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Â ðàìêàõ ïðîåêòà ïî óòèëèçàöèè ïîëèìåðíûõ êîìïîçèöèîííûõ ìàòåðèàëîâ ñ âîëîêîííûì

àðìèðîâàíèåì (ñòåêëîïëàñòèêà) ïðè ïðîèçâîäñòâå àñôàëüòîáåòîíà ðàçðàáîòàí ìåõàíè÷å-

ñêèé öèôðîâîé äâîéíèê îáðàçöà ìàòåðèàëà — ìåõàíè÷åñêàÿ êîíå÷íî-ýëåìåíòíàÿ ìîäåëü.

Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ ìèêðîñòðóêòóðû àñôàëüòîáåòîíà è ðàñ-

÷åòà åãî ýôôåêòèâíûõ ìåõàíè÷åñêèõ ïàðàìåòðîâ ñ èñïîëüçîâàíèåì ìåòîäîâ ðåíòãåíîâñêîé

ìèêðîêîìïüþòåðíîé òîìîãðàôèè (ÊÒ). Ïðåäñòàâëåíà ïîñëåäîâàòåëüíîñòü îáðàáîòêè äàí-

íûõ äëÿ ñîçäàíèÿ öèôðîâîãî äâîéíèêà ìèêðîñòðóêòóðû àñôàëüòîáåòîíà íà îñíîâå ÊÒ-èçî-

áðàæåíèÿ, âêëþ÷àþùàÿ ñëåäóþùèå ýòàïû: 1) ïðåäâàðèòåëüíàÿ îáðàáîòêà; 2) ñåãìåíòàöèÿ

èçîáðàæåíèÿ; 3) àíàëèç ìîðôîëîãèè ïîð è òâåðäûõ ÷àñòèö; 4) ïðåîáðàçîâàíèå ñåãìåíòèðî-

âàííîãî èçîáðàæåíèÿ â ìîäåëü êîíå÷íûõ ýëåìåíòîâ (ÊÝ) íà îñíîâå âîêñåëåé. Ïîêàçàíî,

÷òî ðàçðåøåíèÿ ÊÒ-èçîáðàæåíèÿ â 40 ìêì äîñòàòî÷íî äëÿ íàäåæíîé èäåíòèôèêàöèè ïàðà-

ìåòðîâ ìèêðîñòðóêòóðû àñôàëüòîáåòîíà: îáúåìíûõ äîëåé ôðàêöèé, ðàñïðåäåëåíèÿ ðàçìå-

ðîâ, ôîðìû è ïîëîæåíèÿ ïîð, ðàçìåðîâ èçìåëü÷åííûõ õðóïêèõ äîáàâîê (êðîøêè ñòåêëî-

ïëàñòèêà). ÊÝ-ìîäåëü — öèôðîâîé äâîéíèê ìàòåðèàëà — ïîñëå çàäàíèÿ õàðàêòåðèñòèê ñî-

ñòàâëÿþùèõ ìàòåðèàëà ìîæåò ïðèìåíÿòüñÿ äëÿ ìîäåëèðîâàíèÿ òåðìîìåõàíè÷åñêèõ è

ôóíêöèîíàëüíûõ ñâîéñòâ. Ìîäåëèðîâàíèå ïðîèëëþñòðèðîâàíî äëÿ ðàñ÷åòà ñòàòèñòèêè

ìîäóëåé ñæàòèÿ è ñäâèãà àñôàëüòîáåòîíà ñ äîáàâëåíèåì êðîøêè ñòåêëîïëàñòèêà. Ïðîâå-

äåí àíàëèç çàâèñèìîñòè ðàñ÷åòíûõ óïðóãèõ õàðàêòåðèñòèê îò ðàçìåðà öèôðîâîãî äâîéíè-

êà. Âûÿâëåíî, ÷òî ïðè ðàçìåðå áîëåå 10 ìì ðåïðåçåíòàòèâíîñòü ìèêðîñòðóêòóðû ìàòåðèà-

ëà äîñòàòî÷íà äëÿ ðàñ÷åòà ãîìîãåíèçèðîâàííûõ ñâîéñòâ. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò

áûòü èñïîëüçîâàíû äëÿ àíàëèçà ìèêðîñòðóêòóðû è ñòðóêòóðíî-çàâèñèìûõ òåðìîìåõàíè÷å-

ñêèõ ñâîéñòâ àñôàëüòîáåòîíîâ, ïðåäëîæåííàÿ ÊÝ-ìîäåëü — äëÿ ðàñ÷åòà âÿçêîóïðóãîãî ïî-

âåäåíèÿ àñôàëüòîáåòîíà è öèêëè÷åñêèõ íàãðóçîê.

Êëþ÷åâûå ñëîâà: àñôàëüòîáåòîí; öèôðîâîé äâîéíèê; ìèêðîêîìïüþòåðíàÿ òîìîãðàôèÿ.
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A mechanical digital twin (a mechanical finite-element model) of an asphalt concrete sample has been de-

veloped in the framework of a project for recycling polymer composite materials with fibrous reinforce-

ment (fiberglass) as an alternative for crushed stone in the asphalt concrete production. A methodology of

using X-ray computed tomography (XCT) for analysis of the asphalt concrete microstructure and calcula-

tion of the mechanical properties is developed. The data processing chain for developing a digital twin of

the asphalt concrete microstructure, based on X-ray micro-computed tomography (XCT) image includes

the following steps: 1) image enhancement; 2) image segmentation; 3) analysis of the morphology of pores

and solid particles; 4) transformation of the segmented image into a voxels-based finite element (FE)

model. It is demonstrated that the XCT resolution of 40 ìm is sufficient for a reliable identification of

microstructural parameters, i.e., volume fractions of the components, distributions of voids (pores) in size,

shape and spatial position, as well as distributions of the crushed brittle additives (fiberglass chips) in size.

The FE model constitutes a digital twin of the material, and, after specifying the characteristics of the ma-

terial components, can be used for simulation of the thermomechanical and functional properties of the

material. The developed procedure is exemplified in the calculation of statistics of the compression and

shear moduli of the asphalt concrete with addition of crushed fiberglass particles. The dependence of the
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calculated elastic properties on the size of the digital twin is studied. It is shown that a model size of

10 mm and more is sufficient for the microstructural representativity and calculation of the homogeniza-

tion characteristics. The results can be used for analysis of the microstructure and structure-dependent

thermomechanical properties of asphalt concrete. The developed finite element model can be used for

modelling of the visco-elastic response of asphalt concrete and its behavior under cyclic loading.

Keywords: asphalt concrete; digital twin; micro-computed tomography.

Ââåäåíèå

Îäèí èç âîçìîæíûõ ïîäõîäîâ ïðè óòèëèçà-

öèè äðîáëåíûõ îòðàáîòàâøèõ ïîëèìåðíûõ êîì-

ïîçèöèîííûõ ìàòåðèàëîâ ñ âîëîêîííûì àðìèðî-

âàíèåì è òåðìîðåàêòèâíûì ñâÿçóþùèì, â ÷àñò-

íîñòè óãëå- è ñòåêëîïëàñòèêîâ, — óòèëèçàöèÿ èõ

â àñôàëüòîáåòîíå â âèäå êðîøêè. Äëÿ îöåíêè ïî-

âåäåíèÿ ìîäèôèöèðîâàííîãî òàêèì îáðàçîì àñ-

ôàëüòîáåòîíà â ðàçëè÷íûõ óñëîâèÿõ íàãðóæåíèÿ

íåîáõîäèìû èññëåäîâàíèå ìèêðîñòðóêòóðû ìàòå-

ðèàëà è ñîçäàíèå åãî ìåõàíè÷åñêîãî öèôðîâîãî

äâîéíèêà — ìåõàíè÷åñêîé êîíå÷íî-ýëåìåíòíîé

(ÊÝ) ìîäåëè ìèêðîñòðóêòóðû. Òàêàÿ ìîäåëü ïîç-

âîëÿåò ïðîâîäèòü âèðòóàëüíûå ìåõàíè÷åñêèå èñ-

ïûòàíèÿ (ñòàòè÷åñêîå, öèêëè÷åñêîå, äèíàìè÷å-

ñêîå íàãðóæåíèÿ, ïîëçó÷åñòü è äð.), êîíñòðóèðî-

âàòü íà îñíîâå èõ ðåçóëüòàòîâ ñîñòàâ ìàòåðèàëà

è ïëàíèðîâàòü íàòóðíûå ýêñïåðèìåíòû [1, 2].

Èññëåäîâàòü è êîëè÷åñòâåííî îöåíèòü ìèêðî-

ñòðóêòóðó ìàòåðèàëîâ ìîæíî ìåòîäàìè ðåíòãå-

íîâñêîé ìèêðîêîìïüþòåðíîé òîìîãðàôèè (ÊÒ)

[3, 4]. Ïðè ýòîì äëÿ ñîçäàíèÿ öèôðîâûõ äâîéíè-

êîâ ìàòåðèàëîâ âàæíà âîçìîæíîñòü ïðåîáðàçîâà-

íèÿ ÊÒ-èçîáðàæåíèé â ÊÝ-ìîäåëè.

Â ñîâðåìåííûõ 3D ÊÝ-ìîäåëÿõ íà îñíîâå ÊÒ

â îñíîâíîì èñïîëüçóþò òåòðàýäðè÷åñêèå ñåòêè,

ñîîòâåòñòâóþùèå ôîðìå ìèêðîñòðóêòóðíûõ ñî-

ñòàâëÿþùèõ (íàïîëíèòåëÿ, áèòóìà, ïóñòîò), èëè

ñåòêè âîêñåëüíîãî òèïà [5 – 10]. Ïåðâûå (êîí-

ôîðìíûå ñåòêè) ïðèâîäÿò ê î÷åíü áîëüøîìó êî-

ëè÷åñòâó ýëåìåíòîâ âñëåäñòâèå íåîáõîäèìîñòè

ïðåäñòàâëåíèÿ òîíêèõ îáúåìîâ áèòóìà èëè ìàñ-

òèêè ìåæäó ÷àñòèöàìè íàïîëíèòåëÿ. Âòîðûå

(ñåòêè âîêñåëüíîãî òèïà) íå îòðàæàþò òî÷íî ãðà-

íèöû ôàç, íî èìåþò ïðåèìóùåñòâà ïðîñòîé è

âû÷èñëèòåëüíî ýêîíîìè÷íîé ñòðóêòóðû ÊÝ, îá-

ëàäàþò õîðîøåé ðåïðåçåíòàòèâíîñòüþ ãîìîãåíè-

çèðîâàííîãî ïîâåäåíèÿ è, â îïðåäåëåííîé ñòåïå-

íè, ëîêàëüíûõ ïîëåé íàïðÿæåíèé-äåôîðìàöèé.

Îòìåòèì, ÷òî ïîä ãîìîãåíèçèðîâàííûì ïîâåäå-

íèåì (ñâîéñòâàìè, ïàðàìåòðàìè) ïîíèìàåòñÿ ìå-

õàíè÷åñêîå ïîâåäåíèå ìàòåðèàëà, ðàññìàòðèâàå-

ìîãî êàê ñïëîøíàÿ ñðåäà (áåç âûäåëåíèÿ êîìïî-

íåíò ìèêðîñòðóêòóðû), ò.å. ïîâåäåíèå, èçìåðÿå-

ìîå ïðè èñïûòàíèè ìàêðîîáðàçöà ìàòåðèàëà.

Öåëü ðàáîòû — àíàëèç ìèêðîñòðóêòóðû àñ-

ôàëüòîáåòîíà è ðàñ÷åò åãî ýôôåêòèâíûõ ìåõàíè-

÷åñêèõ ïàðàìåòðîâ ñ èñïîëüçîâàíèåì ðåíòãåíîâ-

ñêîé ìèêðîêîìïüþòåðíîé òîìîãðàôèè.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Äàííûå äëÿ ñîçäàíèÿ öèôðîâîãî äâîéíèêà

ìèêðîñòðóêòóðû àñôàëüòîáåòîíà, íà÷èíàÿ ñ ÊÒ-

èçîáðàæåíèÿ è çàêàí÷èâàÿ ÊÝ-ìîäåëüþ â ïðî-

ãðàììå Abaqus, îáðàáàòûâàëè ñ èñïîëüçîâàíèåì

èíñòðóìåíòîâ îáðàáîòêè ÊÒ-èçîáðàæåíèé (ïðî-

ãðàììû Fiji (ImageJ) è VoxTex) [11 – 14]. Ñòðóê-

òóðà îáðàáîòêè ïðèâåäåíà â òàáë. 1.

Ïðè ìîäåëèðîâàíèè èñïîëüçîâàëè îáðàçåö

àñôàëüòîáåòîíà ñ äîáàâêàìè èçìåëü÷åííîãî ñòåê-

ëîïëàñòèêà ñ âîëîêîííûì àðìèðîâàíèåì. Îêîí-

÷àòåëüíóþ ÊÝ-ìîäåëü ïðîâåðÿëè, ñðàâíèâàÿ åå ñ

ýêñïåðèìåíòàëüíûìè ðåçóëüòàòàìè.
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Òàáëèöà 1. Ñòðóêòóðà îáðàáîòêè äàííûõ

Table 1. Structure of data processing

Øàã Ïðîöåäóðà Ðåçóëüòàò

1 Ïîëó÷åíèå ÊÒ-èçîáðàæåíèÿ Íàáîð íåñæàòûõ ôàéëîâ .tiff

2 Íà÷àëüíàÿ îáðàáîòêà: âûäåëåíèå èññëåäóåìîãî îáúåìà, ïîäãîíêà

äèàïàçîíà çíà÷åíèé ñåðîãî

Íàáîð ôàéëîâ .tiff, ïðîåêò VoxTex

3 Îïðåäåëåíèå ïîðîãîâ ñåãìåíòàöèè Ïîðîãè ñåãìåíòàöèè

4 Àíàëèç ïóñòîò è äîáàâîê Ñòàòèñòèêà ïóñòîò è äîáàâîê

(ðàñïðåäåëåíèå îáúåìîâ, ðàçìåðîâ è ôîðì)

5 Ñîçäàíèå âîêñåëüíîé ìîäåëè Âîêñåëüíàÿ ìîäåëü

6 Íàñòðîéêà ïîðîãîâ è ñåãìåíòàöèÿ âîêñåëüíîé ìîäåëè Ñåãìåíòèðîâàííàÿ âîêñåëüíàÿ ìîäåëü

7 Ïðèñâîåíèå ñâîéñòâ ìàòåðèàëà êîìïîíåíòàì Ñâîéñòâà ìàòåðèàëîâ

8 Ñîçäàíèå âõîäíîãî ôàéëà ÊÝ (îïðåäåëåíû ìàòåðèàëû è ãðàíè÷-

íûå óñëîâèÿ)

.inp ôàéë Abaqus

9 Îáðàáîòêà ìîäåëè â Abaqus: ÷òåíèå .inp ôàéëà, êîððåêòèðîâêà

ãðàíè÷íûõ óñëîâèé, çàïóñê ðåøåíèÿ, ïîñòîáðàáîòêà

ÊÝ-ìîäåëü, ãîìîãåíèçèðîâàííûå

ìåõàíè÷åñêèå ñâîéñòâà



Â òàáë. 2 ïðåäñòàâëåí ñîñòàâ îáðàçöà. Îáúåì-

íûå äîëè êîìïîíåíòîâ îïðåäåëÿëè ïî ñëåäóþ-

ùèì çíà÷åíèÿì ïëîòíîñòåé, ã/ñì3: ãðàâèé, ïåñîê,

ìèíåðàëüíûé ïîðîøîê — 2,5; áèòóì — 1,0; ñòåê-

ëîïëàñòèê — 2,0 (áåç ó÷åòà ïóñòîò). Îòìåòèì, ÷òî

ïîñêîëüêó áèòóì è ìèíåðàëüíûé ïîðîøîê ñìå-

øèâàþòñÿ â ñâÿçóþùåå (ìàñòèêó), îòäåëüíûå

ôðàêöèè íà ÊÒ-èçîáðàæåíèè íå ðàçäåëÿþòñÿ.

Êðîøêó ñòåêëîïëàñòèêà ïîëó÷àëè ïóòåì

äðîáëåíèÿ äåòàëè èç ñòåêëîâîëîêíà èëè ýïîêñèä-

íîé ñìîëû. Èñïîëüçîâàëè èçìåëü÷åííûå ôðàê-

öèè, ðàçìåðû êîòîðûõ ñîîòâåòñòâîâàëè ñèòàì,

ïðèìåíÿåìûì äëÿ çàïîëíèòåëåé: 1) äëèíà —

5 – 10, äèàìåòð — 0,071 – 0,315 ìì (1 %); 2) äëè-

íà — 10 – 15, äèàìåòð — 0,315 – 0,63 ìì (1 %).

Îáðàçöû ãîòîâèëè ñëåäóþùèì îáðàçîì:

òåðìîñòàáèëèçàöèÿ ãðàâèÿ è ïåñêà ïðè 160 °C

â òå÷åíèå 12 ÷ (óñòàíîâêà Olab Clarity 136,

Ðîññèÿ);

òåðìîñòàáèëèçàöèÿ áèòóìà ïðè 150 °C â òå÷å-

íèå 2 ÷ (óñòàíîâêà PL-HR-capacity, Ðîññèÿ);

ñìåøèâàíèå çàïîëíèòåëåé ïðè 150 °C â òå÷å-

íèå 10 ìèí (óñòàíîâêà ËÑ-ÀÁ-10, Ðîññèÿ);

âíåñåíèå áèòóìà â çàïîëíèòåëè è ïåðåìåøè-

âàíèå ïðè 150 °C â òå÷åíèå 30 ìèí ñ ïîñòåïåí-

íûì äîáàâëåíèåì ìèíåðàëüíîãî ïîðîøêà (óñòà-

íîâêà ËÑ-ÀÁ-10, Ðîññèÿ);

óïëîòíåíèå ñìåñè â öèëèíäðè÷åñêèå ôîðìû

(óñòàíîâêà ËÎ-257, Ðîññèÿ) âíóòðåííèì äèàìåò-

ðîì 71,5 ìì íà âèáðîïëàòôîðìå ÑÌÆ-538 (Ðîñ-

ñèÿ) â òå÷åíèå 3 ìèí;

ïðåññîâàíèå îáðàçöîâ â ôîðìàõ ïîä äàâëåíè-

åì 20 ÌÏà â òå÷åíèå 3 ìèí íà ãèäðàâëè÷åñêîì

ïðåññå ÃÕÏ-10 (Ðîññèÿ);

îõëàæäåíèå è âûåìêà èç ôîðìû.

Ðàçìåð îáðàçöîâ (äèàìåòð è âûñîòà —

71,5 ìì), èñïîëüçóåìûõ â èññëåäîâàíèè, ñîîòâåò-

ñòâîâàë äåéñòâóþùèì òðåáîâàíèÿì (ÃÎÑÒ 9128)

[15]. Ñêàíèðîâàíèå ïðîâîäèëè ñ ïîìîùüþ XCT

System v|tome|x L240. Ïàðàìåòðû ÊÒ-ñêàíèðî-

âàíèÿ è ñêàíèðîâàííîå èçîáðàæåíèå ïðèâåäåíû

â òàáë. 3.

Îáðàáîòêà èçîáðàæåíèÿ (ðèñ. 1) âêëþ÷àëà îá-

ðåçêó èñõîäíîãî èçîáðàæåíèÿ (2024 × 2024 ×

1875 âîêñåëåé) äî ðàçìåðà 1000 × 1000 × 1000

âîêñåëåé (40 × 40 × 40 ìì) (ïðîãðàììà Fiji) è íà-

ñòðîéêó äèàïàçîíà ñåðîãî (ïðîãðàììà VoxTex).

Ôèëüòðàöèÿ èçîáðàæåíèÿ íå òðåáîâàëàñü. Êîì-

ïîíåíòû, âõîäÿùèå â ñîñòàâ ìàòåðèàëà è âèäè-

ìûå íà èçîáðàæåíèè, ïîêàçàíû íà ðèñ. 2.

Ïîðîãè øêàëû ñåðîãî äëÿ ñåãìåíòàöèè âû-

áèðàëè ñ èñïîëüçîâàíèåì èíñòðóìåíòîâ ïðîãðàì-

ìû Fiji. Äëÿ êàæäîãî èç êîìïîíåíòîâ (ñì. ðèñ. 2)

îïðåäåëÿëè îáëàñòü èçîáðàæåíèÿ, ïîëíîñòüþ èì
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Òàáëèöà 2. Ñîñòàâ îáðàçöà àñôàëüòîáåòîíà

Table 2. Composition of the asphalt concrete sample

Êîìïîíåíò % ìàññ. % îá.

Ãðàâèé 10 – 15 ìì 35 33 83

5 – 10 ìì 15 14

3 – 5 ìì 10 9

0,63 – 3 ìì 15 14

Ïåñîê 0,315 – 0,63 ìì 15 14

Ìèíåðàëüíûé ïîðîøîê ìåíåå 0,071 ìì 5 5 17

Áèòóì ÁÍÄ 60/90 5 12

Ñòåêëîïëàñòèê äîáàâêà ê ñìåñè 2 2

Òàáëèöà 3. Ïàðàìåòðû ÊÒ-ñêàíèðîâàíèÿ è ñêàíèðîâàííîå èçîáðàæåíèå

Table 3. Parameters of CT-scanning and scanned image

Ïàðàìåòð Çíà÷åíèå Èçîáðàæåíèå

Óâåëè÷åíèå ×5

Ðàçìåð âîêñåëà 40 ìêì

Êîëè÷åñòâî ñðåçîâ 1875

Ðàçìåð ñðåçà 2024 × 2024

Âðåìÿ ýêñïîíèðîâàíèÿ 500 ìñ

Êîëè÷åñòâî ïðîåêöèé äëÿ óñðåäíåíèÿ 3

Íàïðÿæåíèå 100 êÂ

Òîê 300 ìêÀ

Ðåæèì ñêàíèðîâàíèÿ Helix

Âðåìÿ ñêàíèðîâàíèÿ 1 ÷ 40 ìèí

Ðàçìåð 3D-èçîáðàæåíèÿ 2024 × 2024 × 1875

Òèï ôàéëîâ tiff, 16 bit, íåñæàòîå



ïîêðûòóþ, è èññëåäîâàëè ãèñòîãðàììó øêàëû ñå-

ðîãî. Ïðè ýòîì çà ïîðîãè ñåãìåíòàöèè ïðèíèìà-

ëè ãðàíèöû äèàïàçîíîâ øêàëû.

Ãèñòîãðàììû äëÿ ñâÿçóþùåãî è çàïîëíèòåëÿ

ïåðåêðûâàëèñü, ïîýòîìó ãðàíèöó ìåæäó íèìè

ñêîððåêòèðîâàëè òàêèì îáðàçîì, ÷òîáû îáú-

åìíûå äîëè êîìïîíåíòîâ ñîîòâåòñòâîâàëè çíà÷å-

íèÿì, ïðèâåäåííûì â òàáë. 2.

Äëÿ êîìïîíåíòîâ ïðèíÿëè ñëåäóþùèå äèà-

ïàçîíû ñåðîé øêàëû: ïîðû — 0 – 60, ñâÿçó-

þùåå — 61 – 72, çàïîëíèòåëü — 73 – 130, ñòåêëî-

ïëàñòèê — 131 – 255.

Îáñóæäåíèå ðåçóëüòàòîâ

Àíàëèç ïîð è êðîøêè ñòåêëîïëàñòèêà. Ðå-

çóëüòàòû àíàëèçà ïîð, âûïîëíåííîãî ñ èñïîëüçî-

âàíèåì ôóíêöèé VoxTex, ïðèâåäåíû íà ðèñ. 3, 4.

Îáùàÿ ïîðèñòîñòü ñîñòàâèëà ~1,5 %, îáùèé îáú-

åì ïîð â îáðàçöå (40 × 40 × 40 ìì) — ~1 ñì3.

Ôîðìó ïîð îöåíèâàëè ïóòåì ïîäãîíêè ðàçìåðîâ

ýëëèïñîèäîâ ñ îñÿìè a1 � a2 � a3 ê îáúåìó ïîðû

íåïðàâèëüíîé ôîðìû (ïðè ðàâåíñòâå îáúåìîâ ýë-

ëèïñîèäà è ïîðû). Âñå ïîðû êîìïàêòíûå (ñðåä-

íåå óäëèíåíèå a3/a1 — 1,85), ìîæíî âûäåëèòü

ìåëêóþ è êðóïíóþ ôðàêöèè îáúåìàìè ìåíåå 1 è

áîëåå 1 ìì3 ñîîòâåòñòâåííî.

×àñòèöû ñòåêëîïëàñòèêà ïðè äîáàâëåíèè â

ñìåñü èìåëè äëèíó 5 – 15 ìì, îáúåì — 1 – 5 ìì3 è

óäëèíåíèå (îòíîøåíèå äëèíû ê øèðèíå) —

10 – 30. Îáúåìû è ôîðìó ÷àñòèö àíàëèçèðîâàëè

ñëåäóþùèì îáðàçîì: â ðåçóëüòàòå ñåãìåíòàöèè

êðîøêè ñòåêëîïëàñòèêà (âèäèìîé â âèäå áåëûõ

÷àñòèö) ñòðîèëè ýëëèïñîèäû ýêâèâàëåíòíîãî

îáúåìà äëÿ èäåíòèôèöèðîâàííûõ îòäåëüíûõ

îáúåêòîâ. Ïîëó÷èëè, ÷òî îáùàÿ îáúåìíàÿ äîëÿ

ñòåêëîïëàñòèêà — 1,54 %.

ÊÒ-èçîáðàæåíèÿ ïîêàçûâàþò, ÷òî êðîøêà

ñòåêëîïëàñòèêà â ïðîöåññå ïðîèçâîäñòâà èíòåí-

ñèâíî ðàçðóøàåòñÿ. Âûòÿíóòûå, âîëîêíèñòûå

÷àñòèöû ïðè ñìåøèâàíèè ïðåâðàùàþòñÿ â êîì-

ïàêòíûå êîðîòêèå ÷àñòèöû.

Óäëèíåíèå (ðèñ. 5) ðàññ÷èòûâàëè ïî ôîðìóëå

ë =
a

a a

3

1 2

,

ãäå a1 � a2 � a3 — îñè ýëëèïñîèäà.
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a á
â

Ãèñòîãðàììà óðîâíÿ

ñåðîãî (ãðóáàÿ)

Ãèñòîãðàììà óðîâíÿ

ñåðîãî (òî÷íàÿ)

Ðèñ. 1. Èñõîäíîå èçîáðàæåíèå (à), èçîáðàæåíèå ïîñëå îáðåçêè è íàñòðîéêè øêàëû ñåðîãî (á), ãèñòîãðàììû (ãðóáàÿ è òî÷-

íàÿ) óðîâíÿ ñåðîãî â ëèíåéíîì è ëîãàðèôìè÷åñêîì ìàñøòàáàõ (â)

Fig. 1. The original image (a), the image after cropping and adjusting the gray scale (b), the histogram (rough and fine) of the

gray level in linear and logarithmic scales (c)

Ðèñ. 2. Êîìïîíåíòû, âèäèìûå íà ÊÒ-ñíèìêå

Fig. 2. Components visible on a CT image



Îòìåòèì, ÷òî òàêîå äðîáëåíèå êðîøêè ñèëüíî

ñíèæàåò àðìèðóþùóþ ñïîñîáíîñòü äîáàâêè ñòåê-

ëîïëàñòèêà [16].

ÊÝ-ìîäåëü. ÊÒ-èçîáðàæåíèå ïðåîáðàçîâûâà-

ëè â ÊÝ-ìîäåëü ñ èñïîëüçîâàíèåì ïðîãðàììû

VoxTex.

Ñíà÷àëà ñîçäàâàëè âîêñåëüíóþ ìîäåëü îáúå-

ìà. Ïèêñåëè — îáúåìíûå ýëåìåíòû èñõîäíîãî

èçîáðàæåíèÿ — àãðåãèðîâàëèñü â âîêñåëû (ìàñ-

ñèâû 5 × 5 × 5 ïèêñåëåé ðàçìåðîì 0,2 × 0,2 ×

0,2 ìì). Çàòåì èñõîäíûé îáúåì 1000 × 1000 ×

1000 ïèêñåëåé ïðåîáðàçîâûâàëè â ìàññèâ 200 ×

200 × 200 âîêñåëåé. Âîêñåëÿì ïðèñâàèâàëè ñðåä-

íèé óðîâåíü øêàëû ñåðîãî, ÷òî ïîçâîëÿëî ñåã-

ìåíòèðîâàòü èçîáðàæåíèå â ñîîòâåòñòâèè ñ ïîðî-

ãîâûìè çíà÷åíèÿìè èíòåíñèâíîñòè. Âî âðåìÿ

ýòîãî ïðîöåññà âîêñåëû îïðåäåëåííûì îáðàçîì

êëàññèôèöèðîâàëè (íà ïóñòîòû, ñâÿçóþùåå, çà-

ïîëíèòåëü èëè ñòåêëîïëàñòèê â ñîîòâåòñòâèè ñ

óðîâíåì ñåðîé øêàëû âîêñåëåé).

Íà ðèñ. 6 ïðèâåäåíà ñåãìåíòàöèÿ ÊÒ-èçîáðà-

æåíèÿ äëÿ ôðàãìåíòà (5 × 5 × 5 ìì) ïîëíîãî

îáúåìà (ñå÷åíèå â öåíòðå ôðàãìåíòà).

Âîêñåëüíóþ ìîäåëü ïðåîáðàçîâûâàëè â êî-

íå÷íûå ýëåìåíòû. Â òàáë. 4 ïðèâåäåíû ìîäóëè

Þíãà è êîýôôèöèåíòû Ïóàññîíà, ïðèñâîåííûå

êîìïîíåíòàì [17, 18]. Îòìåòèì, ÷òî ñâîéñòâà ñâÿ-

çóþùåãî (ìàñòèêè) äîñòàòî÷íî íåîïðåäåëåííû.
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Ðèñ. 3. Ñåãìåíòèðîâàííàÿ ïîðèñòîñòü â òðåõ ñå÷åíèÿõ îáðàçöà (êîîðäèíàòà z â ïèêñåëÿõ)

Fig. 3. Segmented porosity in three sections of the sample (z coordinate in pixels)
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lg (îáúåì), ìì3

Ðèñ. 4. Ðàñïðåäåëåíèå îáúåìà ïîð (ëîãàðèôìè÷åñêèå êîîðäèíàòû) (à), ïðîñòðàíñòâåííîå ðàñïðåäåëåíèå ïîð (á) (ïîðû

îáúåìîì áîëåå 1 ìì3 ïîêàçàíû ýëëèïñîèäàìè ýêâèâàëåíòíîãî îáúåìà, áîëåå ìåëêèå ïîðû îáúåìîì 0,01 – 1 ìì3 — òî÷êà-

ìè, ïîðû ðàçìåðîì ìåíåå 0,01 ìì3 íå ïîêàçàíû), ñå÷åíèå ïî ñàìîé êðóïíîé ïîðå (îáúåì ~1000 ìì3) (â)

Fig. 4. Pore volume distribution (logarithmic coordinates) (a), spatial distribution of pores (b) (pores with a volume of more

than 1 mm3 are shown as ellipsoids of equivalent volume, smaller pores with a volume 0.01 – 1 mm3 are shown as dots, pores

smaller than 0.01 mm3 are not shown), cross section at the position of the largest pore (volume ~1000 mm3) (c)



Äëÿ èññëåäîâàíèÿ âëèÿíèÿ âåëè÷èíû æåñòêîñòè

ñâÿçóþùåãî âûáðàëè äèàïàçîí 0,1 – 1 ÃÏà.

×àñòèöû ñòåêëîïëàñòèêà — òðàíñâåðñàëüíî-

èçîòðîïíûé ìàòåðèàë, åãî óïðóãèå ïàðàìåòðû

îöåíèâàëè ïî ìèêðîìåõàíè÷åñêèì ôîðìóëàì

[19]. Îðèåíòàöèþ ãëàâíîé îñè àíèçîòðîïèè äëÿ

êàæäîé ÷àñòèöû ñòåêëîïëàñòèêà âûáèðàëè ñëó-

÷àéíûì îáðàçîì, òàê êàê îíè èçìåëü÷àëèñü äî

«êðîøåê» ñ ìàëûì óäëèíåíèåì.

Ðàñ÷åòû ìåõàíè÷åñêèõ õàðàêòåðèñòèê.

Ñ èñïîëüçîâàíèåì ÊÝ-ìîäåëè ðàññ÷èòûâàëè ìî-

äóëè Þíãà è ñäâèãà àñôàëüòîáåòîíà (ïðîãðàììà

Abaqus). Ïðèíÿëè ñëåäóþùèå óïðîùåííûå ãðà-

íè÷íûå óñëîâèÿ:

ìîäóëü Þíãà — ñðåäíÿÿ äåôîðìàöèÿ ðàñòÿ-

æåíèÿ å = 1 %; ïðè íàãðóçêå â íàïðàâëåíèè x ïå-

ðåìåùåíèÿ äâóõ ïðîòèâîïîëîæíûõ X-ãðàíåé ñî-

ñòàâëÿþò UX = 0 è UX = –Xå; îñòàëüíûå êîìïî-

íåíòû ñìåùåíèÿ è ãðàíè ñâîáîäíû; ìîäóëü Þíãà

ðàññ÷èòûâàëè êàê Ex = <óx>/å;

ìîäóëü ñäâèãà — ñðåäíÿÿ äåôîðìàöèÿ ñäâèãà

ã = 1 %; äëÿ xy-ñäâèãà ñìåùåíèÿ äâóõ ïðîòèâîïî-

ëîæíûõ X-ãðàíåé ñîñòàâëÿþò UY = 0 è UY =

= Xã/2, ñìåùåíèå äâóõ ïðîòèâîïîëîæíûõ Y-ãðà-

íåé — UX = 0 è UX = Yã/2; îñòàëüíûå êîìïîíåí-

òû ïåðåìåùåíèÿ è ãðàíè ñâîáîäíû; ìîäóëü ñäâè-

ãà ðàññ÷èòûâàëè êàê Gxy = <ôxy>/ã.

Äëÿ îäíîé ÊÝ-ìîäåëè ðàñ÷åòû ìîæíî ïðîâî-

äèòü ïî òðåì íàïðàâëåíèÿì, ÷òî äàåò òðè çíà÷å-

íèÿ ìîäóëåé Þíãà è ñäâèãà äëÿ ìàòåðèàëà, áëèç-

êîãî ê èçîòðîïíîìó.

Ðàñ÷åòû ïðîâîäèëè ñëåäóþùèì îáðàçîì:

ðàçìåð îáúåìà 1 ñì — íà òðåõ ñóáîáúåìàõ ñ

ðàñòÿãèâàþùåé íàãðóçêîé â íàïðàâëåíèÿõ x, y, z

è ñäâèãîì â íàïðàâëåíèÿõ xy, xz, yz, ÷òî äàåò äå-

âÿòü çíà÷åíèé ìîäóëåé Þíãà è ñäâèãà;

ðàçìåð îáúåìà 1,5 è 2 ñì — ïî îäíîìó ñóáîáú-

åìó ñ ðàñòÿãèâàþùåé íàãðóçêîé â íàïðàâëåíèÿõ

x, y, z è ñäâèãîì â íàïðàâëåíèÿõ xy, xz, yz, ÷òî

äàåò òðè çíà÷åíèÿ ìîäóëåé Þíãà è ñäâèãà.
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Óäëèíåíèå Áîëüøàÿ îñü, ìêì

Ðèñ. 5. Ðàñïðåäåëåíèå ïàðàìåòðîâ ÷àñòèö ñòåêëîïëàñòèêà: à — óäëèíåíèå; á — áîëüøàÿ îñü ýêâèâàëåíòíîãî ýëëèïñîèäà

Fig. 5. Distribution of the parameters of fiberglass particles: a — elongation; b — major axis of the equivalent ellipsoid

a á

1 2 3 4

Ðèñ. 6. Ñåãìåíòàöèÿ ÊÒ-èçîáðàæåíèÿ: à — âîêñåëüíàÿ ìîäåëü; á — ñåãìåíòèðîâàííîå èçîáðàæåíèå (1 — ïóñòîòû; 2 —

ñâÿçóþùåå; 3 — çàïîëíèòåëü; 4 — ÷àñòèöû ñòåêëîïëàñòèêà)

Fig. 6. CT image segmentation: a — voxel model; b — segmented image (1 — voids; 2 — binder; 3 — filler; 4 — fiberglass

particles)



Íà ðèñ. 7 ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòîâ

(ïðîãðàììà Abaqus, ìîäåëü 10 ìì). Îòìåòèì ñëå-

äóþùèå îñîáåííîñòè ïîëåé ïåðåìåùåíèé è íà-

ïðÿæåíèé:

íåîäíîðîäíîñòü ïåðåìåùåíèé — ñëåäñòâèå

íåîäíîðîäíîñòè ìàòåðèàëà è íàëè÷èÿ ìÿãêèõ çîí

â îáúåìå;

ñîîòâåòñòâóþùàÿ íåîäíîðîäíîñòü íàïðÿæå-

íèé;

èñêàæåíèÿ ôîðìû îáúåìà, îñîáåííî ïðè

ñäâèãå.

Íà ðèñ. 8 ñóììèðîâàíû ðàñ÷åòíûå ìîäóëè

óïðóãîñòè (ìîäóëè ðàñòÿæåíèÿ (E) è ñäâèãà (G))

äëÿ òðåõ ñëó÷àåâ ðàçìåðà ìîäåëè (â êàæäîì ñëó-

÷àå ðàññ÷èòûâàëè òðè íàïðàâëåíèÿ íàãðóçêè, à

äëÿ ìîäåëåé 10 ìì — òðè âàðèàíòà îáúåìà).

Äèàïàçîí ðàñ÷åòíûõ çíà÷åíèé E ~ 1 ÃÏà ñî-

îòâåòñòâîâàë ðàíåå ïîëó÷åííûì äàííûì ýêñ-

ïåðèìåíòîâ è ìîäåëèðîâàíèÿ (ìîäóëü Þíãà ìàò-

ðèöû — 0,5 – 1,0 ÃÏà, ñîäåðæàíèå ìàòðèöû —

3 – 6 %). Ðàññ÷èòàííûé ìîäóëü àñôàëüòîáåòîíà

ëåæàë â äèàïàçîíå 0,5 – 2,0 ÃÏà [20]. Ðåçóëüòàòû

ìîäåëèðîâàíèÿ ñîîòâåòñòâîâàëè ïî ïîðÿäêó âå-

ëè÷èíû äèàïàçîíó ýêñïåðèìåíòàëüíî íàáëþäàå-

ìûõ çíà÷åíèé. Îòêëîíåíèÿ âûçâàíû íåó÷åòîì

òàêèõ ôàêòîðîâ, êàê òðåíèå ìåæäó êðóïíûìè

àãðåãàòàìè è îòñóòñòâèå ñâÿçè ìåæäó íèìè [20].

Äàííûå ôàêòîðû òàêæå èãðàþò ðîëü â íàñòîÿ-

ùèõ ðàñ÷åòàõ ìåòîäîì ÊÝ. Ýòî ïîçâîëÿåò ïðåäïî-

ëîæèòü, ÷òî ðåçóëüòàòû (ñì. ðèñ. 8) ñëåäóåò ðàñ-

ñìàòðèâàòü êàê âåðõíþþ îöåíêó ñâîéñòâ.

Âàðèàáåëüíîñòü ðàññ÷èòàííûõ ìîäóëåé (ñì.

ðèñ. 8):

ðàçáðîñ çíà÷åíèé ìîäóëåé äëÿ ìîäåëè ìåíü-

øåãî ðàçìåðà (10 ìì) âûøå, ÷òî è îæèäàëîñü;

ýôôåêòèâíûå ìîäóëè íåçíà÷èòåëüíî ìåíÿþò-

ñÿ ñ ðàçìåðîì ìîäåëè; ìîæíî ïðåäïîëîæèòü, ÷òî

äàæå ïðè ðàçìåðå 10 ìì ðåïðåçåíòàòèâíîñòü

ìèêðîñòðóêòóðû ìàòåðèàëà äîñòàòî÷íà äëÿ ðàñ-

÷åòà ãîìîãåíèçèðîâàííûõ õàðàêòåðèñòèê;

èçìåíåíèå ìîäóëÿ ñâÿçóþùåãî â äèàïàçîíå

0,1 – 1 ÃÏà äàåò ðàçíèöó ìîäóëåé óïðóãîñòè îêî-

ëî 20 %.
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Òàáëèöà 4. Ìîäóëü Þíãà è êîýôôèöèåíò Ïóàññîíà êîìïîíåíòîâ

Table 4. Young’s modulus and Poisson’s ratio of components

Êîìïîíåíò Ìîäóëü Þíãà, ÃÏà Êîýôôèöèåíò Ïóàññîíà

Çàïîëíèòåëü 40 0,2

Ñâÿçóþùåå 0,1 – 1,0 0,25

×àñòèöû ñòåêëîïëàñòèêà Ýïîêñèäíàÿ ñìîëà 3 0,4

Ñòåêëîâîëîêíî 70 0,25

Êîìïîçèò

(ïîïåðå÷íàÿ èçîòðîïèÿ)

E
1

= 37,50; E
2

= E
3

= 9,31

v
12

= v
13

= 0,33; v
23

= 0,39

G
12

= G
13

= 3,36; G
23

= 3,36

Ïîðû 0,001 0,3

a á â

ã ä

Ðèñ. 7. Ðàñïðåäåëåíèå ìàòåðèàëîâ (à), ðàñòÿæåíèå â íàïðàâëåíèè X (á, â), ñäâèã XY (ã, ä)

Fig. 7. Distribution of materials (a), stretching in X direction (b, c), XY shift (d, e)



Çàêëþ÷åíèå

Òàêèì îáðàçîì, íà îñíîâå ÊÒ-èçîáðàæåíèé ñ

èñïîëüçîâàíèåì ñóùåñòâóþùèõ ìåòîäîâ èõ îáðà-

áîòêè ïðåäëîæåí ïîäõîä äëÿ ñîçäàíèÿ öèôðîâîãî

äâîéíèêà ìèêðîñòðóêòóðû àñôàëüòîáåòîíà. Ïî-

êàçàíî, ÷òî ðàçðåøåíèÿ ÊÒ-èçîáðàæåíèÿ â

40 ìêì äîñòàòî÷íî äëÿ íàäåæíîé èäåíòèôèêàöèè

ïàðàìåòðîâ ìèêðîñòðóêòóðû. Èññëåäîâàíèå ïîð

è òâåðäûõ (ñòåêëîâîëîêíèñòûõ) äîáàâîê ïîçâîëÿ-

åò ïðîàíàëèçèðîâàòü èõ îáúåìíóþ äîëþ, ïðî-

ñòðàíñòâåííîå ðàñïðåäåëåíèå è ðàñïðåäåëåíèå

ðàçìåðîâ. Òàê, âûÿâëåíî, ÷òî äîáàâêà ñòåêëîïëà-

ñòèêà ïðè ïåðåìåøèâàíèè èçìåëü÷àåòñÿ â êîì-

ïàêòíûå íåóäëèíåííûå ÷àñòèöû. Ïîëó÷àåìûå

çíà÷åíèÿ ìîäóëåé óïðóãîñòè è ñäâèãà ñîîòâåòñò-

âóþò ëèòåðàòóðíûì äàííûì.

Ðàçðàáîòàííàÿ ìåòîäèêà ìîæåò áûòü èñïîëü-

çîâàíà äëÿ àíàëèçà ìèêðîñòðóêòóðû è ñòðóêòóð-

íî-çàâèñèìûõ òåðìîìåõàíè÷åñêèõ õàðàêòåðèñòèê

àñôàëüòîáåòîíîâ, ÊÝ-ìîäåëü — äëÿ ðàñ÷åòà âÿç-

êîóïðóãîãî ïîâåäåíèÿ àñôàëüòîáåòîíà è öèêëè-

÷åñêèõ íàãðóçîê.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà çà ñ÷åò ãðàíòà Ðîññèéñêîãî

íàó÷íîãî ôîíäà è ã. Ìîñêâû (¹ 22-23-20170,

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

Êîíôëèêò èíòåðåñîâ

Àâòîðû çàÿâëÿþò îá îòñóòñòâèè êîíôëèêòà

èíòåðåñîâ.
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Fig. 8. Calculated elastic moduli of FE models of different

sizes


