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Àííîòàöèÿ. Ïðåäëàãàåìàÿ òåîðèÿ ðàñ÷åòà ïðî÷íîñòè èçãèáàåìûõ æåëåçîáåòîí-
íûõ ýëåìåíòîâ ïî íàêëîííûì ñå÷åíèÿì ðàçðàáîòàíà â òåñíîé âçàèìîñâÿçè ôàêòîðîâ,
õàðàêòåðèçóþùèõ ñîñòîÿíèå ýëåìåíòîâ îò íà÷àëà çàãðóæåíèÿ âïëîòü äî ïîëíîãî èõ
ðàçðóøåíèÿ, íà îñíîâå äèàãðàììû çàâèñèìîñòè ìåæäó íàïðÿæåíèÿìè â ïðîäîëüíîé
àðìàòóðå è èçãèáàþùèì ìîìåíòîì. Äëÿ ñîâåðøåíñòâîâàíèÿ ïðåäñòàâëåííîé â íîð-
ìàòèâíûõ äîêóìåíòàõ ìåòîäèêè ðàñ÷åòà èçãèáàåìûõ æåëåçîáåòîííûõ ýëåìåíòîâ ïî
íàêëîííûì ñå÷åíèÿì áûëà ýêñïåðèìåíòàëüíî óñòàíîâëåíà äîëÿ âëèÿíèÿ êàæäîãî èç
ìíîãî÷èñëåííûõ ôàêòîðîâ íà íåñóùóþ ñïîñîáíîñòü èññëåäóåìûõ ýëåìåíòîâ ïðè
ðàçëè÷íûõ èõ êîíñòðóêòèâíûõ ðåøåíèÿõ è âèäàõ íàãðóçêè.
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Original article

CALCULATION OF STRENGTH BY INCLINED SECTIONS
OF BENT REINFORCED CONCRETE ELEMENTS USING

A DIAGRAM OF THE DEPENDENCE OF STRESSES
IN LONGITUDINAL REINFORCEMENT

ON THE VALUE OF THE BENDING MOMENT

P a r t 2. THEORY AND EXAMPLE OF CALCULATION

Ivan N. Starishko
Vologda State University, Vologda, Russia

Abstract. The theory for calculating the strength of bent reinforced concrete elements
along inclined sections has been developed in a close relationship of factors characterizing
the state of the elements from the beginning of the loading up to complete destruction,
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which are based on a diagram of the relationship between stresses in the longitudinal
reinforcement and the bending moment. In order to improve the presenbed methodology in
normative documents for calculating bent reinforced concrete elements along inclined
sections, it was experimentally determine the proportion of the influence of each of the
numerous factors on the bearing capacity of the studied elements with their various design
solutions and types of load.

Keywords: bending elements, inclined sections, influence factors, bending moment,
transverse force, strength

For citation: Starishko I.N. Calculation of strength by inclined sections of bent
reinforcedconcrete elements using a diagram of the dependence of stresses in longitudinal
reinforcement on the value of the bending moment. Part 2. Theory and example of
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Russ.). DOI: 10.32683/0536-1052-2022-764-8-38-52.

Ñòàòüÿ ÿâëÿåòñÿ ïðîäîëæåíèåì ñòàòüè îïóáëèêîâàííîé â ïðåäûäóùåì
íîìåðå æóðíàëà1.

Ââåäåíèå. Íåêîòîðûå àâòîðû, èçó÷àÿ ðàáîòó èçãèáàåìûõ æåëåçîáåòîí-
íûõ ýëåìåíòîâ â çîíå ñîâìåñòíîãî äåéñòâèÿ èçãèáàþùèõ ìîìåíòîâ è ïîïå-
ðå÷íûõ ñèë, âûçâàííûõ íàãðóçêîé, çà îñíîâó ñâîèõ òåîðåòè÷åñêèõ èññëåäîâà-
íèé ïðèíèìàþò ýìïèðè÷åñêóþ ôîðìóëó äëÿ îïðåäåëåíèÿ ïðî÷íîñòè áåòîíà
ñæàòîé çîíû â íàêëîííîì ñå÷åíèè Qb [1], â òîì ÷èñëå ñ íåêîòîðûì åå óñîâåð-
øåíñòâîâàíèåì [2–4], âêëþ÷àÿ äåéñòâóþùèå íîðìàòèâíûå äîêóìåíòû
(íàïðèìåð, ÑÏ 63.13330. 2012).

Òåîðèÿ ðàñ÷åòà ïðî÷íîñòè ïî íàêëîííûì ñå÷åíèÿì ñ èñïîëüçîâàíèåì
óêàçàííîé ôîðìóëû áûëà ðàçðàáîòàíà Ì.Ñ. Áîðèøàíñêèì åùå â 50-å ãã.
XX ñòîëåòèÿ. Ñ íåêîòîðûìè èçìåíåíèÿìè, âíåñåííûìè À.Ñ. Çàëåñîâûì,
îíà  èñïîëüçóåòñÿ â íîðìàòèâíûõ äîêóìåíòàõ è â íàñòîÿùåå âðåìÿ. Îäíàêî
òåîðèÿ ðàñ÷åòà ïðî÷íîñòè èçãèáàåìûõ æåëåçîáåòîííûõ ýëåìåíòîâ ïî íà-
êëîííûì ñå÷åíèÿì â öåëîì, è îñîáåííî ïðè îïðåäåëåíèè çíà÷åíèé Qb, âî
ìíîãèõ ñëó÷àÿõ äàåò ðåçóëüòàòû ñ ñóùåñòâåííûìè îòêëîíåíèÿìè îò îïûò-
íûõ. Â ýêñïåðèìåíòàëüíûõ èññëåäîâàíèÿõ ðàáîòû áàëîê äâóòàâðîâîãî ñå÷å-
íèÿ Þ.Ê. Íèêîëàåâà [1], ïðîâîäèâøèõñÿ â ÍÈÈÆÁå ïîä ðóêîâîäñòâîì
À.À. Ãâîçäåâà, îêàçàëîñü, ÷òî îïûòíàÿ ðàçðóøàþùàÿ ïîïåðå÷íàÿ ñèëà Qb

ïðåâûøàëà ðàñ÷åòíóþ, îïðåäåëÿåìóþ ïî ýìïèðè÷åñêîé ôîðìóëå Ì.Ñ. Áîðè-
øàíñêîãî â áàëêàõ ñ íåíàïðÿãàåìîé ïðîäîëüíîé àðìàòóðîé â 1,42–1,79 ðàçà,
â ïðåäâàðèòåëüíî íàïðÿæåííûõ áàëêàõ â 2,02–2,85 ðàçà.

Ìíîãèå èññëåäîâàòåëè [1, 3, 4 è äð.], èìåÿ áîëüøîé òåîðåòè÷åñêèé áàãàæ
çíàíèé â äàííîé îáëàñòè, à òàêæå ìàòåðèàëû ñîáñòâåííûõ ýêñïåðèìåíòîâ,
ïðîâîäèâøèõñÿ â ðàçíîå âðåìÿ, íà ïðîòÿæåíèè ïîñëåäíèõ 70 ëåò íå ñìîãëè
ðàçðàáîòàííóþ Ì.Ñ. Áîðèøàíñêèì ìåòîäèêó ðàñ÷åòà äîâåñòè äî ïðèåìëåìî-
ñòè äëÿ âñåõ ñëó÷àåâ âëèÿíèÿ ìíîãî÷èñëåííûõ ôàêòîðîâ. Ïðè ýòîì íåîäíî-
êðàòíî óêàçûâàëîñü íà íåîáõîäèìîñòü çàìåíû â äåéñòâóþùèõ íîðìàòèâíûõ
äîêóìåíòàõ ìåòîäèêè ðàñ÷åòà è, îñîáåííî, ýìïèðè÷åñêîé ôîðìóëû äëÿ îïðå-
äåëåíèÿ Qb. Òàê, À.Ñ. Çàëåñîâ, Î.Ô. Èëüèí â [4] è äðóãèõ èñòî÷íèêàõ, íàðÿäó
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1 Ñòàðèøêî È.Í. Ðàñ÷åò ïðî÷íîñòè ïî íàêëîííûì ñå÷åíèÿì èçãèáàåìûõ æåëåçî-
áåòîííûõ ýëåìåíòîâ ñ èñïîëüçîâàíèåì äèàãðàììû çàâèñèìîñòè íàïðÿæåíèé â ïðî-
äîëüíîé àðìàòóðå îò èçãèáàþùåãî ìîìåíòà. ×àñòü 1. Ñîñòîÿíèå âîïðîñà, ðåçóëüòàòû
îïûòîâ è îñíîâíûå ïîëîæåíèÿ ïðåäëàãàåìîãî ìåòîäà ðàñ÷åòà // Èçâåñòèÿ âóçîâ.
Ñòðîèòåëüñòâî. 2022. ¹ 7. Ñ. 26–38.



ñ ñîâåðøåíñòâîâàíèåì ñóùåñòâóþùåé ìåòîäèêè ðàñ÷åòà ïðî÷íîñòè èçãèáàå-
ìûõ æåëåçîáåòîííûõ ýëåìåíòîâ ïî íàêëîííûì ñå÷åíèÿì, ìíîãî ðàáîòàëè
â ïîèñêàõ ñîâåðøåííî íîâîé ìîäåëè ðàñ÷åòà.

Îäíàêî àâòîðû ñòàòüè [2] Þ.Â. Êðàñíîùåêîâ è Ë.Â. Êðàñîòèíà è äðóãèå
ó÷åíûå ïðåäëàãàþò äëÿ ñîâåðøåíñòâîâàíèÿ ìåòîäèêè ðàñ÷åòà ñâîè òåîðåòè-
÷åñêèå èññëåäîâàíèÿ, òàêæå ïðèíèìàÿ çà îñíîâó ôîðìóëó Ì.Ñ. Áîðèøàíñêî-
ãî ïðè îïðåäåëåíèè çíà÷åíèé Qb ñ íåêîòîðûì åå èçìåíåíèåì. Ïðè ýòîì â
òàáë. 1 [2] àâòîðû ñðàâíèâàþò òåîðåòè÷åñêèå ðåçóëüòàòû, ïîëó÷åííûå ïî
ïðåäëàãàåìîé èìè ìåòîäèêå ðàñ÷åòà, ñ îïûòíûìè äàííûìè äðóãèõ èññëåäî-
âàòåëåé, îïóáëèêîâàííûìè â [4], ãäå âëèÿíèå ïîïåðå÷íîé àðìàòóðû íà ïðî÷-
íîñòü èçãèáàåìûõ æåëåçîáåòîííûõ ýëåìåíòîâ ïî íàêëîííûì ñå÷åíèÿì â ýêñ-
ïåðèìåíòå îêàçàëîñü ñóùåñòâåííûì (ñì. òàáë. 13 [4] èëè òàáë. 1 [2]). Òàê,
â áàëêå ¹ 10 ïðè íàëè÷èè ïîïåðå÷íîé àðìàòóðû îáùàÿ íåñóùàÿ ñïîñîáíîñòü
ïî íàêëîííûì ñå÷åíèÿì îêàçàëàñü ðàâíîé 102 êÍ, à â àíàëîãè÷íîé áàëêå
¹ 9 áåç ïîïåðå÷íîé àðìàòóðû – 58 êÍ. Ñëåäîâàòåëüíî, îïûòîì óñòàíîâëåíî,
÷òî ïîïåðå÷íàÿ àðìàòóðà âîñïðèíÿëà ÷àñòü îáùåé ïîïåðå÷íîé ñèëû îò íà-
ãðóçêè, ðàâíóþ 44 êÍ.

Ïî ìåòîäèêå ðàñ÷åòà, ïðåäëàãàåìîé àâòîðàìè ñòàòüè [2], ÷àñòü îáùåé
ïîïåðå÷íîé ñèëû îò íàãðóçêè, âîñïðèíèìàåìàÿ ïîïåðå÷íîé àðìàòóðîé, ðàâíà
14,2 êÍ (äëÿ áàëêè ¹ 10 â òàáë. 1 [2]). Òî åñòü ïî ðàñ÷åòó ïîïåðå÷íàÿ àðìàòóðà
ïîâûøàåò ïðî÷íîñòü áàëîê ïî íàêëîííûì ñå÷åíèÿì âñåãî ëèøü íà 13,9 %,
(â 3,1 ðàçà ìåíüøå â ñðàâíåíèè ñ îïûòíûìè ðåçóëüòàòàìè). Ýòî ñâèäåòåëü-
ñòâóåò î òîì, ÷òî ìåòîäèêà ðàñ÷åòà, êîòîðàÿ, ïî ìíåíèþ åå àâòîðîâ, «ðàçðà-
áîòàíà ñ ÷åòêèì ôèçè÷åñêèì ñìûñëîì ðàñ÷åòíûõ ïàðàìåòðîâ», òàêîâîé íå
ÿâëÿåòñÿ.

À.Í. Ìîðîçîâûì äëÿ îáîñíîâàíèÿ ïðåäëàãàåìîé èì ìåòîäèêè ðàñ÷åòà
ïðî÷íîñòè æåëåçîáåòîííûõ ýëåìåíòîâ ïî íàêëîííûì ñå÷åíèÿì [5] áûëè
èñïîëüçîâàíû ðåçóëüòàòû ñîáñòâåííûõ ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé
áàëîê, èçãîòîâëåííûõ èç ñëàíöåçîëüíîãî ãàçîáåòîíà áåç ïîïåðå÷íîé àðìà-
òóðû, à òàêæå ýêñïåðèìåíòàëüíûå äàííûå À.Ñ. Ñèëàíòüåâà äëÿ áàëîê èç
òÿæåëîãî áåòîíà áåç ïîïåðå÷íîé àðìàòóðû. Òàêèì îáðàçîì, ìíîãèå èç óïîìÿ-
íóòûõ âûøå èññëåäîâàòåëåé ðàçðàáàòûâàëè ìåòîäèêè ðàñ÷åòà ïðî÷íîñòè
ïî  íàêëîííûì ñå÷åíèÿì èçãèáàåìûõ æåëåçîáåòîííûõ ýëåìåíòîâ áåç ó÷åòà
ïîïåðå÷íîé àðìàòóðû.

Ñîâåðøåíñòâîâàíèå ìåòîäà ðàñ÷åòà ïðî÷íîñòè èçãèáàåìûõ æåëåçîáå-
òîííûõ ýëåìåíòîâ ïî íàêëîííûì ñå÷åíèÿì çàêëþ÷àåòñÿ â íåîáõîäèìîñòè
êîìïëåêñíîãî ó÷åòà âëèÿíèÿ ìíîãî÷èñëåííûõ ôàêòîðîâ: êîëè÷åñòâà ïî-
ïåðå÷íîé àðìàòóðû, âåëè÷èíû ïðåäâàðèòåëüíîãî íàïðÿæåíèÿ â ïðîäîëüíîé
àðìàòóðå, ðàçëè÷íûõ ôèçèêî-ìåõàíè÷åñêèõ è ãåîìåòðè÷åñêèõ õàðàêòåðèñòèê
èññëåäóåìûõ ýëåìåíòîâ, âèäîâ íàãðóçêè è ò.ä.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèé. Ôàêòè÷åñêàÿ ýïþðà íîðìàòèâíûõ
íàïðÿæåíèé â áåòîíå ñæàòîé çîíû ïî âûñîòå ñå÷åíèÿ íàä ïîïåðå÷íîé òðåùè-
íîé êðèâîëèíåéíàÿ (ðèñ. 1). Â ðàñ÷åòàõ ïðî÷íîñòè èçãèáàåìûõ ýëåìåíòîâ íà
äåéñòâèå ïîïåðå÷íûõ ñèë (êàê îòìå÷åíî â ÷àñòè 1 ñòàòüè) íåîáõîäèìî ó÷èòû-
âàòü âëèÿíèå è êàñàòåëüíûõ íàïðÿæåíèé. Òàê êàê íà âåðõíåé ãðàíè ýëåìåíòà
êàñàòåëüíûå íàïðÿæåíèÿ â áåòîíå ðàâíû íóëþ, òî ïðåäåëüíûå íîðìàëüíûå
íàïðÿæåíèÿ ïðèíèìàþòñÿ ðàâíûìè Rb.
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1. Íàïðÿæåíèÿ â ïðîäîëüíîé íàïðÿãàåìîé àðìàòóðå â ñå÷åíèè ñ òðåùè-

íîé. Ïðè ðàçðàáîòêå ìåòîäèêè ðàñ÷åòà èçãèáàåìûõ æåëåçîáåòîííûõ ïðåäâà-
ðèòåëüíî íàïðÿæåííûõ ýëåìåíòîâ â ñòàäèè ðàçâèòèÿ íàêëîííûõ òðåùèí
(ñì. ðèñ. 1) è â ðàñ÷åòàõ ïðî÷íîñòè íàêëîííûõ ñå÷åíèé (ðèñ. 2), ñ îïðåäåëå-
íèåì íàïðÿæåíèé â íàïðÿãàåìîé ïðîäîëüíîé àðìàòóðå â íîðìàëüíîì ñå÷å-
íèè, ïðîõîäÿùåì ÷åðåç âåðøèíó íàêëîííîé òðåùèíû, âîçíèêëè çàòðóäíåíèÿ.
Ðåøåíèå áûëî îñóùåñòâëåíî ñ ïîìîùüþ äèàãðàììû çàâèñèìîñòè ìåæäó íà-
ïðÿæåíèÿìè â ïðîäîëüíîé àðìàòóðå ss è èçãèáàþùèì ìîìåíòîì Ì, ïðåäëî-
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Ðèñ. 1. Íàïðÿæåííîå ñîñòîÿíèå ïîïåðå÷íîãî ñå÷åíèÿ, ïðîõîäÿùå-
ãî ÷åðåç âåðøèíó êðèòè÷åñêîé íàêëîííîé òðåùèíû ïðè åå îáðàçî-

âàíèè è ðàçâèòèè

Fig. 1. The stress state of the cross-section passing through the top of the
critical inclined crack during its formation and development

Ðèñ. 2. Ðàñ÷åòíàÿ ñõåìà íàêëîííîãî ñå÷åíèÿ â ðàñ÷åòàõ ïðî÷íîñòè ïðè áîëüøèõ
äëèíàõ çîíû ñðåçà (à) è ïðè ìàëûõ ïðîëåòàõ ñðåçà (á)

Fig. 2. Calculation scheme of the inclined section in strength calculations for large
cross-section spans (a) and for small cross-section spans (b)



æåííîé àâòîðîì, êîòîðàÿ ïðèíèìàåòñÿ â âèäå äâóõ îòðåçêîâ ïðÿìûõ, èìåþ-
ùèõ ïåðåëîì â òî÷êå, ñîîòâåòñòâóþùåé îáðàçîâàíèþ òðåùèí Mcrc (ðèñ. 3).
Â ñòàäèè ðàçâèòèÿ êðèòè÷åñêîé íàêëîííîé òðåùèíû â èçãèáàåìûõ æåëåçîáå-
òîííûõ ýëåìåíòàõ, â ñîîòâåòñòâèè ñ ïðèíÿòîé äèàãðàììîé, íàïðÿæåíèÿ â
ïðîäîëüíîé àðìàòóðå â íîðìàëüíîì ñå÷åíèè ñ òðåùèíîé îïðåäåëÿþòñÿ èç ñî-
îòíîøåíèÿ

s s

s s
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30
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s

sp

ult

ult crc

M M

M M
(1)

ãäå ssp(2) – ïðåäâàðèòåëüíîå íàïðÿæåíèå â àðìàòóðå ñ ó÷åòîì ïîëíûõ ïîòåðü;
Mult – ìîìåíò â ñòàäèè ðàçðóøåíèÿ ýëåìåíòà ïî íîðìàëüíîìó ñå÷åíèþ;
Mcrc – ìîìåíò â ñòàäèè îáðàçîâàíèÿ òðåùèí â íîðìàëüíîì ñå÷åíèè;
M1 = Qc – èçãèáàþùèé ìîìåíò îò ñèëû P = Q ïðè ðàçâèòèè êðèòè÷åñêîé íà-
êëîííîé òðåùèíû;
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Ðèñ. 3. Äèàãðàììà çàâèñèìîñòè íàïðÿæåíèé â ïðî-
äîëüíîé àðìàòóðå îò âåëè÷èíû èçãèáàþùåãî ìîìåíòà

â íîðìàëüíîì ñå÷åíèè
Mcrc – ìîìåíò â ñòàäèè îáðàçîâàíèÿ íîðìàëüíûõ ê ïðîäîëü-
íîé îñè òðåùèí; Ì1 – ìîìåíò â ñòàäèè ðàçâèòèÿ êðèòè÷å-
ñêîé íàêëîííîé òðåùèíû; Ì2 – ìîìåíò â ñòàäèè ðàçðóøå-
íèÿ ýëåìåíòà ïî íàêëîííîìó ñå÷åíèþ; Mult – ìîìåíò â ñòà-

äèè ðàçðóøåíèÿ ýëåìåíòà ïî íîðìàëüíîìó ñå÷åíèþ

Fig. 3. Diagram of the dependence of stresses in the
longitudinal reinforcement on the value of the bending

moment in the small section
Mcrc – a moment in the stage of burrow formation small to the
longitudinal axis of cracks; M1 – is a moment in the development
stage of a critical inclined crack; M2 – is the moment in the stage
of destruction of the element along the inclined section; Mult – is
the moment in the stage of destruction of the element along

the normal cross-section



c – ðàññòîÿíèå îò îïîðû äî âåðøèíû êðèòè÷åñêîé íàêëîííîé òðåùèíû â
ïðîåêöèè íà îñü ýëåìåíòà.

Äëÿ ðàâíîìåðíî ðàñïðåäåëåííîé íàãðóçêè â íîðìàëüíîì ê ïðîäîëüíîé
îñè ýëåìåíòîâ ñå÷åíèè Ìmax = ql2/8; Qmax = ql/2. Ïðè ýòîì çíà÷åíèå M1 îïðåäå-
ëÿåòñÿ ïî ôîðìóëå M1 = Rñ – qñ2/2, ãäå îïîðíàÿ ðåàêöèÿ áàëêè R = Q, çíà÷åíèå
ñ âû÷èñëÿåòñÿ ïî ýìïèðè÷åñêîé ôîðìóëå ñ = Ìmax/Qmax. Óêàçàííîå çíà÷åíèå ñ

â áàëêàõ ñ ðàâíîìåðíî ðàñïðåäåëåííîé íàãðóçêîé òàêæå õîðîøî ñîîòâåò-
ñòâóåò îïûòíûì ðåçóëüòàòàì Þ.Ë. Èçîòîâà [6].

Ïðè íàëè÷èè íàãðóçêè â âèäå îäíîé ñîñðåäîòî÷åííîé ñèëû çíà÷åíèå ñ

ïðèíèìàåòñÿ ðàâíûì ìåíüøåìó ðàññòîÿíèþ îò îïîðû äî ýòîé ñèëû (ñî ñòîðî-
íû áîëüøåé ïîïåðå÷íîé ñèëû) [6].

Ïðè íàëè÷èè òðåõ ñîñðåäîòî÷åííûõ ñèë çíà÷åíèå ñ ïðèíèìàåòñÿ ðàâíûì
ðàññòîÿíèþ îò îïîðû äî ïåðâîãî ñîñðåäîòî÷åííîãî ãðóçà â ïðîåêöèè íà îñü
ýëåìåíòà, íî íå ìåíåå ðàáî÷åé âûñîòû ñå÷åíèÿ ýëåìåíòà h0. Ïðè íàëè÷èè
÷åòûðåõ è áîëåå ñîñðåäîòî÷åííûõ íàãðóçîê çíà÷åíèå ñ ïðèíèìàåòñÿ àíàëî-
ãè÷íî ñëó÷àþ ðàâíîìåðíî ðàñïðåäåëåííîé íàãðóçêè.

Óñëîâíûé ïðåäåë òåêó÷åñòè àðìàòóðíîé ñòàëè s0,2 (ñì. ðèñ. 3) èñïîëüçó-
åòñÿ äëÿ ðàñ÷åòîâ ïðåäâàðèòåëüíî íàïðÿæåííûõ ýëåìåíòîâ. Äëÿ ðàñ÷åòà
ýëåìåíòîâ áåç ïðåäâàðèòåëüíîãî íàïðÿæåíèÿ ïðîäîëüíîé àðìàòóðû ïðèìå-
íÿåòñÿ ôèçè÷åñêèé ïðåäåë òåêó÷åñòè àðìàòóðíîé ñòàëè sy. Ïðè ýòîì íà ãîðè-
çîíòàëüíîé îñè (ñì. ðèñ. 4) çíà÷åíèÿ ssp(2) – asb1, à òàêæå ssp(2) îòñóòñòâóþò
(ðàâíû íóëþ), è ãðàôèê íà÷èíàåòñÿ ñ òî÷êè ïåðåñå÷åíèÿ îñåé ss è M.

Íàïðÿæåíèå â ïðîäîëüíîé àðìàòóðå ss1 â íîðìàëüíîì ñå÷åíèè ñ òðåùè-
íîé â ñòàäèè ðàçâèòèÿ êðèòè÷åñêîé íàêëîííîé òðåùèíû (ñì. ðèñ. 4) íàõîäèò-
ñÿ çàìåíîé â (1) óñëîâíîãî ïðåäåëà òåêó÷åñòè s0,2 (èëè ôèçè÷åñêîãî ïðåäåëà
òåêó÷åñòè sy) íà ñîîòâåòñòâóþùåå ðàñ÷åòíîå ñîïðîòèâëåíèå Rs. Òîãäà
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Ïîïåðå÷íàÿ ñèëà ïðè ðàçâèòèè êðèòè÷åñêîé íàêëîííîé òðåùèíû Q îï-
ðåäåëÿåòñÿ èç ýïþðû êàñàòåëüíûõ íàïðÿæåíèé txy â áåòîíå íàä íîðìàëü-
íîé  òðåùèíîé, ïðèíèìàåìîé â âèäå êâàäðàòíîé ïàðàáîëû (ñì. ðèñ. 1). Ñî-
ãëàñíî êðèòåðèþ ïðî÷íîñòè áåòîíà ïðè ïëîñêîì íàïðÿæåííîì ñîñòîÿíèè
(ñì. ðèñ. 4, á â ÷àñòè 1 ñòàòüè) â âåðøèíå êðèòè÷åñêîé íàêëîííîé òðåùèíû,
â çàâèñèìîñòè îò íîðìàëüíûõ íàïðÿæåíèé sx, êàñàòåëüíûå íàïðÿæåíèÿ
txy = kRbt. Òîãäà

Q bdx bx kR b hxy
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3
, (3)

ãäå x0 – âûñîòà ñæàòîé çîíû áåòîíà â íîðìàëüíîì ñå÷åíèè, ïðîõîäÿùåì
÷åðåç âåðøèíó íàêëîííîé òðåùèíû;
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0

0

=
x

h
– îòíîñèòåëüíàÿ âûñîòà ñæàòîé çîíû áåòîíà.

Ïîäñòàâëÿÿ ïîëó÷åííîå çíà÷åíèå Q â âûðàæåíèå (2) è îáîçíà÷àÿ
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ïîëó÷èì

s b
a x

ds sR
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1
1 0= -
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è
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Íàïðÿæåíèå â ïðîäîëüíîé àðìàòóðå â ýòîì æå íîðìàëüíîì ñå÷åíèè â
ïðåäåëüíîì ñîñòîÿíèè ïî ïðî÷íîñòè íàêëîííîãî ñå÷åíèÿ òàêæå îïðåäåëÿåì
èç äèàãðàììû ss – M

s b
ds s

ultR
M M

2
1 2= -

-æ

è
ç

ö

ø
÷ , (5)

ãäå M2 = Qc – èçãèáàþùèé ìîìåíò â íîðìàëüíîì ñå÷åíèè â ïðåäåëüíîì
ñîñòîÿíèè ïî ïðî÷íîñòè íàêëîííîãî ñå÷åíèÿ.

2. Ðàñ÷åò èçãèáàåìûõ æåëåçîáåòîííûõ ýëåìåíòîâ ïðÿìîóãîëüíîãî ïðî-

ôèëÿ â ñòàäèè ðàçâèòèÿ íàêëîííûõ òðåùèí. Â ñòàäèè ðàçâèòèÿ êðèòè÷åñêîé
íàêëîííîé òðåùèíû íåîáõîäèìî îïðåäåëèòü âûñîòó ñæàòîé çîíû áåòîíà íàä
íîðìàëüíîé òðåùèíîé x0 = x0h0 (â ñå÷åíèè ïîä ãðóçîì), íàïðÿæåíèå â àðìà-
òóðå ss1 è áåòîíå sb â íîðìàëüíîì ñå÷åíèè, à òàêæå ïîïåðå÷íóþ ñèëó Q. Óêà-
çàííûå âåëè÷èíû ïîëó÷èì èç ñîâìåñòíîãî ðåøåíèÿ ÷åòûðåõ óðàâíåíèé: (3),
(4), à òàêæå óðàâíåíèé ðàâíîâåñèÿ èçãèáàþùèõ ìîìåíòîâ è ïðîäîëüíûõ ñèë
â íîðìàëüíîì ñå÷åíèè:

SM Qc bx h x A h ab s sp= = - ± ¢ ¢ - ¢0 0 0 0 1 0; ( ) ( );ws g s (6)

SN bx A Ab s sp s sp= ± ¢ ¢ =0 0 1 1; ,ws s s (7)

ãäå w è g – êîýôôèöèåíò ïîëíîòû è êîýôôèöèåíò, îïðåäåëÿþùèé ïîëîæåíèå
öåíòðà òÿæåñòè ýïþðû íàïðÿæåíèé ñæàòîé çîíû áåòîíà íàä íîðìàëüíîé
òðåùèíîé, ðàñïîëîæåííîé ïîä âåðøèíîé êðèòè÷åñêîé íàêëîííîé òðåùèíû –
ïî ëèíèè äåéñòâèÿ íàãðóçêè èëè âáëèçè íåå (ñì. ðèñ. 1).

Èç ñîâìåñòíîãî ðåøåíèÿ óðàâíåíèé (6), (7) è (4) ïîñëå èõ ïðåîáðàçî-
âàíèé ïîëó÷èì êâàäðàòíîå óðàâíåíèå
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Â ôîðìóëàõ (6), (7), (10) è (11) âåðõíèå çíàêè ïðèíèìàþòñÿ, êîãäà âåðõ-
íÿÿ ïðîäîëüíàÿ àðìàòóðà ïëîùàäüþ ¢Asp â ñòàäèè ðàçâèòèÿ êðèòè÷åñêîé íà-
êëîííîé òðåùèíû îêàæåòñÿ ñæàòîé, íèæíèå çíàêè – êîãäà îíà ðàñòÿíóòà.

Íàïðÿæåíèå â ïðîäîëüíîé íàïðÿãàåìîé àðìàòóðå, ðàñïîëîæåííîé â
ñæàòîé çîíå, ïðèíèìàåòñÿ â çàâèñèìîñòè îò ïðåäåëüíîé ñæèìàåìîñòè áåòîíà
e ub è ïðåäâàðèòåëüíîãî íàïðÿæåíèÿ â íåé

¢ = ¢ - ¢s e ss ub s spk E1 1 2( ) . (13)

Èç àíàëèçà îïûòíûõ äàííûõ ìîæíî ïðèíÿòü k1 = 0,6 ïðè îòíîñèòåëüíûõ

ðàññòîÿíèÿõ îò îïîðû äî ãðóçà
c

h0

1 5£ , è k1 = 1 ïðè
c

h0

3 5³ , . Ïðè ïðîìåæó-

òî÷íûõ çíà÷åíèÿõ
c

h0

êîýôôèöèåíò k1 îïðåäåëÿåòñÿ èíòåðïîëÿöèåé. Íàïðÿ-

æåíèå â ñæàòîì áåòîíå èç óðàâíåíèÿ (4.9) [7] îïðåäåëÿåòñÿ êàê

s
s s
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3. Ðàñ÷åò ïðî÷íîñòè íàêëîííûõ ñå÷åíèé ïî äâóõáëî÷íîé ðàñ÷åòíîé ñõå-

ìå. Ïðè ðàñ÷åòå ïðî÷íîñòè íàêëîííûõ ñå÷åíèé, êàê îòìå÷åíî âûøå, ïðèíè-
ìàåòñÿ äâóõáëî÷íàÿ ðàñ÷åòíàÿ ñõåìà (ñì. ðèñ. 2) ñ äåéñòâóþùèìè óñèëèÿìè:
â áåòîíå âåðõíåãî áëîêà (íàä âåðøèíîé êðèòè÷åñêîé íàêëîííîé òðåùèíû) –
ïðîäîëüíîå Nb1, ïîïåðå÷íîå Qb1; â ïðîäîëüíîé àðìàòóðå â ìåñòå ïåðåñå÷åíèÿ
åå íàêëîííûì ñå÷åíèåì – îñåâîå Ns, ïîïåðå÷íîå Qs; â ïîïåðå÷íîé àðìàòóðå –
îñåâîå Qsw; ïðîäîëüíàÿ è ïîïåðå÷íàÿ ñîñòàâëÿþùèå ñèë çàöåïëåíèÿ Òç,
äåéñòâóþùèõ â íàêëîííîì ñå÷åíèè – Nç è Qç; óñèëèÿ â áåòîíå íèæíåãî áëîêà
(ïîä âåðøèíîé êðèòè÷åñêîé íàêëîííîé òðåùèíû) – ïðîäîëüíîå Nb2 è ïî-
ïåðå÷íîå Qb2; â ïîïåðå÷íîé àðìàòóðå Qsw; â ïðîäîëüíîé àðìàòóðå â íîðìàëü-
íîì ñå÷åíèè ðàñòÿíóòîé çîíû – Ns2. Ïðè ýòîì â ðàñ÷åòíîé ñõåìå âåðõíåãî
è  íèæíåãî áëîêîâ ïðèíÿòî ñîâìåñòíîå äåéñòâèå óñèëèé Nsç = Ns – Nç è Qsç =
= Qs + Qç, ïðèëîæåííûõ â ìåñòå ïåðåñå÷åíèÿ ïðîäîëüíîé ðàñòÿíóòîé àðìàòó-
ðû íàêëîííîé òðåùèíîé.

Â ñòàäèè ðàçðóøåíèÿ ïî íàêëîííûì ñå÷åíèÿì íåîáõîäèìî îïðåäåëèòü:
– âûñîòó ñæàòîé çîíû áåòîíà íàä íàêëîííîé òðåùèíîé õ (â ñå÷åíèè ïîä

ãðóçîì);
– äëèíó ãîðèçîíòàëüíîé ïðîåêöèè íàêëîííîé òðåùèíû ñ0;
– ðàçðóøàþùóþ ïîïåðå÷íóþ ñèëó Qð. Ïðè ýòîì x0 áåðåòñÿ èç ñòàäèè ðàç-

âèòèÿ íàêëîííûõ òðåùèí, ÷òî ïîäòâåðæäåíî ýêñïåðèìåíòàëüíî. Çíà÷åíèÿ õ

è ñ0 îïðåäåëÿåì èç ñîâìåñòíîãî ðåøåíèÿ óðàâíåíèé ðàâíîâåñèÿ èçãèáàþùèõ
ìîìåíòîâ äâóõ áëîêîâ: âåðõíåãî (îòíîñèòåëüíî òî÷êè ïðèëîæåíèÿ îïîðíîé
ðåàêöèè – îòíîñèòåëüíî òî÷êè A) è íèæíåãî, îòíîñèòåëüíî öåíòðà òÿæåñòè
ïðîäîëüíîé àðìàòóðû â íîðìàëüíîì ñå÷åíèè ïîä ãðóçîì (îòíîñèòåëüíî
òî÷êè Î).

Òîãäà äëÿ âåðõíåãî áëîêà èç óðàâíåíèÿ SMA = 0 ïîëó÷èì:

Q c Q c c Q c c N z N h ab s sw b b s1 3 0 0 1 1 1 00 5+ - + - = ± ¢ -( ) ( , ) ( ), (15)

äëÿ íèæíåãî áëîêà èç óðàâíåíèÿ SMî = 0 –

Q c Q c N zs sw b b3 0 0 2 20 5+ × =, . (16)
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Â áàëêàõ áåç õîìóòîâ çíà÷åíèå íàãåëüíîé ñèëû â ïðîäîëüíîé àðìàòóðå
îïðåäåëÿåòñÿ èç óðàâíåíèÿ ðàâíîâåñèÿ ïîïåðå÷íûõ ñèë â íèæíåì áëîêå

Q Q kR b x x R b x xs b bt bt3 2 0 0
2

3
1 5= = - - -( ) , ( ). (17)

Äëÿ ñîõðàíåíèÿ åäèíîé ìåòîäèêè ðàñ÷åòà â áàëêàõ ñ ïîïåðå÷íîé àðìàòó-
ðîé âåëè÷èíó íàãåëüíîãî ýôôåêòà ïðèíèìàåì òàêîé æå, êàê è â áàëêàõ áåç
ïîïåðå÷íîé àðìàòóðû, ò.å. Q Qs b3 2= .

Ïîäñòàâëÿÿ çíà÷åíèÿ sux = Rb è txy = 2,2 Rbt â ôîðìóëó (15), ïîëó÷èì óðàâ-
íåíèå ðàâíîâåñèÿ èçãèáàþùèõ ìîìåíòîâ äëÿ âåðõíåãî áëîêà, êîòîðîå ïîñëå
ïðåîáðàçîâàíèé èìååò âèä

0 5 1 5
2

1 52
0 0, , ( ,R bx R h R

c
c bx q c Rb b bt sw- + -æ

è
ç

ö
ø
÷

é

ë
ê

ù

û
ú + - bt

sw bt s sp

bx

c q c R bcx A h a

0

0 0
2

0 1 00 5 1 5 0

)

, , ( ) .

´

´ - + ¢ ¢ - ¢ =m s

(18)

Óðàâíåíèå ðàâíîâåñèÿ èçãèáàþùèõ ìîìåíòîâ äëÿ íèæíåãî áëîêà îòíî-
ñèòåëüíî òî÷êè O îêîí÷àòåëüíî çàïèñûâàåòñÿ êàê

1

3
0 5

1

3
1 5

0 5

2
0 0 0R x R h x R c x

R x

b b bt

bt

- +æ
è
ç

ö
ø
÷ -

é

ë
ê

ù

û
ú +

+

, ,

, 0 0 0
0
2

0 0
1

3 2
1 5 0h x

q c

b
R x csw

bt-æ
è
ç

ö
ø
÷ - - =, .

(19)

Äëÿ îïðåäåëåíèÿ çíà÷åíèé x è c0 íåîáõîäèìî âûïîëíèòü ñîâìåñòíîå
ðåøåíèå óðàâíåíèé (18) è (19).

Äëÿ ïðåäâàðèòåëüíî íàïðÿæåííûõ èçãèáàåìûõ ýëåìåíòîâ áåç õîìóòîâ
qsw = 0 è èç (18) è (19) ïîëó÷àåòñÿ êâàäðàòíîå óðàâíåíèå äëÿ îïðåäåëåíèÿ
âûñîòû ñæàòîé çîíû áåòîíà íàä íàêëîííîé òðåùèíîé, èç êîòîðîãî

x
q q

P= - -4 4
2

42 4
, (20)

ãäå q h x
R

R
cbt

b
4 0 03 4 5= - + , ; (21)

P
R

R
c h x x

A h a

R b

bt

b

s sp

b
4 0 0 0

1 0
9 3

6
= - +

æ

è
çç

ö

ø
÷÷

¢ ¢ - ¢
m

s ( )
. (22)

Äëèíà ãîðèçîíòàëüíîé ïðîåêöèè íàêëîííîé òðåùèíû c0, îïðåäåëåííàÿ
èç óðàâíåíèÿ ðàâíîâåñèÿ èçãèáàþùèõ ìîìåíòîâ â íèæíåì áëîêå

c

R h x x

R

b

bt
0

0 0
1

3

2

3

3
=

- -æ
è
ç

ö
ø
÷

. (23)

Ïîïåðå÷íàÿ ñèëà â ñòàäèè ðàçðóøåíèÿ ïî íàêëîííîìó ñå÷åíèþ îïðåäå-
ëÿåòñÿ èç óðàâíåíèÿ ðàâíîâåñèÿ ìîìåíòîâ âíåøíèõ è âíóòðåííèõ ñèë îòíî-
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ñèòåëüíî öåíòðà òÿæåñòè ïðîäîëüíîé àðìàòóðû â íîðìàëüíîì ñå÷åíèè ïîä
ãðóçîì

Q

R bx h x R b x x h x x

p

b b c

=
- + - - -æ

è
ç

ö
ø
÷ ±( , ) , ( )0 0 0 0 10 5 0 5

1

3

2

3
s E h a

ñ

í ( )

.
0 -

(24)

Íàïðÿãàåìàÿ àðìàòóðà â ñæàòîé çîíå áåòîíà â ñòàäèè ðàçðóøåíèÿ ýëå-
ìåíòà ïî íàêëîííîìó ñå÷åíèþ ââîäèòñÿ â óðàâíåíèÿ (11) è (14) ñ íàïðÿæåíè-
åì, ðàâíûì

¢ = -s e sc ub sE1 0 . (25)

Ðåçóëüòàòû è îáñóæäåíèÿ. Ðåçóëüòàòû îïûòíûõ è òåîðåòè÷åñêèõ èñ-

ñëåäîâàíèé ïðî÷íîñòè è òðåùèíîñòîéêîñòè ïî íàêëîííûì ñå÷åíèÿì ïî ðàç-

ðàáîòàííîìó àâòîðîì ñòàòüè ìåòîäó ïðèâîäÿòñÿ íà ïðèìåðå ðàñ÷åòà

ïðåäâàðèòåëüíî íàïðÿæåííîé èãèáàåìîé æåëåçîáåòîííîé áàëêè, èñïûòàí-

íîé Å. Çâîéåðîì (ÑØÀ).

Îïûòíàÿ áàëêà ïðÿìîóãîëüíîãî ïðîôèëÿ ìàðêè S-5 áåç ïîïåðå÷íîé
àðìàòóðû èìååò ñå÷åíèå 15,2´30,4 ñì, h0 = 21 ñì. Õàðàêòåðèñòèêè ïðî÷íî-
ñòè  áåòîíà: Rb = 43,8 ÌÏà; Rbt = 3,00 ÌÏà. Íà÷àëüíûé ìîäóëü óïðóãîñòè
áåòîíà Åb = 4 · 104 ÌÏà. Íàïðÿãàåìàÿ àðìàòóðà Àsp = 2,84 ñì2 (15 Æ 4,9);
õàðàêòåðèñòèêè ïðî÷íîñòè àðìàòóðû: s0,2 = 1462,2 ÌÏà; ssp(2) = 726,9 ÌÏà;
Ås = 2,109 · 105 ÌÏà. Ðàññòîÿíèå îò îñè îïîðû äî îñè ïðèëîæåííîé íàãðóçêè
c = 92 ñì. Îïûòíàÿ ðàçðóøàþùàÿ ïîïåðå÷íàÿ ñèëà Qp

oï = 70,2 êÍ.

Ðåøåíèå. Ðàñ÷åò ïðî÷íîñòè èçãèáàåìûõ æåëåçîáåòîííûõ ýëåìåíòîâ ïî
íàêëîííûì ñå÷åíèÿì ïî ïðåäëàãàåìîìó ìåòîäó âûïîëíÿåòñÿ â êîìïëåêñå ñî
ñëåäóþùèìè ðàñ÷åòàìè, ïðåäïèñûâàåìûìè äåéñòâóþùèìè íîðìàòèâíûìè
äîêóìåíòàìè:

à) ðàñ÷åò ïðî÷íîñòè èçãèáàåìîé æåëåçîáåòîííîé áàëêè ïî íîðìàëüíûì

ñå÷åíèÿì. Âûñîòà ñæàòîé çîíû áåòîíà â íîðìàëüíîì ñå÷åíèè äëÿ îïðåäåëå-
íèÿ Ìð

x
R A

R b

s sp

b

= = 6 24, ñì.

Îòíîñèòåëüíàÿ âûñîòà ñæàòîé çîíû áåòîíà x = =
x

h0

0 297, .

Îòíîñèòåëüíàÿ ãðàíè÷íàÿ âûñîòà ñæàòîé çîíû áåòîíà xR îïðåäåëÿåòñÿ
ïî ôîðìóëå

x
e

eR

s el

b

= +0 8 1
2

, / ,
,

ãäå es, el – îòíîñèòåëüíàÿ äåôîðìàöèÿ â àðìàòóðå ðàñòÿíóòîé çîíû, âûçâàííàÿ
âíåøíåé íàãðóçêîé, ïðè äîñòèæåíèè â ýòîé àðìàòóðå íàïðÿæåíèÿ, ðàâíîãî
ðàñ÷åòíîìó ñîïðîòèâëåíèþ; äëÿ àðìàòóðû ñ óñëîâíûì ïðåäåëîì òåêó÷åñòè

e
s

s el

s sp

s

R

E
,

( )
;=

+ -400 2
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eb2 – ïðåäåëüíàÿ îòíîñèòåëüíàÿ äåôîðìàöèÿ ñæàòîãî áåòîíà, ïðèíèìàåìàÿ
ðàâíîé 0,0035.

Ïðè âûøåîïèñàííûõ èñõîäíûõ äàííûõ ïîëó÷àåòñÿ es,el = 0,0054; xR =
= 0,31.

Åñëè ñîáëþäàåòñÿ óñëîâèå x < xR, 0,297 < 0,31, òî ðàñ÷åòíîå ñîïðîòèâ-
ëåíèå íàïðÿãàåìîé àðìàòóðû Rs äîïóñêàåòñÿ óìíîæàòü íà êîýôôèöèåíò óñ-
ëîâèÿ ðàáîòû gs3, îïðåäåëÿåìûé ïî ôîðìóëå

g
x

xs
R

3 1 25 0 25 1 25 0 25
0 297

0 31
1 01 1 1= - = - = <, , , ,

,

,
, , .

Òîãäà âûñîòà ñæàòîé çîíû áåòîíà â ïðåäåëüíîì ñîñòîÿíèè ïî íîðìàëü-
íîìó ñå÷åíèþ ñ ó÷åòîì êîýôôèöèåíòà gs3 ðàâíà

x
R A

R b

s s sp

b

= =
g 3

6 3, ñì,

ïðåäåëüíûé ìîìåíò

M R bx h xp b= - = ×( , ) ,0 0 5 74 868 êÍ ì.

Ïîïåðå÷íàÿ ñèëà â ïðåäåëüíîì ñîñòîÿíèè ïî íîðìàëüíûì ñå÷åíèÿì
ðàâíà

Q
M

c
p

p= = 81 378, .êÍ

á) ðàñ÷åò ïî îáðàçîâàíèþ íîðìàëüíûõ ê ïðîäîëüíîé îñè áàëêè òðåùèí.

Õàðàêòåðèñòèêà ïðèâåäåííîãî ñå÷åíèÿ

A bh Ared sp= + = × + × =a 15 2 30 4 5 27 2 84 477 2, , , , ,ñì

ãäå a a= =
×

×
= = + =

E

E
S

bh
A as

b
red sp

2 109 10

4 10
5 27

2
7164

5

4

2
3,

, ; ñì ;

y
S

A

red

red
0 15 02= = , ;ñì I

bh
bh

h
y A y ared sp= + -æ

è
ç

ö
ø
÷ + - =

3

0

2

0
2 4

12 2
36 074a ( ) ;ñì

W
I

y
red

red= =
0

32402 ñì ; W Wpl red= =g 4203 5 3, ;ñì

N Asp sp sp= = × =s ( ) , , , ;2
2726 9 2 84 0 2064ÌÏà ñì ÌÍ

e y aop = - =0 5 62, ;ñì r
W

A

red

red

= =j 4 03, .ñì

Ìîìåíò, ñîîòâåòñòâóþùèé îáðàçîâàíèþ òðåùèí, íîðìàëüíûõ ê îñè áàëêè

M R W N e r Rcrc bt pl sp op bt= + + = × =( ) , ( , )32 528 3 0êÍ ì çäåñü ÌÏà .

Ïîïåðå÷íàÿ ñèëà ïðè îáðàçîâàíèè íîðìàëüíûõ ê îñè áàëêè òðåùèí

Q
M

c
ñêñ

ñêñ êÍ= = =
32 528

0 92
35 356

,

,
, .
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â) ðàñ÷åò â ñòàäèè ðàçâèòèÿ êðèòè÷åñêîé íàêëîííîé òðåùèíû. Â ýòîé
ñòàäèè (êîãäà òðåùèíà äîñòèãàåò ñå÷åíèÿ ïîä ãðóçîì), íåîáõîäèìî îïðå-
äåëèòü:

– íàïðÿæåíèå â ïðîäîëüíîé àðìàòóðå â ñå÷åíèè ñ íîðìàëüíîé òðåùè-
íîé ss1;

– âûñîòó ñæàòîé çîíû áåòîíà íàä íîðìàëüíîé òðåùèíîé x0 = x0h0;
– íàïðÿæåíèå â áåòîíå sb â íîðìàëüíîì ñå÷åíèè ñ òðåùèíîé;
– ïîïåðå÷íóþ ñèëó Q.
Óêàçàííûå íåèçâåñòíûå íàõîäÿòñÿ èç ðåøåíèÿ óðàâíåíèé (3), (4), (9)

è (14). Ïðè ýòîì ïðèíèìàåòñÿ çíà÷åíèå g = 0,4; k = 2,2; ¢ssp( )2 = 0 (â äàííîì

ïðèìåðå âåðõíÿÿ àðìàòóðà îòñóòñòâóåò).
Îïðåäåëÿåì íàïðÿæåíèå â àðìàòóðåss1 ïî ôîðìóëå (4) ïðè Rs = 1462,2 ÌÏà

è Mp = 74,868 êÍ·ì

s b
a x

ds s

p
R

M k
1

0
1 1248 37= -

-æ

è
ç
ç

ö

ø
÷
÷ = , ÌÏà

(çäåñü a = = ×
2

3
58 7330R bh cbt , ;êÍ ì b

s

s
= -

+
=1

30
0 482

2

0 2

sp( )

,

, ; d = -M Mp crc =

= 42,340 êÍ·ì),
òî åñòü, òàê êàê ss1 < Rs, ïðè äîñòèæåíèè íàêëîííîé òðåùèíîé ñå÷åíèÿ

ïîä íàãðóçêîé íàïðÿæåíèå â íèæíåé ïðîäîëüíîé àðìàòóðå íå äîñòèãàåò
ïðåäåëüíîãî çíà÷åíèÿ.

Îòíîñèòåëüíàÿ âûñîòà ñæàòîé çîíû áåòîíà x0 â ðàñ÷åòå ss1 ïðåäâàðè-
òåëüíî íàéäåíà ïî ôîðìóëå (9),
ãäå

( )q
R A h k

M
sp sp
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0

1
1

1
1 0 018= -
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è
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b d

c d

g ab
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ïðè÷åì
c da
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0

0, òàê êàê âåðõíÿÿ àðìàòóðà îòñóòñòâóåò,

òîãäà x0
1 1

2

1

2

2 4

0 12

2

0 12

4
0 28 0 48= - + - =

-
+ + =

q q
P

, ,
, , .

Âûñîòà ñæàòîé çîíû áåòîíà â ñòàäèè ðàçâèòèÿ íàêëîííîé òðåùèíû ðàâíà

x0 = x0h0 = 0,48 · 21 = 10,08 ñì.

Ïî ôîðìóëå (14) îïðåäåëÿåì çíà÷åíèå íàïðÿæåíèé â áåòîíå sb

s
s

wb

s spA

bx
= =

×

× ×
=1

0

1248 36 2 84
2

3
15 2 10 08

43 8
, ,

, ,
, .ÌÏà
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Ïîïåðå÷íàÿ ñèëà â ñòàäèè ðàçâèòèÿ êðèòè÷åñêîé íàêëîííîé òðåùèíû
âû÷èñëÿåòñÿ ïî ôîðìóëå (3)

Q kR b hbt= =
2

3
67 4150 0x , .êÍ

ã) ðàñ÷åò èññëåäóåìîé áàëêè áåç õîìóòîâ â ñòàäèè ðàçðóøåíèÿ ïî

íàêëîííûì ñå÷åíèÿì. Äëèíà ãîðèçîíòàëüíîé ïðîåêöèè íàêëîííîé òðåùèíû
â  ñòàäèè ðàçðóøåíèÿ, ñîãëàñíî ôîðìóëå (23):

c

R h x x

R
c h

b

bt
0

0 0

0

1

3

2

3

3
84 29

1

3
92

1

3
21=

- -æ
è
ç

ö
ø
÷

= » - = - ×, ñì = 85 ñì.

Ñëåäîâàòåëüíî, èññëåäóåìàÿ áàëêà â çîíå äåéñòâèÿ ïîïåðå÷íûõ ñèë â
ñòàäèè ðàçâèòèÿ íàêëîííûõ òðåùèí íàõîäèòñÿ íà ãðàíèöå ìåæäó ðàñ÷åòíûìè
ñëó÷àÿìè äëÿ ìàëûõ è áîëüøèõ äëèí çîíû ñðåçà, è åå íåñóùóþ ñïîñîáíîñòü
ïî íàêëîííûì ñå÷åíèÿì ìîæíî îïðåäåëÿòü ïî ëþáîìó èç óêàçàííûõ ñëó÷àåâ.

Ïðèíÿòî, ÷òî áàëêà îòíîñèòñÿ ê ñëó÷àþ áîëüøèõ äëèí çîíû ñðåçà, òîãäà
ïðè äîñòèæåíèè íàêëîííîé òðåùèíîé ñå÷åíèÿ ïîä ãðóçîì íàïðÿæåíèå â áå-
òîíå ñæàòîé çîíû íàä íåé äîñòèãàåò ïðåäåëüíûõ çíà÷åíèé Rb.

Îïðåäåëÿåì âûñîòó ñæàòîé çîíû áåòîíà x íàä íàêëîííîé òðåùèíîé ïî
ôîðìóëå (22),

ãäå q
R

R
c h x

b

b

t

4 0 04 5 3 81 3= + - =, , ;ñì

P
R

R
c h x x

A h a

R b
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p sp

b
4 0 0 0

1 0
9 3

6
38= - +

æ

è
çç
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÷÷ -

¢ ¢ - ¢
=
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, ;23 2ñì

òîãäà x
q q

P= - - =4 4
2

42 4
0 48, .ñì

Ðàçðóøàþùóþ ïîïåðå÷íóþ ñèëó ïî íàêëîííîìó ñå÷åíèþ îïðåäåëÿåì
ïî ôîðìóëå (24) êàê äëÿ áîëüøèõ äëèí çîíû ñðåçà

Q

R bx h x R b x x h x x

P
T

b b

=
- + - - -æ

è
ç

ö
ø
÷ - ¢( , ) , ( )0 0 0 00 5 0 5
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3

2

3
sP spA h a

c

Q Q

1 0

67 5 0 96 70 2

¢ - ¢
=

= = =

( )

, , ( , ).êÍ êÍð
îï

ð
îï

Â òàáëèöå ïðèâåäåíû ñòàòèñòèêè ðàñ÷åòíûõ ìåòîäèê ïî áàëêàì, èñïû-
òàííûì àâòîðîì ñòàòüè â ëàáîðàòîðèè òåîðèè æåëåçîáåòîíà ÍÈÈÆÁà, ïîä-
ðîáíûå äàííûå ïî êîíñòðóêòèâíûì ðåøåíèÿì è ðåçóëüòàòàì èñïûòàíèé
êîòîðûõ ïðèâåäåíû â [7].

Áàëêè, ïðåäñòàâëåííûå â òàáëèöå, èìåþò ðàçíûå ïðåäâàðèòåëüíûå íà-
ïðÿæåíèÿ ïðîäîëüíîé àðìàòóðû (ñåðèÿ 1 – ñèëüíîå, 2 è 4 – ñðåäíåå, ñåðèÿ 3 –
áàëêè áåç ïðåäíàïðÿæåíèÿ ïðîäîëüíîé àðìàòóðû). Áàëêè ñåðèè 2 è 4 îòëè÷à-
ëèñü ðàçëè÷íûìè çíà÷åíèÿìè äëèíû çîíû ñðåçà (òðè çíà÷åíèÿ). Ïðè ýòîì
áàëêè ñåðèè 3 òàêæå èìåëè ðàçëè÷íûå çíà÷åíèÿ äëèíû çîíû ñðåçà. Ïîïåðå÷-
íîå àðìèðîâàíèå áàëîê âñåõ ñåðèé îäèíàêîâîå. Êàê âèäíî èç òàáëèöû, âñå
ïðåäâàðèòåëüíî íàïðÿæåííûå áàëêè, à òàêæå áàëêè áåç ïðåäâàðèòåëüíîãî
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íàïðÿæåíèÿ èìåþò ñõîäèìîñòü îïûòíûõ è ðàñ÷åòíûõ äàííûõ ïðî÷íîñòè ïî
íàêëîííûì ñå÷åíèÿì ïî ïðåäëàãàåìîìó ìåòîäó çíà÷èòåëüíî âûøå â ñðàâíå-
íèè ñ ðåçóëüòàòàìè, ïîëó÷åííûìè ïî íîðìàòèâíûì äîêóìåíòàì.

Âûâîäû. 1. Ðàçðàáîòàííàÿ àâòîðîì ñòàòüè äèàãðàììà çàâèñèìîñòè íà-
ïðÿæåíèé â ïðîäîëüíîé àðìàòóðå ss îò èçãèáàþùåãî ìîìåíòà Ì ïî ñå÷åíèþ
ñ  òðåùèíîé, èñïîëüçóåìàÿ â ïðèâåäåííûõ âûøå ðàñ÷åòàõ, äàåò õîðîøèå
ðåçóëüòàòû äëÿ íàïðÿæåíèé â àðìàòóðå ïî ñå÷åíèþ ñ òðåùèíîé ïðè ëþáûõ
çíà÷åíèÿõ èçãèáàþùèõ ìîìåíòîâ.

2. Ïðåäëîæåííàÿ òåîðèÿ ðàñ÷åòà ïðî÷íîñòè èçãèáàåìûõ æåëåçîáåòîííûõ
ýëåìåíòîâ ïî íàêëîííûì ñå÷åíèÿì ó÷èòûâàåò ñîâìåñòíîå äåéñòâèå èçãèáàþ-
ùèõ ìîìåíòîâ è ïîïåðå÷íûõ ñèë ïðè äåéñòâèè íàãðóçêè, à òàêæå ïîñëåäîâà-
òåëüíûé ïåðåõîä îò îáðàçîâàíèÿ íîðìàëüíûõ òðåùèí ê îáðàçîâàíèþ è ðàçâè-
òèþ íàêëîííûõ òðåùèí âïëîòü äî ðàçðóøåíèÿ ýëåìåíòîâ. Ïðåäñòàâëåííûé
ìåòîä ðàñ÷åòà îòðàæàåò äåéñòâèòåëüíîå íàïðÿæåííî-äåôîðìèðîâàííîå ñî-
ñòîÿíèå ýëåìåíòîâ ñ íà÷àëà èõ çàãðóæåíèÿ è äî ïîëíîãî ðàçðóøåíèÿ, ÷òî
îáåñïå÷èâàåò âûñîêóþ ñõîäèìîñòü îïûòíûõ è ðàñ÷åòíûõ ðåçóëüòàòîâ, ïîâû-
øàåò ýêîíîìè÷åñêóþ ýôôåêòèâíîñòü, äîëãîâå÷íîñòü è íàäåæíîñòü êîíñòðóê-
öèé â ïðîöåññå ñòðîèòåëüñòâà è ýêñïëóàòàöèè.
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The average values of the statistics of the above methods for calculating the strength
of inclined sections of bent reinforced concrete beams
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