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Àííîòàöèÿ. Ïðîâåäåíû ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ íàïðÿæåííî-äåôîð-
ìèðîâàííîãî ñîñòîÿíèÿ äâóõñëîéíûõ èçãèáàåìûõ ýëåìåíòîâ ñ âûñîêîïðî÷íûì áåòî-
íîì â ñæàòîé çîíå è íèæíèì ñëîåì èç áåòîíà Â30, àðìèðîâàííûõ êîìïîçèòíîé ïîëè-
ìåðíîé (ñòåêëîêîìïîçèòíîé) ïðîäîëüíîé àðìàòóðîé. Àíàëèç ýêñïåðèìåíòàëüíûõ
äàííûõ è ÷èñëåííîå ìîäåëèðîâàíèå ïîçâîëèëè âûÿâèòü íàïðÿæåííî-äåôîðìèðîâàí-
íîå ñîñòîÿíèå è íåñóùóþ ñïîñîáíîñòü ýëåìåíòîâ. Îöåíåíî âëèÿíèå ðàçëè÷íûõ ïðî-
öåíòîâ àðìèðîâàíèÿ íà íàïðÿæåííî-äåôîðìèðîâàííîå ñîñòîÿíèå ýëåìåíòîâ. Ðåçóëü-
òàòû ýêñïåðèìåíòàëüíûõ è ÷èñëåííûõ èññëåäîâàíèé ïîçâîëèëè îïðåäåëèòü, ÷òî ïðè-
ìåíåíèå âûñîêîïðî÷íîãî áåòîíà â ñæàòîé çîíå ýëåìåíòà ïîçâîëÿåò â ïîëíîé ìåðå
èñïîëüçîâàòü ìåõàíè÷åñêèå ñâîéñòâà ñòåêëîêîìïîçèòíîé àðìàòóðû.
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Original article

RESEARCH OF THE STRESS-STRAIN STATE OF TWO-LAYER
BENDING ELEMENTS WITH HIGH-STRENGTH CONCRETE

IN A COMPRESSED ZONE REINFORCED WITH GLASS-COMPOSITE
LONGITUDINAL REINFORCEMENTS

Yuri F. Rogatnev, Jeremie Minani, Oleg O. Sokolov
Voronezh State Technical University, Voronezh, Russia

Abstract. Experimental studies of the stress-strain state of two-layer bendable
elements with high-strength concrete in the compressed zone and a lower layer of concrete
B30 reinforced with composite polymer (glass composite) longitudinal reinforcement have
been carried out. The analysis of experimental data and numerical modeling made it
possible to identify the stress-strain state and the bearing capacity of the elements. The
influence of various percentages of reinforcement on the stress-strain state of the elements
is estimated. The results of experimental and numerical studies have made it possible to
determine that the use of high-strength concrete in the compressed zone of the element
allows full use of the mechanical properties of glass-composite reinforcement.
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Ââåäåíèå. Ïðîâåäåí àíàëèç ðÿäà èññëåäîâàíèé, â êîòîðûõ äàíû ðåêî-
ìåíäàöèè ïî èñïîëüçîâàíèþ ñòåêëîêîìïîçèòíîé àðìàòóðû (ÀÑÊ). Îòìå÷à-
åòñÿ, ÷òî ïðåäåë ïðî÷íîñòè ÀÑÊ íà ðàñòÿæåíèå â 2,5 ðàçà âûøå, ÷åì ó ñòàëü-
íîé àðìàòóðû. Îäíàêî îñíîâíûì íåäîñòàòêîì òàêîé àðìàòóðû ÿâëÿåòñÿ åå
ñðàâíèòåëüíî íåâûñîêîå çíà÷åíèå ìîäóëÿ óïðóãîñòè, êîòîðîå â 3,6 ðàçà ìåíü-
øå, ÷åì ó ñòàëüíîé àðìàòóðû. Ñëåäîâàòåëüíî, èçãèáàåìûå ýëåìåíòû, àðìè-
ðîâàííûå êîìïîçèòíîé àðìàòóðîé, èìåþò ïîâûøåííóþ äåôîðìàòèâíîñòü â
ñðàâíåíèè ñ æåëåçîáåòîííûìè ýëåìåíòàìè [1–5]. Äëÿ èçãèáàåìûõ ýëåìåíòîâ,
àðìèðîâàííûõ êîìïîçèòíîé àðìàòóðîé, îïðåäåëÿþùóþ ðîëü èãðàåò êðèòå-
ðèé îòíîñèòåëüíîãî ïðîãèáà [6–10].

Ïðèìåíåíèå âûñîêîïðî÷íîãî áåòîíà ïîçâîëÿåò ïîâûñèòü èçãèáíóþ
æåñòêîñòü ýëåìåíòà. Ïðèìåíåíèå äâóõñëîéíûõ èçãèáàåìûõ ýëåìåíòîâ, àðìè-
ðîâàííûõ ÀÑÊ, èìååò ñìûñë, êîãäà íèæíÿÿ ðàñòÿíóòàÿ çîíà íå îêàçûâàåò
âëèÿíèå íà èçãèáíóþ æåñòêîñòü è ñîîòâåòñòâåííî íåöåëåñîîáðàçíî èñïîëü-
çîâàòü â ýòîé ÷àñòè ñå÷åíèÿ âûñîêîïðî÷íûé áåòîí. Ïîýòîìó â öåëÿõ ýêîíî-
ìèè ðàñõîäà öåìåíòà áûëî ïðèíÿòî ðåøåíèå ïðèìåíÿòü â íèæíåì ñëîå áåòîí
êëàññà B30. Ïîñêîëüêó ïðåäåë ïðî÷íîñòè áåòîíà íà ðàñòÿæåíèå ñðàâíèòåëüíî
íåâûñîê, âûñîêîïðî÷íûé áåòîí ïðèìåíÿåòñÿ òîëüêî â ñæàòîé çîíå, è ýòî
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ÿâëÿåòñÿ çíà÷èòåëüíûì ýêîíîìè÷åñêèì ïðåèìóùåñòâîì èñïîëüçîâàíèÿ
äâóõñëîéíûõ èçãèáàåìûõ ýëåìåíòîâ [11–16].

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ. Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ
ïðîâåäåíû íà îäíîïðîëåòíûõ äâóõñëîéíûõ ýëåìåíòàõ ïðÿìîóãîëüíîãî ñå÷å-
íèÿ. Ðàçìåð ñå÷åíèÿ – 60´120 ìì, ïðîëåò – 1200 ìì, îáùàÿ äëèíà ýëåìåíòà –
1400 ìì, âûñîòà âåðõíåãî ñëîÿ èç âûñîêîïðî÷íîãî áåòîíà – 60 ìì. Â êà÷åñòâå
ïîïåðå÷íîé àðìàòóðû èñïîëüçîâàíà ñòàëüíàÿ àðìàòóðà êëàññà Â500 äèà-
ìåòðîì 6 ìì. Äëÿ îáúåäèíåíèÿ àðìàòóðû â ïëîñêèé êàðêàñ èñïîëüçîâàíà
ìîíòàæíàÿ ñòàëüíàÿ àðìàòóðà êëàññà Â500 äèàìåòðîì 6 ìì. Ñîåäèíåíèå
ïîïåðå÷íîé ñòàëüíîé àðìàòóðû è ïðîäîëüíîé àðìàòóðû ÀÑÊ âûïîëíåíî
âÿçàëüíîé ïðîâîëîêîé.

Ðàçìåðû äâóõñëîéíûõ èçãèáàåìûõ ýëåìåíòîâ ñ âûñîêîïðî÷íûì áåòîíîì
â ñæàòîé çîíå, èõ àðìèðîâàíèå è ñõåìà èñïûòàíèÿ ïðåäñòàâëåíû íà ðèñ. 1,
ãåîìåòðè÷åñêèå ïàðàìåòðû – â òàáë. 1.

Õàðàêòåðèñòèêè ìåõàíè÷åñêèõ ñâîéñòâ ÀÑÊ [17] è áåòîíà ïðèâåäåíû
â òàáë. 2 è 3.

Ýëåìåíòû áûëè èñïûòàíû íà ãèäðàâëè÷åñêîì ïðåññå INSTRON-1500 êÍ
êðàòêîâðåìåííîé ñòàòè÷åñêîé íàãðóçêîé ïî ñõåìå îäíîïðîëåòíîé øàðíèðíî

Ñòðîèòåëüíûå êîíñòðóêöèè, çäàíèÿ è ñîîðóæåíèÿ. Îñíîâàíèÿ è ôóíäàìåíòû
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Ðèñ. 1. Ãåîìåòðè÷åñêèå ïàðàìåòðû è ñõåìà èñïûòàíèÿ äâóõñëîéíûõ áàëîê ïðÿìî-
óãîëüíîãî ñå÷åíèÿ

Fig. 1. Geometrical parameters and testing scheme of double-layer rectangular beams

Ò à á ë è ö à 1. Ãåîìåòðè÷åñêèå ïàðàìåòðû èññëåäóåìûõ äâóõñëîéíûõ èçãèáàåìûõ
ýëåìåíòîâ

T a b l e 1. Geometric parameters of the studied two-layer bendable elements

Øèôð îáðàçöà h, ìì b, ìì h0, ìì hÂÏÁ l0, ìì d, ìì pf, %

Á ÀÑÊ–6–1 120 60 105 60 1200 6 0,45

Á ÀÑÊ–6–2 120 60 104 60 1200 6 0,45

Á ÀÑÊ–8–1 120 60 106 60 1200 8 0,80

Á ÀÑÊ–8–2 120 60 102 60 1200 8 0,80

Á ÀÑÊ–10–1 120 60 105 60 1200 10 1,25

Á ÀÑÊ–10–2 120 60 103 60 1200 10 1,25

Â òàáë. 1: h – âûñîòà ñå÷åíèÿ; b – øèðèíà ñå÷åíèÿ; h0 – ðàáî÷àÿ âûñîòà ñå÷åíèÿ;
hÂÏÁ – âûñîòà ñëîÿ âûñîêîïðî÷íîãî áåòîíà; l0 – ïðîëåò ýëåìåíòà; d – äèàìåòð ÀÑÊ;
pf – ïðîöåíò àðìèðîâàíèÿ.



îïåðòîé áàëêè. Íàãðóçêà íà ýëåìåíòû ïåðåäàâàëàñü ÷åðåç ðàñïðåäåëèòåëüíóþ
òðàâåðñó. Â ñåðåäèíå ïðîëåòà ýëåìåíòà áûëè óñòàíîâëåíû òåíçîðåçèñòîðû.
Â ïðîöåññå èñïûòàíèé ôèêñèðîâàëèñü ñëåäóþùèå ïîêàçàòåëè: çíà÷åíèå íàãðóç-
êè, ïðîãèá ýëåìåíòà â ñåðåäèíå ïðîëåòà, çíà÷åíèÿ ïðîäîëüíûõ äåôîðìàöèé ðàñ-
òÿíóòîé àðìàòóðû è áåòîíà. Ñõåìà èñïûòàíèé ýëåìåíòîâ ïðèâåäåíà íà ðèñ. 2.

×èñëåííîå ìîäåëèðîâàíèå äâóõñëîéíûõ ýëåìåíòîâ îñóùåñòâëåíî â ïðî-
ãðàììíîì êîìïëåêñå ANSYS 2021 R2 ñ ðàñ÷åòíîé ìîäåëüþ ïî ðèñ. 3.

Ðàñ÷åò âûïîëíåí ñ ó÷åòîì ôèçè÷åñêîé íåëèíåéíîñòè ìàòåðèàëà. Ïðèíÿ-
òû îáúåìíûå êîíå÷íûå ýëåìåíòû Solid 65 äëÿ ìîäåëèðîâàíèÿ áåòîíà è ëè-
íåéíûå êîíå÷íûå ýëåìåíòû Beam 188 äëÿ ìîäåëèðîâàíèÿ àðìàòóðû. Äåôîð-
ìèðîâàííîå ñîñòîÿíèå ÷èñëåííîé ìîäåëè ñîîòâåòñòâîâàëî ïðåäñòàâëåíèÿì
î äåôîðìèðîâàííîì ñîñòîÿíèè èçãèáàåìûõ ýëåìåíòîâ (ðèñ. 4).

Ðåçóëüòàòû è îáñóæäåíèå. Â ïðîöåññå èñïûòàíèÿ äâóõñëîéíûõ áàëîê
ñî ÀÑÊ êîíòàêòíàÿ òðåùèíà íà ãðàíèöå ìåæäó äâóìÿ ñëîÿìè íå âîçíèêàëà.
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Ò à á ë è ö à 2. Ìåõàíè÷åñêèå õàðàêòåðèñòèêè ÀÑÊ

T a b l e 2. Mechanical characteristics of the ASK

Äèàìåòð,
ìì

Ïðî÷íîñòü
íà ðàñòÿæåíèå, ÌÏà

Ìîäóëü óïðóãîñòè,
ÌÏà

Îòíîñèòåëüíîå
óäëèíåíèå

6 1081,7 40300 0,02684

8 1008,2 53300 0,01891

10 930,8 52380 0,01746

Ò à á ë è ö à 3. Ìåõàíè÷åñêèå õàðàêòåðèñòèêè áåòîíà ïðè ñæàòèè è ðàñòÿæåíèè

T a b l e 3. Mechanical characteristics of concrete under compression and tension

Ïðè ñæàòèè Ïðè ðàñòÿæåíèè

Êëàññ
áåòîíà

Ïðèçìåííàÿ
ïðî÷íîñòü

íà ñæàòèå Rb,
ÌÏà

Ìîäóëü
óïðóãîñòè Eb,

ÌÏà

Îòíîñèòåëüíàÿ
äåôîðìàöèÿ,

ñîîòâåòñòâóþùàÿ
ïðåäåëó

ïðî÷íîñòè eb

Ïðî÷íîñòü
íà ðàñòÿæåíèå

Rbt, ÌÏà

Îòíîñèòåëüíàÿ
äåôîðìàöèÿ,

ñîîòâåòñòâóþùàÿ
ïðåäåëó

ïðî÷íîñòè ebt

Â90 67,04 40998 0,00164 5,36 0,00028

Â30 22 32500 0,00128 2,68 0,00043

Ðèñ. 2. Óñòðîéñòâî äëÿ èñïûòàíèÿ äâóõñëîéíûõ ýëåìåíòîâ,
àðìèðîâàííûõ ïðîäîëüíîé àðìàòóðîé èç ÀÑÊ

Fig. 2. Device for testing two-layer elements reinforced with
longitudinal reinforcement from ASK



Íèæíèé ñëîé áåòîíà B30 è âåðõíèé ñëîé âûñîêîïðî÷íîãî áåòîíà B90 ðàáî-
òàëè ñîâìåñòíî äî ðàçðóøåíèÿ.

Ïðè èñïûòàíèè ýëåìåíòîâ ñ pf = 0,45 % ðàçðóøåíèå ïðîèñõîäèëî ïî
îäíîé èç òðåùèí â çîíå ÷èñòîãî èçãèáà.

Íà ðèñ. 5 ïîêàçàí õàðàêòåð îäíîâðåìåííîãî ðàçðóøåíèÿ ðàñòÿíóòîé è
ñæàòîé çîí ýëåìåíòîâ ñ pf = 0,45 %.

Ñòðîèòåëüíûå êîíñòðóêöèè, çäàíèÿ è ñîîðóæåíèÿ. Îñíîâàíèÿ è ôóíäàìåíòû
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Ðèñ. 3. Îáùèé âèä ÷èñëåííîé ìîäåëè ýëåìåíòà

Fig. 3. General view of the numerical model of the element

Ðèñ. 4. Âèä äåôîðìèðîâàííîãî ñîñòîÿíèÿ ÷èñëåííîé ìîäåëè

Fig. 4. View of the deformed state of the numerical model

Ðèñ. 5. Õàðàêòåð ðàçðóøåíèÿ ýëåìåíòîâ ñ pf = 0,45 %

Fig. 5. The nature of the destruction of elements with pf = 0.45 %



Ðàçðóøåíèå äâóõñëîéíûõ áàëîê ñ ïðîöåíòàìè àðìèðîâàíèÿ pf = 0,8 %
è pf = 1,25 % ïðîèñõîäèëî ïî ñæàòîé çîíå íîðìàëüíîãî ñå÷åíèÿ, â íåïîñðåä-
ñòâåííîé áëèçîñòè îò òî÷êè ïðèëîæåíèÿ íàãðóçêè (ðèñ. 6, 7). Ðàçðóøåíèå
ýëåìåíòîâ, òàê æå êàê è ýëåìåíòîâ ñ ïðîöåíòîì àðìèðîâàíèÿ pf = 0,45 %,
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Ðèñ. 6. Õàðàêòåð ðàçðóøåíèÿ ýëåìåíòîâ ñ ïðîöåíòàìè àðìèðîâàíèÿ pf = 0,8 % (à)
è pf = 1,25 % (á)

Fig. 6. The nature of the destruction of elements with a percentage of reinforcement
pf = 0.8 % (a) and pf = 1.25 % (b)

Ðèñ. 7. Çàâèñèìîñòü îòíîñèòåëüíûõ ïðîãèáîâ îò èçãèáàþùå-
ãî ìîìåíòà ïðè ðàçëè÷íûõ ïðîöåíòàõ àðìèðîâàíèÿ

Fig. 7. The dependence of relative deflections on the bending
moment at different percentages of reinforcement



ñîïðîâîæäàëîñü çíà÷èòåëüíîé øèðèíîé ðàñêðûòèÿ íîðìàëüíûõ òðåùèí –
áîëåå 2 ìì íà óðîâíå ïðîäîëüíîé àðìàòóðû ñ èõ ðàçâèòèåì ïî âñåé âûñîòå
ýëåìåíòà. Âî âñåõ ýëåìåíòàõ íàáëþäàëèñü íàêëîííûå òðåùèíû çíà÷èòåëüíî
ìåíüøåé øèðèíû, êîòîðûå, ïðåäïîëîæèòåëüíî, âûçâàíû ñìåùåíèåì ïðî-
äîëüíîé àðìàòóðû îòíîñèòåëüíî åãî ïåðâîíà÷àëüíîãî ïîëîæåíèÿ.

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå è ÷èñëåííûå äàííûå ïî íåñóùåé ñïî-
ñîáíîñòè ñå÷åíèÿ è ïðîãèáàì ýëåìåíòîâ ïðåäñòàâëåíû â òàáë. 4, ãäå Mult, ýêñ –
ýêñïåðèìåíòàëüíûé ïðåäåëüíûé èçãèáàþùèé ìîìåíò; Mult, ANSYS – ïðåäåëü-
íûé èçãèáàþùèé ìîìåíò ïî ANSYS; fmax, ýêñ – ýêñïåðèìåíòàëüíûé ïðîãèá
ïðè ìàêñèìàëüíîé íàãðóçêå; fmax, ANSYS – ïðîãèá ïðè ìàêñèìàëüíîé íàãðóçêå
ïî ANSYS; xcr – çíà÷åíèÿ âûñîòû ñæàòîé çîíû äî ìîìåíòà òðåùèíîîáðàçîâà-
íèÿ; xult, ýêñ – ýêñïåðèìåíòàëüíîå çíà÷åíèå âûñîòû ñæàòîé çîíû äî ìîìåíòà
ðàçðóøåíèÿ ýëåìåíòîâ; xult, ANSYS – ÷èñëåííîå çíà÷åíèå âûñîòû ñæàòîé çîíû
äî ìîìåíòà ðàçðóøåíèÿ ýëåìåíòîâ.

Â ñèëó íèçêîãî ìîäóëÿ óïðóãîñòè ÀÑÊ òðåùèíîîáðàçîâàíèå íà÷èíàëîñü
íà ðàííèõ ñòàäèÿõ íàãðóæåíèÿ. Îáðàçîâàíèå íîðìàëüíûõ òðåùèí çàôèêñè-
ðîâàíî íà óðîâíå, ñîîòâåòñòâóþùåì 8–17 % îò ðàçðóøàþùåé íàãðóçêè íà
ýëåìåíò. Óâåëè÷åíèå øèðèíû ðàñêðûòèÿ òðåùèí èìååò ëèíåéíûé õàðàêòåð
îò íà÷àëà ïðèëîæåíèÿ íàãðóçêè äî ðàçðóøåíèÿ ýëåìåíòà.

×èñëåííûå çíà÷åíèÿ íåñóùåé ñïîñîáíîñòè è ïðîãèáîâ äâóõñëîéíûõ èç-
ãèáàåìûõ ýëåìåíòîâ ñ âûñîêîïðî÷íûì áåòîíîì â ñæàòîé çîíå è íèæíèì ñëî-
åì èç áåòîíà Â30, àðìèðîâàííûõ ïðîäîëüíîé àðìàòóðîé ÀÑÊ, ïðåâûøàëè
ýêñïåðèìåíòàëüíûå çíà÷åíèÿ. Ýëåìåíòû Á ÀÑÊ–6–1 è Á ÀÑÊ–6–2 ïîêàçàëè
õîðîøóþ ñõîäèìîñòü ýêñïåðèìåíòàëüíûõ è ÷èñëåííûõ ðåçóëüòàòîâ – ðàñõî-
æäåíèÿ ñîñòàâèëè íå áîëåå 6 %.

Äëÿ âñåõ ýëåìåíòîâ çíà÷åíèÿ ïðîãèáîâ ïðè ìàêñèìàëüíîé íàãðóçêå ïðå-
âûñèëè ïðåäåëüíîå çíà÷åíèå 9,75 ìì, ñîñòàâëÿþùåå 1/123 ïðîëåòà ýëåìåíòà.
Ïðåäåëüíûå çíà÷åíèÿ ïðîãèáîâ ñîñòàâëÿþò 1/27–1/43 ïî ýêñïåðèìåíòàëüíûì
äàííûì è 1/28–1/36 ïî ðåçóëüòàòàì ðàñ÷åòîâ.

Ñòðîèòåëüíûå êîíñòðóêöèè, çäàíèÿ è ñîîðóæåíèÿ. Îñíîâàíèÿ è ôóíäàìåíòû
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Ò à á ë è ö à 4. Ýêñïåðèìåíòàëüíûå çíà÷åíèÿ íåñóùåé ñïîñîáíîñòè, îòíîñèòåëüíîãî
ïðîãèáà è âûñîòû ñæàòîé çîíû ýëåìåíòîâ ñî ñòåêëîêîìïîçèòíîé àðìàòóðîé

T a b l e 4. Experimental values of bearing capacity, relative deflection and height
of the compressed zone of elements with glass composite reinforcement

Øèôð
îáðàçöà

Ïðåäåëüíûé
èçãèáàþùèé

ìîìåíò,
êÍ · ì

Îòíîñèòåëüíûé
ïðîãèá

Îòíîñèòåëüíàÿ âûñîòà
ñæàòîé çîíû

Mult,ýêñ Mult,ANSYS fult,ýêc/l0 fult,ANSYS/l0 xcr/h0 xýêñ/h0 xANSYS/h0

Á ÀÑÊ–6–1 2,92 2,94 0,037 0,035 0,4 0,21 0,15

Á ÀÑÊ–6–2 2,76 2,94 0,036 0,035 – – 0,15

Á ÀÑÊ–8–1 3,08 4,72 0,024 0,028 0,6 0,20 0,30

Á ÀÑÊ–8–2 3,1 4,72 0,026 0,028 0,5 0,17 0,30

Á ÀÑÊ–10–1 3,26 6,7 0,026 0,029 0,5 0,15 0,30

Á ÀÑÊ–10–2 3,72 6,7 0,023 0,029 – – 0,30



Â ðåçóëüòàòå îáðàáîòêè ýêñïåðèìåíòàëüíûõ äàííûõ ïîëó÷åíû ãðàôèêè
çàâèñèìîñòè ïðîãèáîâ (ðèñ. 8), äåôîðìàöèé è íàïðÿæåíèé (ðèñ. 9) â íîðìàëü-
íîì ñå÷åíèè ýëåìåíòà ñ ïðîöåíòîì àðìèðîâàíèÿ pf = 0,8 % îò èçãèáàþùåãî
ìîìåíòà.

Â ìîìåíò òðåùèíîîáðàçîâàíèÿ (Mcrc), áëàãîäàðÿ âûñîêîé ÷àñòîòå ñíÿòèÿ
ïîêàçàíèé îòíîñèòåëüíûõ äåôîðìàöèé, âûÿâëåí õàðàêòåð èçìåíåíèÿ äåôîð-
ìèðîâàííîãî ñîñòîÿíèÿ ýëåìåíòà (ñì. ðèñ. 8).

Building constructions, buildings and structures. Bases and foundations
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Ðèñ. 8. Çàâèñèìîñòü îò èçãèáàþùåãî ìîìåíòà îòíîñèòåëüíûõ
äåôîðìàöèé â íîðìàëüíîì ñå÷åíèè ýëåìåíòà â ìîìåíò îáðàçî-
âàíèÿ ïîïåðå÷íûõ òðåùèí (à) è ïðè ïðåäåëüíîì èçãèáàþùåì

ìîìåíòå (á)

Fig. 8. Dependence on the bending moment of relative deformations
in the normal section of the element at the moment of formation of

transverse cracks (a) and at the limiting bending moment (b)



Óñòàíîâëåíî, ÷òî äî çíà÷åíèÿ èçãèáàþùåãî ìîìåíòà 0,13Mult ñîõðà-
íÿåòñÿ ëèíåéíûé çàêîí ðàñïðåäåëåíèÿ îòíîñèòåëüíûõ äåôîðìàöèé – êàê äëÿ
êàæäîãî îòäåëüíî âçÿòîãî ñëîÿ, òàê è äëÿ âñåãî ýëåìåíòà â öåëîì. Ïðè çíà÷å-
íèè èçãèáàþùåãî ìîìåíòà 0,64Mcrc ïðîèñõîäèò íåðàâíîìåðíîå ïåðåðàñïðå-
äåëåíèå íàïðÿæåíèé è äåôîðìàöèé áåç íàðóøåíèÿ êîíòàêòà èç-çà ðàçëè÷íûõ
äåôîðìàòèâíûõ è ïðî÷íîñòíûõ õàðàêòåðèñòèê ìàòåðèàëîâ ñëîåâ. Â [18] âîç-
íèêíîâåíèå òàêîãî ïåðåðàñïðåäåëåíèÿ â ñîñòàâíûõ êîíñòðóêöèÿõ îáúÿñíÿåò-
ñÿ ðàçíîìîäóëüíîñòüþ ìàòåðèàëîâ. Çíà÷åíèå ðàñòÿãèâàþùåãî íàïðÿæåíèÿ
â íèæíåì ñëîå áåòîíà íà óðîâíå ïðîäîëüíîé àðìàòóðû ñîñòàâëÿåò 0,67Rb,t,

Ñòðîèòåëüíûå êîíñòðóêöèè, çäàíèÿ è ñîîðóæåíèÿ. Îñíîâàíèÿ è ôóíäàìåíòû
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Ðèñ. 9. Çàâèñèìîñòü îò èçãèáàþùåãî ìîìåíòà íàïðÿæåííîãî ñî-
ñòîÿíèÿ íîðìàëüíîãî ñå÷åíèÿ ýëåìåíòà â ìîìåíò îáðàçîâàíèÿ ïî-
ïåðå÷íûõ òðåùèí (à) è ïðè ïðåäåëüíîì èçãèáàþùåì ìîìåíòå (á)

Fig. 9. Dependence on the bending moment of the stress state of
the  normal section of the element at the moment of formation of

transverse cracks (a) and at the limiting bending moment (b)



÷òî ñîîòâåòñòâóåò çíà÷åíèþ, ïðè êîòîðîì ïðîèñõîäèò íà÷àëî ìèêðîòðåùè-
íîîáðàçîâàíèÿ è, ñëåäîâàòåëüíî, îòêëîíåíèå îò íà÷àëüíîãî ìîäóëÿ óïðóãî-
ñòè. Â ñâÿçè ñ ýòèì ïîëó÷åííûé õàðàêòåð ïåðåðàñïðåäåëåíèÿ íàïðÿæåíèé
è äåôîðìàöèé è åãî ðàçâèòèå ìîæíî îáúÿñíèòü ðàçëè÷íûìè äåôîðìàòèâíû-
ìè è ïðî÷íîñòíûìè ñâîéñòâàìè ìàòåðèàëîâ äâóõ ñëîåâ è ìèêðîðàçðóøåíèÿ-
ìè â íèæíåì ñëîå.

Ôàêòè÷åñêèå è âû÷èñëåííûå çíà÷åíèÿ âûñîòû ñæàòîé çîíû ïðè ïðå-
äåëüíîì èçãèáàþùåì ìîìåíòå ïðèâåäåíû â òàáë. 4. Ïî äàííûì [19, 20],
äëÿ îáåñïå÷åíèÿ ìàêñèìàëüíîé íåñóùåé ñïîñîáíîñòè äâóõñëîéíîãî ýëåìåí-
òà çíà÷åíèå îòíîñèòåëüíîé âûñîòû ñæàòîé çîíû áåòîíà äîëæíî íàõîäèòüñÿ
â äèàïàçîíå 20–40 %. Ïðè ðàçëè÷íûõ ïðîöåíòàõ ïðîäîëüíîãî àðìèðîâàíèÿ
(pf = 0,45; 0,80 è 1,25 %) ýêñïåðèìåíòàëüíûå çíà÷åíèÿ îòíîñèòåëüíîé âûñîòû
ñæàòîé çîíû áåòîíà äî è ïîñëå ìîìåíòà îáðàçîâàíèÿ òðåùèí ñîñòàâëÿëè
38–57 è 13–30 % ñîîòâåòñòâåííî. Â ïðåäåëüíîì ñîñòîÿíèè îòíîñèòåëüíàÿ
âûñîòà ñæàòîé çîíû áåòîíà ïî ANSYS 2021 R2 ñîñòàâèëà 14,3 – 28,6 %. Âû-
ñîòà ñæàòîé çîíû äâóõñëîéíûõ áåòîííûõ ýëåìåíòîâ ñ àðìàòóðîé ÀÑÊ íå
ïðåâûøàëà âûñîòó ñëîÿ âûñîêîïðî÷íîãî áåòîíà, ò.å. ïîâåðõíîñòü êîíòàêòà
ñëîÿ âûñîêîïðî÷íîãî áåòîíà è îáû÷íîãî áåòîíà íàõîäèëàñü â ïðåäåëàõ ðàñ-
òÿíóòîé çîíû.

Ïîëó÷åííûå ýêñïåðèìåíòàëüíûå äàííûå ìîãóò áûòü èñïîëüçîâàíû äëÿ
ïðîâåðêè è óòî÷íåíèÿ ðàáî÷èõ ãèïîòåç, à òàêæå ïðè ïðîåêòèðîâàíèè ïðîëåò-
íûõ ñòðîåíèé ïóòåïðîâîäîâ, ìîñòîâ, ïðîèçâîäñòâåííûõ çäàíèé è ñîîðóæåíèé.

Âûâîäû. 1. Èçãèáàþùèé ìîìåíò, ïðè êîòîðîì ýëåìåíò äîñòèãàåò ïðå-
äåëüíûõ ïðîãèáîâ – 1/123 ïðîëåòà ýëåìåíòà, â ñîîòâåòñòâèè ñ ÑÏ 20.13330.
2016 «Íàãðóçêè è âîçäåéñòâèÿ», ñîñòàâëÿåò 51,8 % îò ïðåäåëüíîãî ðàçðó-
øàþùåãî ìîìåíòà.

2. Ïðè ðàñ÷åòå è êîíñòðóèðîâàíèè äâóõñëîéíûõ èçãèáàåìûõ ýëåìåíòîâ
ñ  âûñîêîïðî÷íûì áåòîíîì â ñæàòîé çîíå, àðìèðîâàííûõ ïðîäîëüíîé àðìà-
òóðîé èç ÀÑÊ, ïåðâîñòåïåííîé çàäà÷åé ÿâëÿåòñÿ ðàñ÷åò ïî ïðåäåëüíî äîïóñ-
òèìûì îòíîñèòåëüíûì ïðîãèáàì.
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