëÿëè ìîäóëü óïðóãîñòè

EC , ïðî÷íîñòü íà ñæàòèå SC , ïðî÷íîñòü íà ðàñ-

òÿæåíèå ïðè ðàñêîëå ST , ïðî÷íîñòü íà ñäâèã SS ,

îñòàòî÷íóþ ïðî÷íîñòü íà ñæàòèå ïîñëå ìàëîöèê-

ëîâîé óñòàëîñòè SP , êîýôôèöèåíò îñòàòî÷íîé

ïðî÷íîñòè íà ñæàòèå kP , à òàêæå îòíîñèòåëüíûå

ïðåäåëüíûå ñæàòèÿ äC è äT .

Äëÿ èñïûòàíèÿ íà ïðî÷íîñòü ïðè ñæàòèè è

íà îñòàòî÷íóþ ïðî÷íîñòü ïðè ñæàòèè ïîñëå ìàëî-

öèêëîâîé óñòàëîñòè [23 – 24] îáðàçöû òåðìîñòà-

áèëèçèðîâàëè ïðè òåìïåðàòóðå 50 °C â òå÷åíèå

120 ìèí. Ïîñëå ýòîãî ïðè ñêîðîñòÿõ ñæàòèÿ 3 è

50 ìì/ìèí ñîîòâåòñòâåííî èõ èñïûòûâàëè ïî ñõå-
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Òàáëèöà 1. Ñâîéñòâà áèòóìà è ýïîêñèäíîé äîáàâêè

Table 1. Manufacturer’s properties of bitumen and epoxy

Ìàòåðèàë Ñâîéñòâà Çíà÷åíèå

ÁÍÄ 60/90 (ÃÎÑÒ 22245–90) Òåìïåðàòóðà ðàçìÿã÷åíèÿ, °C 47

Ïëàñòè÷íîñòü ïðè 25 °C "55

Òåìïåðàòóðà âîñïëàìåíåíèÿ, °C 230

Ýïîêñèäíàÿ ñìîëà SM601Rx75 Âÿçêîñòü, ÌÏà · ñ 8000 – 15000

Îòâåðäèòåëü ITAMID B70X Âÿçêîñòü ïðè 25 °C, ÌÏà · ñ 800 – 1500

Ïëîòíîñòü ïðè 20 °C, ã/ñì3 0,939

Òàáëèöà 2. Êîìïîíåíòû àñôàëüòîáåòîííûõ ñìåñåé, % ìàññ.

Table 2. Asphalt concrete mixtures, %

Ìàòåðèàë Ðàçìåð ñèòà, ìì E0 E3 E5 E8

Ùåáåíü Ì-1400 (ÃÎÑÒ 8267–93) 15 35

10 15

7,5 10

5 15

3 15

Ïåñîê Ì-800 (ÃÎÑÒ 8736 – 2014) 0,63 15

Ìèíåðàëüíûé ïîðîøîê Ì-400 (ÃÎÑÒ 8267–93) 0,315 5

Áèòóì — 5 4,85 4,75 4,6

Ýïîêñèäíàÿ äîáàâêà — 0 0,15 0,25 0,4



ìå, ïðåäñòàâëåííîé íà ðèñ. 1, à. Äëÿ îïðåäåëå-

íèÿ ïðåäåëà ïðî÷íîñòè íà ðàñòÿæåíèå ïðè ðàñêî-

ëå îáðàçöû òåðìîñòàáèëèçèðîâàëè ïðè òåìïåðà-

òóðå 0 °C â òå÷åíèå 120 ìèí. Çàòåì ïðè ñêîðîñòè

äâèæåíèÿ ïëèòû ïðåññà 50 ìì/ìèí ïðîâîäèëè

ñæàòèå ñîãëàñíî ñõåìå íà ðèñ. 1, á. Ïåðåä îöåí-

êîé ñäâèãîóñòîé÷èâîñòè îáðàçöû òàêæå áûëè

òåðìîñòàáèëèçèðîâàíû ïðè òåìïåðàòóðå 50 °C â

òå÷åíèå 120 ìèí. Ñæàòèå îñóùåñòâëÿëè ñ èñïîëü-

çîâàíèåì óñòðîéñòâà Ìàðøàëà ñîãëàñíî ñõåìå

íàãðóçêè, ïîêàçàííîé íà ðèñ. 1, â.

Ðåçóëüòàòû è èõ îáñóæäåíèå

Äëÿ êàæäîãî òèïà àñôàëüòîáåòîííîé ñìåñè

áûëî èçãîòîâëåíî ïî ïÿòíàäöàòü îáðàçöîâ: øåñòü

îáðàçöîâ äëÿ èñïûòàíèÿ íà ñäâèãîóñòîé÷èâîñòü

è ïî òðè îáðàçöà äëÿ äðóãèõ èñïûòàíèé. Âñåãî

ïîëó÷åíî è èññëåäîâàíî 60 îáðàçöîâ àñôàëüòî-

áåòîíà. Ðåçóëüòàòû èñïûòàíèé ïðåäñòàâëåíû â

òàáë. 3.

Íà ðèñ. 2, à ïîêàçàíû òèïè÷íûå äèàãðàììû

äåôîðìèðîâàíèÿ, ïîëó÷åííûå ïðè èñïûòàíèè íà

ñæàòèå, à íà ðèñ. 2, á — óñðåäíåííûå ðåçóëüòàòû

ìîäóëÿ óïðóãîñòè è ïðî÷íîñòè íà ñæàòèå. Âèäíî,

÷òî ìîäóëü óïðóãîñòè è ïðî÷íîñòü íà ñæàòèå

àñôàëüòîáåòîíà òåñíî âçàèìîñâÿçàíû. Ïðè íèç-

êèõ äîëÿõ ÃÐÏ ýôôåêò îò åãî äîáàâëåíèÿ îòðèöà-

òåëüíûé, âåðîÿòíî, èç-çà íåâîçìîæíîñòè ôîðìè-

ðîâàíèÿ ïîëíîöåííîãî ñêåëåòà àðõèòåêòóðû ñâÿ-

çåé â áèòóìå. Ïðè áîëåå âûñîêîì ñîäåðæàíèè

ÃÐÏ õàðàêòåðèñòèêè îáðàçöîâ ñòàáèëèçèðóþòñÿ,

îáåñïå÷èâàÿ ïðàêòè÷åñêè ëèíåéíîå óëó÷øåíèå

ìåõàíè÷åñêèõ ñâîéñòâ ñ ðîñòîì ñîäåðæàíèÿ ÃÐÏ.
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à á
â

Ðèñ. 1. Ñõåìû ïðèëîæåíèÿ íàãðóçêè ïðè èñïûòàíèÿõ íà ñæàòèå (à), íà ðàñòÿæåíèå ïðè ðàñêîëå (á), íà ñäâèãîóñòîé÷è-

âîñòü (â)

Fig. 1. Loading schemes for (a) compression test, (b) tensile test at break, (c) shear test

Òàáëèöà 3. Ìåõàíè÷åñêèå ñâîéñòâà àñôàëüòîáåòîííûõ ñìåñåé

Table 3. Mechanical properties of asphalt concrete mixtures

Ñìåñü E
C

, ÌÏà S
C

, ÌÏà ä
C

, % S
T

, ÌÏà ä
T

, % S
S

, ÌÏà S
P

, ÌÏà k
P

E0 149,54 ± 1,33 2,74 ± 0,23 2,75 ± 1,04 2,39 ± 0,06 1,57 ± 0,09 0,46 ± 0,02 3,07 ± 0,28 1,12 ± 0,14

E3 127,26 ± 20,85 2,34 ± 0,28 3,66 ± 0,39 2,38 ± 0,15 1,53 ± 0,05 0,36 ± 0,01 2,90 ± 0,37 1,24 ± 0,22

E5 140,89 ± 21,47 2,76 ± 0,28 3,62 ± 0,38 2,23 ± 0,16 1,81 ± 0,20 0,48 ± 0,01 2,79 ± 0,26 1,01 ± 0,14

E8 163,02 ± 16,90 3,05 ± 0,23 3,54 ± 0,24 2,18 ± 0,07 1,64 ± 0,20 0,45 ± 0,02 2,73 ± 0,42 0,90 ± 0,16

à á

â

Ðèñ. 2. Ðåçóëüòàòû èñïûòàíèé àñôàëüòîáåòîííûõ ñìåñåé íà ñæàòèå: à — òèïè÷íûå äèàãðàììû äåôîðìèðîâàíèÿ ñìåñåé

E0 – E8; á — çàâèñèìîñòü ìîäóëÿ óïðóãîñòè è ïðî÷íîñòè íà ñæàòèå îò ñîäåðæàíèÿ ÃÐÏ; â — çàâèñèìîñòü îòíîñèòåëüíîãî

ïðåäåëüíîãî ñæàòèÿ îò ñîäåðæàíèÿ ÃÐÏ

Fig. 2. Results of the compressive test of asphalt concrete mixtures: (a) typical compressive loading diagrams, (b)

dependences of the compressive strength and elasticity modulus, as well as (c) ultimate percent compression on the HBP

content



Ïðè ýòîì íàèáîëåå âûñîêèå çíà÷åíèÿ ìîäóëÿ

óïðóãîñòè è ïðî÷íîñòè ïðè ñæàòèè äîñòèãíóòû

äëÿ îáðàçöîâ ñ ñîäåðæàíèåì 8 % ìàññ. ýïîêñèäíî-

ãî ìîäèôèêàòîðà. Â ÷àñòíîñòè, ìîäóëü óïðóãîñòè

è ïðî÷íîñòü íà ñæàòèå ïîâûñèëèñü íà 9,0 è

17,7 % ñîîòâåòñòâåííî (ðèñ. 2, á).

Íà ðèñ. 2, â ïîêàçàíî âëèÿíèå ÃÐÏ íà ïðå-

äåëüíóþ äåôîðìàöèþ àñôàëüòîáåòîíà ïðè ñæà-

òèè. Ïîñëå ââåäåíèÿ ÃÐÏ àñôàëüòîáåòîí ñòàíî-

âèòñÿ áîëåå ïëàñòè÷åí, äàæå ïðè ìàëûõ äîáàâ-

êàõ. Äåôîðìàöèÿ àñôàëüòîáåòîíà óâåëè÷èâàåòñÿ

ñ 2,75 äî 3,5 % è ñóùåñòâåííî íå çàâèñèò îò êîëè-

÷åñòâà ÃÐÏ.

Èç ðåçóëüòàòîâ èñïûòàíèÿ íà ðàñòÿæåíèå

ïðè ðàñêîëå âèäíî, ÷òî ïðåäåë ïðî÷íîñòè àñ-

ôàëüòîáåòîíà ñíèæàåòñÿ ïî ìåðå óâåëè÷åíèÿ

äîëè ýïîêñèäíîãî ìîäèôèêàòîðà (ðèñ. 3, à), êàê è

áûëî ïîêàçàíî â [17, 18]. Ýòîò ýôôåêò ìîæåò

áûòü ñâÿçàí ñ îáðàçîâàíèåì ðåçèíîïîäîáíîé ñåòè

ÃÐÏ, ïðèâîäÿùåé ê áîëåå âûñîêèì çíà÷åíèÿì

äåôîðìàöèè îáðàçöîâ. Ïëàñòè÷íîñòü àñôàëüòî-

áåòîíà çíà÷èòåëüíî óëó÷øàåòñÿ, äîñòèãàÿ ïðå-

äåëüíîé äåôîðìàöèè 1,8 % ïðè 5 % ìàññ. ìîäè-

ôèêàòîðà. Ïðè ýòîì èç-çà ñëîæíîãî íàïðÿæåííî-

äåôîðìèðîâàííîãî ñîñòîÿíèÿ ïðè íàãðóæåíèè

ïåðïåíäèêóëÿðíî îñè öèëèíäðà çíà÷åíèÿ ïðå-

äåëüíîé äåôîðìàöèè ðàñòÿæåíèÿ ïðè ðàñêîëå

ñëîæíî îïðåäåëèòü ýêñïåðèìåíòàëüíî, íî ìîæíî

àïïðîêñèìèðîâàòü êàê ïðîïîðöèîíàëüíûå çíà÷å-

íèÿì äåôîðìàöèè ïðè ñæàòèè — ÷åðåç ïåðåìå-

ùåíèå òðàâåðñû èñïûòàòåëüíîé ìàøèíû

(ðèñ. 3, á).

Íà ðèñ. 3, â ïîêàçàíû ðåçóëüòàòû èñïûòàíèÿ

íà ñäâèãîóñòîé÷èâîñòü. Ïðè íèçêîì ñîäåðæàíèè

ÃÐÏ íàáëþäàåòñÿ óõóäøåíèå ñâîéñòâ ñäâèãî-

óñòîé÷èâîñòè àñôàëüòîáåòîíà èç-çà íå ïîëíîñòüþ

ñôîðìèðîâàííîé ïîëèìåðíîé ñåòè. Ñ ïîâûøåíè-

åì äîëè ÃÐÏ ïðî÷íîñòü íà ñäâèã óëó÷øàåòñÿ. Ñà-

ìàÿ âûñîêàÿ ïðî÷íîñòü íà ñäâèã 0,48 ÌÏà äîñòè-

ãàåòñÿ äëÿ àñôàëüòîáåòîíà, ìîäèôèöèðîâàííîãî

5 % ìàññ. ÃÐÏ.

Äàííûå èñïûòàíèé íà îñòàòî÷íóþ ïðî÷íîñòü

íà ñæàòèå ïîñëå ìàëîöèêëîâîé óñòàëîñòè ïðåä-

ñòàâëåíû íà ðèñ. 4. Ïðî÷íîñòü íà ñæàòèå

(ðèñ. 4, à) ïîñëå öèêëè÷åñêîé íàãðóçêè (êðàñíàÿ

êðèâàÿ) ëåæèò âûøå ñòàòè÷åñêîé ïðî÷íîñòè íà

ñæàòèå (ñèíÿÿ êðèâàÿ). Ýòî ñâèäåòåëüñòâóåò î

ïðîöåññàõ óïëîòíåíèÿ àñôàëüòîáåòîíà ïîä íà-

ãðóçêîé, ñâÿçàííûõ ñ ÿâëåíèÿìè êîëåéíîñòè è

äðóãèìè ïëàñòè÷åñêèìè äåôîðìàöèÿìè äîðîæíî-

ãî ïîêðûòèÿ â ýêñïëóàòàöèè.

Ñ óâåëè÷åíèåì ìàññîâîé äîëè ýïîêñèäíîãî

ìîäèôèêàòîðà çíà÷åíèÿ SC è SP ñáëèæàþòñÿ,

÷òî ñâèäåòåëüñòâóåò î ñíèæåíèè ðîëè óïëîò-

íåíèÿ. Ñëåäîâàòåëüíî, ïðî÷íîñòü àñôàëüòîáå-

òîíà ñ âûñîêèì ñîäåðæàíèåì ÃÐÏ ïðàêòè÷åñêè
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à á â

Ðèñ. 3. Çàâèñèìîñòü ïðî÷íîñòè íà ðàñòÿæåíèå ïðè ðàñêîëå (à), îòíîñèòåëüíîãî ïðåäåëüíîãî ñæàòèÿ ïðè ðàñêîëå (á),

ñäâèãîóñòîé÷èâîñòè (â) îò ñîäåðæàíèÿ ÃÐÏ

Fig. 3. Dependences of the tensile strength at break (a), ultimate percent compression in indirect tension test (b), and shear

strength (c) on the HBP content

à á

Ðèñ. 4. Ðåçóëüòàòû èñïûòàíèé íà ñæàòèå àñôàëüòîáåòîííûõ ñìåñåé: à — èçìåíåíèå ñòàòè÷åñêîé è öèêëè÷åñêîé ïðî÷íî-

ñòè; á — êîýôôèöèåíò îñòàòî÷íîé ïðî÷íîñòè íà ñæàòèå â çàâèñèìîñòè îò ñîäåðæàíèÿ ÃÐÏ

Fig. 4. Results of compressive tests of asphalt concrete mixtures: (a) measurements of the compressive static strength and re-

sidual strength, (b) dependence of the residual compressive strength coefficient on the HBP content



ïîñòîÿííà íà âñåì ñðîêå ýêñïëóàòàöèè è ìàëî

çàâèñèò îò óïëîòíåíèÿ ïðè íàãðóæåíèè. Ýòîò ðå-

çóëüòàò ïîäòâåðæäàåò è êîýôôèöèåíò îñòàòî÷-

íîé ïðî÷íîñòè, ñòðåìÿùèéñÿ ê åäèíèöå äëÿ

àñôàëüòîáåòîíà, ìîäèôèöèðîâàííîãî 5 % ìàññ.

ÃÐÏ (ñì. ðèñ. 4, á).

Ìîæåì ñäåëàòü âûâîä, ÷òî ââåäåíèå ÃÐÏ â

àñôàëüòîáåòîí äàåò ïîëîæèòåëüíûé ýôôåêò çà

ñ÷åò îáðàçîâàíèÿ ðåçèíîïîäîáíîãî àðìèðóþùåãî

ïîëèìåðíîãî êàðêàñà â áèòóìå è ïðèâîäèò ê

óëó÷øåíèþ ìåõàíè÷åñêèõ õàðàêòåðèñòèê îáðàç-

öîâ. Âàæíî, ÷òî õàðàêòåðèñòèêè óëó÷øàþòñÿ ïðè

ãîðàçäî ìåíüøèõ äîëÿõ ìîäèôèêàòîðà, ÷åì èñ-

ïîëüçóåìûõ â ïîëèìåðíûõ àñôàëüòîáåòîíàõ

[25, 26]. Â òàáë. 4 è íà ðèñ. 5 äëÿ ñðàâíåíèÿ ïðè-

âåäåíû ïîëó÷åííûå ðåçóëüòàòû, à òàêæå äàííûå

èç ëèòåðàòóðíûõ èñòî÷íèêîâ.

Îòíîñèòåëüíàÿ ïðî÷íîñòü íà ñæàòèå SC/S
C

0 —

îòíîøåíèå èçìåðåííîé ïðî÷íîñòè íà ñæàòèå SC

ê ïðî÷íîñòè íà ñæàòèå áàçîâîãî àñôàëüòîáå-

òîíà. Íà ðèñ. 5 ïîêàçàíî, ÷òî àñôàëüòîáåòîí ñ äî-

áàâêîé 3 % ìàññ. ÃÐÏ ïî ýòèì ïàðàìåòðàì ïðå-

âîñõîäèò àñôàëüòîáåòîí, ìîäèôèöèðîâàííûé

25 % ìàññ. ýïîêñèäíîé ñìîëû, ïðè îäèíàêîâîé

ïðîäîëæèòåëüíîñòè òâåðäåíèÿ. Áîëåå òîãî, ïîëó-

÷åííûå ðåçóëüòàòû ïðåâîñõîäÿò èëè ñðàâíèìû ñ

äàííûìè ðàáîòû [25], ÷òî ïîçâîëÿåò ïðåäïîëî-

æèòü, ÷òî ïðàâèëüíûé âûáîð ýïîêñèäíîãî êîìïî-

íåíòà ìîæåò â ðàçû ïîâûñèòü ìåõàíè÷åñêèå õà-

ðàêòåðèñòèêè àñôàëüòîáåòîíà.

Èç äàííûõ àâòîðîâ èçâåñòíî, ÷òî óâåëè÷åíèå

âðåìåíè òâåðäåíèÿ îáðàçöîâ ïåðåä ìåõàíè÷åñêè-

ìè èñïûòàíèÿìè èëè ïåðåä ââîäîì äîðîãè â ýêñ-

ïëóàòàöèþ ïðèâîäèò ê ïîâûøåíèþ ìåõàíè÷å-

ñêèõ ñâîéñòâ àñôàëüòîáåòîíà ïî÷òè â äâà ðàçà.

Äàííîå óòâåðæäåíèå áóäåò ðàññìîòðåíî â íàøèõ

áóäóùèõ èññëåäîâàíèÿõ àñôàëüòîáåòîíîâ, ìîäè-

ôèöèðîâàííûõ ÃÐÏ.

Çàêëþ÷åíèå

Èññëåäîâàíà âîçìîæíîñòü çàìåíû âûñîêèõ

äîëåé ýïîêñèäíûõ ñìîë â ïîëèìåðàñôàëüòîáåòî-

íàõ íà îòíîñèòåëüíî íèçêèå äîëè ãèïåððàçâåòâ-

ëåííûõ ïîëèìåðîâ.

Ðåçóëüòàòû èñïûòàíèé àñôàëüòîáåòîíà ïîêà-

çàëè, ÷òî ìîäèôèêàöèÿ áèòóìà ýïîêñèäíûì ÃÐÏ

ïîâûøàåò ïðî÷íîñòü àñôàëüòîáåòîíà íà ñæàòèå

è ñäâèã çà ñ÷åò îáðàçîâàíèÿ âçàèìîñâÿçàííîãî

ðàçâåòâëåííîãî ïîëèìåðíîãî êàðêàñà ñâÿçåé.
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Òàáëèöà 4. Ñðàâíåíèå ïîëó÷åííûõ ìåõàíè÷åñêèõ ñâîéñòâ àñôàëüòîáåòîííûõ ñìåñåé ñ èçâåñòíûìè èç ëèòåðàòóðíûõ

äàííûõ

Table 4. Mechanical properties of different asphalt mixtures as compared to available literature data

Áèòóì è åãî ìîäèôèêàòîðû Îòâåðæäåíèå, äíåé S
C
, ÌÏà S

C
/S

C

0 Èñòî÷íèê äàííûõ

ÁÍÄ 60/90 5 2,03 ± 0,07 1 Ðàáîòà

àâòîðîâ

ñòàòüè
1-1 ÁÍÄ 60/90 + 3 % ÃÏÐ 1,84 ± 0,22 0,91

1-1 ÁÍÄ 60/90 + 5 % ÃÏÐ 2,17 ± 0,22 1,07

1-1 ÁÍÄ 60/90 + 8 % ÃÏÐ 2,39 ± 0,18 1,18

ÁÍÄ 70/100 Íåò äàííûõ 2,2 1 [25]

1-1 ÁÍÄ 70/100 + 3 % BERO + AA 2,2 1

1-1 ÁÍÄ 70/100 + 3 % BERO + MA 2,6 1,18

1-1 ÁÍÄ 70/100 + 3 % BERO + PEPA 2,4 1,09

ÁÍÄ 60/90 7, 14, 28 1,4 1 [26]

1-4 ÁÍÄ 60/90 + 25 % CHS-EPOXY 525 7 1,6 1,14

1-4 ÁÍÄ 60/90 + CHS-EPOXY 525 14 2,6 1,86

1-4 ÁÍÄ 60/90 + CHS-EPOXY 525 28 2,9 2,07

à á

Ðèñ. 5. Ðåçóëüòàòû îïðåäåëåíèÿ ïðî÷íîñòè íà ñæàòèå: à è á — àáñîëþòíûå è îòíîñèòåëüíûå çíà÷åíèÿ

Fig. 5. Comparison of the compressive strength values: (a) absolute values (b) relative values



Ïðè÷åì, ïîñëå äîáàâëåíèÿ â áèòóì ìîäèôèêàòî-

ðà ÃÐÏ íàáëþäàëîñü, êàê è â ðàáîòàõ [17, 18],

ñíèæåíèå ïðî÷íîñòè íà ðàñòÿæåíèå ïðè ðàñêîëå

çà ñ÷åò îáðàçîâàíèÿ áîëåå ñëàáûõ ïëàñòè÷åñêèõ

ñâÿçåé. Îäíîâðåìåííî óâåëè÷èâàëàñü ïðåäåëü-

íàÿ äåôîðìàöèÿ, äîñòèãàÿ ìàêñèìóìà ïðè

5 % ìàññ. ÃÐÏ ìîäèôèêàòîðà. Äàííàÿ êîíöåí-

òðàöèÿ ðåêîìåíäîâàíà äëÿ ïðèìåíåíèÿ â àñôàëü-

òîáåòîíå, ýêñïëóàòèðóåìîì ïðè íèçêèõ òåìïåðà-

òóðàõ. Ìåõàíè÷åñêèå õàðàêòåðèñòèêè àñôàëüòî-

áåòîíà óëó÷øàþòñÿ ïðè äîáàâëåíèè ìîäèôèêàòî-

ðà çà ñ÷åò ïîâûøåíèÿ ñòàáèëüíîñòè ìàòåðèàëà

(ñíèæåíèÿ íåóïðóãèõ äåôîðìàöèé è ñâÿçàííîé

ñ íèìè êîëåéíîñòè). Òàêàÿ ñòàáèëüíîñòü äîñòèãà-

åòñÿ ïðè äîëå ÃÐÏ, ðàâíîé 5 % ìàññ.

Áëàãîäàðíîñòè

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîñ-

ñèéñêîãî íàó÷íîãî ôîíäà è ã. Ìîñêâû ¹ 22-23-

20170, https://rscf.ru/project/22-23-20170.

Àâòîðû âûðàæàþò áëàãîäàðíîñòü Èâàíó Ñåð-

ãåè÷åâó è Ñòåïàíó Êîíåâó, à òàêæå Ëàáîðàòîðèè

ìåõàíè÷åñêèõ èñïûòàíèé Öåíòðà òåõíîëîãèé ìà-

òåðèàëîâ Ñêîëêîâñêîãî èíñòèòóòà íàóêè è òåõíî-

ëîãèé çà ïîìîùü â ïðîâåäåíèè èñïûòàíèé.

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò, ÷òî ó íèõ íåò èçâåñòíûõ

êîíêóðèðóþùèõ ôèíàíñîâûõ èíòåðåñîâ èëè ëè÷-

íûõ îòíîøåíèé, êîòîðûå ìîãëè áû ïîâëèÿòü íà

ðàáîòó, ïðåäñòàâëåííóþ â ýòîé ñòàòüå.
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