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Ïðåäñòàâëåíû ðåçóëüòàòû àíàëèçà îñòàòî÷íîãî ðåñóðñà ïîäêðàíîâûõ áàëîê ñ ýêñïëóàòà-

öèîííûìè äåôåêòàìè, îñíîâîé êîòîðîãî ÿâëÿþòñÿ ÷èñëåííûå èññëåäîâàíèÿ íàïðÿæåí-

íî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ, óðàâíåíèÿ ïðåäåëüíûõ ñîñòîÿíèé è êèíåòè÷åñêèå çà-

âèñèìîñòè ðàçâèòèÿ óñòàëîñòíûõ òðåùèí, ñôîðìóëèðîâàííûå íà áàçå êðèòåðèåâ ìåõà-

íèêè äåôîðìèðîâàíèÿ è ðàçðóøåíèÿ. Âûñîêèé óðîâåíü èçíîñà îñíîâíûõ ïðîèçâîäñò-

âåííûõ ôîíäîâ èíæåíåðíûõ ñîîðóæåíèé è ìåòàëëîêîíñòðóêöèé, à òàêæå ýêñïëóàòàöèÿ

îáúåêòîâ â çàïðîåêòíûõ ñðîêàõ ñïîñîáñòâóþò âîçíèêíîâåíèþ àâàðèéíûõ ñèòóàöèé, âû-

çâàííûõ íàêîïëåíèåì ïîâðåæäåíèé. Èññëåäîâàëè ïîäêðàíîâûå áàëêè, ýêñïëóàòèðóå-

ìûå â óñëîâèÿõ àâàðèéíûõ ñèòóàöèé, îáóñëîâëåííûõ íàëè÷èåì óñòàëîñòíûõ òðåùèí

ðàçíîé äëèíû â íàèáîëåå îïàñíûõ çîíàõ ñòåíêè áàëîê ïðè ýêñöåíòðè÷íîì ïðèëîæåíèè

êðàíîâîé íàãðóçêè. Ïî ðåçóëüòàòàì ïðîâåäåííîãî ÷èñëåííîãî ýêñïåðèìåíòà ïîëó÷åíû

ëèíèè âëèÿíèÿ èíòåíñèâíîñòè íàïðÿæåíèé â âåðøèíàõ òðåùèí, âîçíèêàþùèõ â âåðõ-

íåé çîíå ñòåíêè ïðè ðàçëè÷íûõ âåëè÷èíàõ ýêñöåíòðèñèòåòà íàãðóæåíèÿ, îáóñëîâëåííî-

ãî ñìåùåíèåì ðåëüñà îò âåðòèêàëüíîé îñè ñå÷åíèÿ áàëêè. Óñòàíîâëåíà çàâèñèìîñòü äëè-

íû óñòàëîñòíîé òðåùèíû è èíòåíñèâíîñòè íàïðÿæåíèé â åå âåðøèíå îò ÷èñëà öèêëîâ

íàãðóæåíèÿ áàëêè. Äëÿ îöåíêè íåñóùåé ñïîñîáíîñòè ïîäêðàíîâûõ áàëîê, ýêñïëóàòèðóå-

ìûõ â óñëîâèÿõ àâàðèéíûõ ñèòóàöèé, ïðåäëîæåíî èñïîëüçîâàòü ýôôåêòèâíûå çíà÷åíèÿ

êîýôôèöèåíòîâ èíòåíñèâíîñòè íàïðÿæåíèé, ðàññ÷èòûâàåìûå äëÿ êîíêðåòíûõ óñëîâèé

íàãðóæåíèÿ ñ ó÷åòîì êîíñòðóêòèâíûõ îñîáåííîñòåé áàëîê, ðàçìåðîâ âîçíèêøèõ óñòàëî-

ñòíûõ òðåùèí è ìåñò èõ ðàñïîëîæåíèÿ â ïîäêðàíîâîé áàëêå. Ïî ðåçóëüòàòàì ïðîâåäåí-

íîãî àíàëèçà ïîëó÷åíû äèàãðàììû, ïîçâîëÿþùèå ïðîãíîçèðîâàòü îñòàòî÷íûé ðåñóðñ

ïîäêðàíîâîé áàëêè ñ òðåùèíîé. Íà îñíîâå òðàäèöèîííûõ ìåòîäîâ ðàñ÷åòà êîíñòðóêöèé

íà öèêëè÷åñêóþ òðåùèíîñòîéêîñòü ñôîðìóëèðîâàí è ðåàëèçîâàí àëãîðèòì ðàñ÷åòà èí-

äèâèäóàëüíîãî ðåñóðñà ïîäêðàíîâûõ áàëîê, âêëþ÷àþùèé îáÿçàòåëüíûé àíàëèç íàïðÿ-

æåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ ïîäêðàíîâîé áàëêè ñ òðåùèíîé â âåðõíåé çîíå

ñòåíêè.
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The results of analysis of the residual life of crane girders with operational defects based on numerical

studies of the stress-strain state, equations of limiting states, and kinetic dependences of the fatigue

crack development, based on the criteria of deformation and fracture mechanics are presented. High

level of wear of the fixed capital assets of engineering constructions and metal structures as well as

operation of the facilities in beyond-design-basis terms contribute to origination of the emergency situ-

ations caused by damage accumulation. Crane girders operated under emergency conditions due to the
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fatigue cracks of different lengths present in the most dangerous zones of the beam wall with an eccen-

tric application of crane load are studied. The results of the numerical experiment revealed the lines of

tension intensity impact at the crack tip appeared at the upper zone of the wall at different values of

the loading eccentricity attributed to the rail shift from the vertical axis of the beam. The dependence

of the length of the fatigue crack and stress intensity in the crack tip on the number of load cycles of

the beam is determined. To assess the bearing capacity of crane girders operated in emergency condi-

tions, it is suggested to use the effective values of the stress intensity factors calculated for the specific

loading conditions, taking into account the structural features of the beams, size of the fatigue cracks

and their location in the crane girders. Proceeding from the results of analysis the diagrams which pro-

vide of the remaining residual life of crane girders with a crack are constructed. Using traditional

methods of structure calculation for cyclic fracture toughness we developed and implemented the cal-

culation algorithm for individual lifetime of the crane girders which includes the obligatory analysis of

the stress-strain state of the crane girders with a crack at the upper zone of the wall.

Keywords: crane girder; fatigue crack; residual life; stress intensity factor; characteristics of cyclic

crack resistance.

Ðåçóëüòàòû òåõíè÷åñêîãî îáñëåäîâàíèÿ ïîäêðà-

íîâûõ áàëîê (ÏÁ) â öåõàõ ñ òÿæåëûì è âåñüìà òÿ-

æåëûì ðåæèìàìè ðàáîòû ìîñòîâûõ êðàíîâ ïîêà-

çûâàþò, ÷òî ïîñëå 2 – 3 ëåò ýêñïëóàòàöèè â âåðõ-

íèõ çîíàõ ñòåíêè âîçíèêàþò ïðîäîëüíûå òðåùè-

íû óñòàëîñòíîãî õàðàêòåðà çíà÷èòåëüíîé ïðîòÿ-

æåííîñòè [1 – 7]. Ïîÿâëåíèå ïåðâûõ òðåùèí óñ-

òàëîñòè â ñòåíêàõ ÏÁ ôèêñèðóåòñÿ, êàê ïðàâèëî,

ïðè êîëè÷åñòâå öèêëîâ, ñîîòâåòñòâóþùåì îáëàñ-

òè ìàëîöèêëîâîé óñòàëîñòè. Íîðìàìè ïðîåêòè-

ðîâàíèÿ [8] ïðåäóñìîòðåíà ïðîâåðêà âûíîñëèâî-

ñòè ïîäêðàíîâûõ êîíñòðóêöèé, îäíàêî óñòàëîñò-

íûå òðåùèíû âîçíèêàþò óæå íà ðàííåé ñòàäèè

èõ ýêñïëóàòàöèè. Ïîÿâëåíèå óñòàëîñòíûõ òðå-

ùèí — îäíà èç ïðè÷èí êëàññèôèêàöèè áàëîê

êàê íåðàáîòîñïîñîáíûõ, ïîñêîëüêó ñîãëàñíî äåé-

ñòâóþùèì íîðìàì ýêñïëóàòàöèÿ êîíñòðóêöèé

ñ ïîäîáíûìè ïîâðåæäåíèÿìè íåäîïóñòèìà [9].

Áåçóñëîâíîå âûïîëíåíèå äàííûõ òðåáîâàíèé

ïðèâåäåò ê ìàññîâîìó âûâîäó ÏÁ èç ýêñïëóà-

òàöèè ïðè ñîõðàíåíèè èìè íåñóùåé ñïîñîáíîñòè.

Â ýòîé ñèòóàöèè íåîáõîäèì äîïîëíèòåëüíûé

àíàëèç îñòàòî÷íîãî ðåñóðñà ÏÁ ñ ýêñïëóàòàöèîí-

íûìè äåôåêòàìè. Îñíîâîé òàêîãî àíàëèçà ÿâëÿ-

þòñÿ îáÿçàòåëüíûå ÷èñëåííûå èññëåäîâàíèÿ íà-

ïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ (ÍÄÑ),

óðàâíåíèÿ ïðåäåëüíûõ ñîñòîÿíèé è êèíåòè÷å-

ñêèå çàâèñèìîñòè ðàçâèòèÿ óñòàëîñòíûõ òðåùèí,

ñôîðìóëèðîâàííûå íà áàçå êðèòåðèåâ ìåõàíèêè

äåôîðìèðîâàíèÿ è ðàçðóøåíèÿ [7, 10 – 12].

Â âåðõíåé çîíå ñòåíêè (ÂÇÑ) ÏÁ ïðè ýêñïëóà-

òàöèè âîçíèêàåò ñëîæíîå íàïðÿæåííîå ñîñòîÿ-

íèå, íàèáîëåå îïàñíîå ñ òî÷êè çðåíèÿ óñòàëîñòè

[12 – 15]. Âîçíèêàþùèå â ÂÇÑ ïðè íàëè÷èè ýêñ-

öåíòðèñèòåòà íàãðóæåíèÿ ÏÁ ïîâûøåííûå óðîâ-

íè íîðìàëüíûõ è êàñàòåëüíûõ íàïðÿæåíèé ÿâëÿ-

þòñÿ îñíîâíîé ïðè÷èíîé îáðàçîâàíèÿ è íà÷àëü-

íîãî ðàçâèòèÿ óñòàëîñòíûõ òðåùèí [14 – 16].

Ïðè ýòîì ðåàëèçóåòñÿ äîñòàòî÷íî ñëîæíûé êèíå-

òè÷åñêèé ìåõàíèçì ðàçâèòèÿ òðåùèíû â óñëîâè-

ÿõ ñìåøàííîé ìîäåëè ðàçðóøåíèÿ (íîðìàëüíûé

îòðûâ + ïîïåðå÷íûé ñäâèã), äëÿ îïèñàíèÿ êîòî-

ðîãî ìîãóò áûòü èñïîëüçîâàíû êàê ñèëîâûå, òàê

è ýíåðãåòè÷åñêèå ëîêàëüíûå êðèòåðèè ðàçðóøå-

íèÿ. Íàïðÿæåííîå ñîñòîÿíèå â âåðøèíå òðå-

ùèíû õàðàêòåðèçóåòñÿ êîýôôèöèåíòîì èíòåí-

ñèâíîñòè íàïðÿæåíèé (ÊÈÍ), à ýíåðãåòè÷åñêèå

çàòðàòû ïðè ðàçâèòèè òðåùèí îïèñûâàþòñÿ âå-

ëè÷èíîé J-èíòåãðàëà.

Äåòàëüíûé àíàëèç íàïðÿæåííî-äåôîðìèðî-

âàííûõ ñîñòîÿíèé ðàññìàòðèâàåìûõ ÏÁ, âêëþ-

÷àÿ äåôîðìèðîâàíèå ðàñ÷åòíûõ ìîäåëåé, ðàñïî-

ëîæåíèå è ðàçìåðû òðåùèí, òåõíîëîãèþ êîíå÷-

íî-ýëåìåíòíîãî ìîäåëèðîâàíèÿ, ñõåìû ïðèëîæå-

íèÿ íàãðóçîê, ïðåäñòàâëåí â [15, 16] äëÿ øòàò-

íûõ è àâàðèéíûõ ðåæèìîâ ýêñïëóàòàöèé.

Äëÿ ïðîâåäåíèÿ ðàñ÷åòîâ íåñóùåé ñïîñîá-

íîñòè ÏÁ ñ òðåùèíàìè ïðåäëîæåíî èñïîëüçîâàòü

ýôôåêòèâíûå (óñëîâíûå) çíà÷åíèÿ ÊÈÍ, îïðå-

äåëÿþùèå âçàèìîñâÿçü ìåæäó èíòåíñèâíîñòüþ

íàïðÿæåíèé â âåðøèíå òðåùèíû ói è äëèíîé

òðåùèíû l [15, 16]:

K l
ief i

� , � , (1)

ãäå Kief — ýôôåêòèâíîå çíà÷åíèå êîýôôèöèåíòà

èíòåíñèâíîñòè íàïðÿæåíèé, ó÷èòûâàþùåå êî-

íå÷íûå ðàçìåðû ýëåìåíòà êîíñòðóêöèè è óñëî-

âèÿ åãî íàãðóæåíèÿ; ói — çíà÷åíèå èíòåíñèâíî-

ñòè íàïðÿæåíèé äëÿ ðàññìàòðèâàåìîé äëèíû

òðåùèíû l â åå âåðøèíå.

Óñëîâíûå âåëè÷èíû ÊÈÍ èñïîëüçóþò â êîí-

öåïöèè ïðåäåëà òðåùèíîñòîéêîñòè [17], ïðè

îïðåäåëåíèè êîýôôèöèåíòîâ èíòåíñèâíîñòè

äåôîðìàöèé â óïðóãîïëàñòè÷åñêîé îáëàñòè [18],

ïðè àíàëèçå ðàçâèòèÿ òðåùèí â çîíàõ êîíöåí-

òðàöèè íàïðÿæåíèé [18, 19], ïðè ðàñ÷åòàõ íà

òðåùèíîñòîéêîñòü êîíñòðóêöèé ñ áîëüøèì çàïà-

ñîì ïîòåíöèàëüíîé ýíåðãèè [20]. Òàêîé ïîäõîä

ðàñøèðÿåò âîçìîæíîñòè èíæåíåðíîãî àíàëèçà

íåñóùåé ñïîñîáíîñòè êîíñòðóêöèé. Â äàííîì ñëó-
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÷àå çíà÷åíèÿ ói è Kief ðàññ÷èòûâàþò äëÿ êîí-

êðåòíûõ óñëîâèé íàãðóæåíèÿ, ðàçìåðîâ òðåùèí

è ìåñò èõ ðàñïîëîæåíèÿ â ÏÁ. Ïðè ïðîâåäåíèè

÷èñëåííîãî ýêñïåðèìåíòà ÏÁ ìîäåëèðîâàëè

ñ ó÷åòîì åå êîíñòðóêòèâíûõ îñîáåííîñòåé, ãåî-

ìåòðè÷åñêèõ ðàçìåðîâ òðåùèí, óñëîâèé íàãðóæå-

íèÿ êîíñòðóêöèè. Ïðè ýòîì èñïîëüçîâàëè ìàêñè-

ìàëüíûå çíà÷åíèÿ ói äëÿ ðàñ÷åòà Kief , ÷òî èñêëþ-

÷àëî íåîáõîäèìîñòü îïðåäåëåíèÿ òðàäèöèîííûõ

ïîïðàâî÷íûõ ôóíêöèé äëÿ ÊÈÍ.

Ìíîãî÷èñëåííûå èññëåäîâàíèÿ öèêëè÷åñêîé

òðåùèíîñòîéêîñòè ìàòåðèàëîâ è êîíñòðóêöèé

[21 – 25] áàçèðóþòñÿ íà ðàçëè÷íûõ ìîäåëü-

íûõ ïðåäñòàâëåíèÿõ, îïèñûâàþùèõ çàâèñèìîñòü

ñêîðîñòè ðîñòà òðåùèíû (ÑÐÒ) îò õàðàêòå-

ðèñòèê òðåùèíîñòîéêîñòè. Äëÿ ðåøåíèÿ çàäà÷

îöåíêè ïîêàçàòåëåé ðåñóðñà è æèâó÷åñòè â êà-

÷åñòâå ìîäåëè ÑÐÒ ñ äîñòàòî÷íîé ñòåïåíüþ òî÷-

íîñòè ìîæåò áûòü èñïîëüçîâàíà ñòåïåííàÿ çàâè-

ñèìîñòü, ïðåäëîæåííàÿ Ïýðèñîì,

õ = dl/dN = C(ÄK)n, (2)

ãäå C, n — õàðàêòåðèñòèêè öèêëè÷åñêîé òðå-

ùèíîñòîéêîñòè; ÄK = Kmax – Kmin — ðàçìàõ ÊÈÍ

â öèêëå íàãðóæåíèÿ [29].

×òîáû ó÷åñòü óñëîâèÿ íàãðóæåíèÿ ÏÁ ïðè åå

ýêñïëóàòàöèè, à òàêæå åå êîíñòðóêòèâíûå îñî-

áåííîñòè, äëÿ îöåíêè ïîêàçàòåëåé ðåñóðñà è æè-

âó÷åñòè ïðåäëîæåíî â ôîðìóëå (2) âìåñòî ÄK

èñïîëüçîâàòü Kief — ìàêñèìàëüíûå ýôôåêòèâíûå

çíà÷åíèÿ ÊÈÍ â öèêëå íàãðóæåíèÿ:

õ = dl/dN = C(Kief)
n. (3)
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T

à

á

Ðèñ. 1. Ðàñ÷åòíàÿ ñõåìà ïîäêðàíîâîé áàëêè: à — ãåîìåòðè÷åñêèå ðàçìåðû è ðàñ÷åòíûå íàãðóçêè; á — ñõåìà ïîñëåäîâà-

òåëüíûõ íàãðóæåíèé ÏÁ: l
1

= 100 ìì; l
2

= 200 ìì; l
3

= 300 ìì; öèôðû â êðóæêàõ — ìåñòà ïðèëîæåíèÿ êîëåñà êðàíà
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,

ln ïðè n = 2, (4)

ãäå l0 è lc — íà÷àëüíàÿ è êðèòè÷åñêàÿ äëèíû

òðåùèí.

Ìåòîäû ýêñïåðèìåíòàëüíîãî îïðåäåëåíèÿ

ïàðàìåòðîâ äèàãðàììû öèêëè÷åñêîãî ðàçðóøå-

íèÿ, îïðåäåëÿåìûõ íà îáðàçöàõ, â íàñòîÿùåå âðå-

ìÿ äîñòàòî÷íî îòðàáîòàíû, ïðîøëè ïðàêòè÷å-

ñêóþ àïðîáàöèþ è îòðàæåíû â íîðìàòèâíî-òåõ-

íè÷åñêèõ äîêóìåíòàõ [26, 27].

Êèíåòèêà óñòàëîñòíûõ òðåùèí â ïîäêðà-

íîâûõ áàëêàõ. Âîçìîæíîñòè ïîñòðîåíèÿ äèàãðàì-

ìû öèêëè÷åñêîãî ðàçðóøåíèÿ äëÿ ïîäêðàíîâûõ

áàëîê îãðàíè÷åíû ñëåäóþùèìè ïðè÷èíàìè:

1) ñëîæíîñòÿìè èíòåðïðåòàöèè è ñîïîñòàâ-

ëåíèÿ ñ ðåçóëüòàòàìè, ïîëó÷åííûìè íà îáðàçöàõ

â âèäå ïëàñòèí â ñîîòâåòñòâèè ñ òðåáîâàíèÿìè

[26, 27];

2) îòñóòñòâèåì ïðÿìûõ èçìåðåíèé êèíåòèêè

óñòàëîñòíûõ òðåùèí â ïîäêðàíîâûõ áàëêàõ â

ïðîöåññå ýêñïëóàòàöèè;

3) îòñóòñòâèåì íåîáõîäèìîãî îáúåìà ìîäåëü-

íûõ èñïûòàíèé ýëåìåíòîâ ïîäêðàíîâûõ áàëîê, â

ïðîöåññå êîòîðûõ èçìåðÿëè ðîñò òðåùèí.

Äëÿ àíàëèçà êèíåòèêè óñòàëîñòíûõ òðåùèí â

ÏÁ èñïîëüçîâàëè ýêñïåðèìåíòàëüíûå äàííûå,

ïîëó÷åííûå [28] ïðè ïðîâåäåíèè öèêëè÷åñêèõ

èñïûòàíèé ìîäåëüíûõ ÏÁ ñ ðåãèñòðàöèåé ÷èñëà

öèêëîâ íàãðóæåíèÿ è ðàçìåðîâ òðåùèí. Îáðàáîò-

êó ðåçóëüòàòîâ ïðîâîäèëè â ñîîòâåòñòâèè ñ ÐÄ

50-345–82 [26].

Ãåîìåòðè÷åñêèå ïàðàìåòðû ýêñïåðèìåíòàëü-

íûõ è ðàñ÷åòíûõ ìîäåëåé ñâàðíûõ áàëîê ñîîòâåò-

ñòâîâàëè øåñòèìåòðîâîé òèïîâîé ÏÁ â ìàñøòàáå

1:2 (ðèñ. 1, à). Ìàòåðèàë ìîäåëåé — ñòàëü Ñ255

ïî ÃÎÑÒ 27772–88 (ïðåäåë òåêó÷åñòè óò =

= 245 Í/ìì2; âðåìåííîå ñîïðîòèâëåíèå óâ =

= 370 Í/ìì2; îòíîñèòåëüíîå óäëèíåíèå ä = 25 %).

Ïîÿñíûå øâû âûïîëíÿëè ïîëóàâòîìàòè÷åñêîé

ñâàðêîé â ñðåäå óãëåêèñëîãî ãàçà ñâàðî÷íîé ïðî-

âîëîêîé Ñâ08Ã2 ñ êàòåòîì 6 ìì. Ñîñðåäîòî÷åííîå

äàâëåíèå êàòêîâ ïðèíèìàëè ðàâíûì 45 êÍ,

ðåëüñ êâàäðàòíîãî ñå÷åíèÿ — 25 × 25 ìì. Ïðè
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÷èñëåííîì èññëåäîâàíèè ðàññ÷èòûâàëè ðàçðåç-

íóþ ÏÁ, ïðè ýòîì ó÷èòûâàëè ýôôåêò ðàñïðåäå-

ëåíèÿ äàâëåíèÿ êðàíîâîãî ðåëüñà íà ÏÁ ïî äëè-

íå lef = 64 ìì. Ïîäêðàíîâóþ áàëêó ïîñëåäîâà-

òåëüíî ñòàòè÷åñêè íàãðóæàëè â íàïðàâëåíèè îò

öåíòðà ê åå îïîðå (ðèñ. 1, á).

Èñõîäíûå äàííûå äëÿ îïðåäåëåíèÿ ñêîðîñòè

ðîñòà òðåùèíû: çíà÷åíèÿ ÊÈÍ Kief, âû÷èñëåí-

íûå ïî ôîðìóëå (1) äëÿ ðàññìàòðèâàåìîé äëèíû

òðåùèíû l [15, 16]; ñîîòâåòñòâóþùåå åé ÷èñëî

öèêëîâ íàãðóæåíèÿ N. Çíà÷åíèÿ Kief îïðåäåëÿëè

ñ èñïîëüçîâàíèåì çàâèñèìîñòåé l – ói, ïî êîòî-

ðûì íàõîäèëè ìàêñèìàëüíûå ói, ñîîòâåòñòâó-

þùèå äëèíå òðåùèíû l. Â äàííîì ñëó÷àå ðàñ-

ñìàòðèâàëè àâàðèéíóþ ñèòóàöèþ (ÀÑÏÁ), ïðè

êîòîðîé óñòàëîñòíàÿ òðåùèíà ðàñïîëàãàëàñü íàä

ðåáðîì æåñòêîñòè âîçëå îïîðíîãî îòñåêà ÏÁ è

èìåëà ïðîäîëüíîå ðàçâèòèå â âåðõíåé çîíå ñòåí-

êè áàëêè â íàïðàâëåíèè åå ñåêöèé. Ïðè ñîçäàíèè

ðàñ÷åòíîé ìîäåëè ïîâðåæäåííîé ÏÁ ìîäåëè-

ðîâàëè ñêâîçíóþ òðåùèíó â âèäå ðàçðåçà â ÂÇÑ

áàëêè çàäàííûõ ðàñïîëîæåíèÿ è äëèíû (ñì.

ðèñ. 1, á).

Çíà÷åíèÿ èíòåíñèâíîñòè íàïðÿæåíèé ói â

âåðøèíàõ òðåùèíû ïîëó÷åíû ïî ðåçóëüòàòàì

÷èñëåííîãî ýêñïåðèìåíòà, ïðè êîòîðîì ÏÁ íà-

ãðóæàëè ñ ðàçíûìè çíà÷åíèÿìè ýêñöåíòðèñèòåòà

e, ðàâíîãî 0, 8, 15 ìì îòíîñèòåëüíî åå ïðîäîëü-

íîé îñè [15, 16]. Â òàáëèöå ïîêàçàíû ïîëÿ èíòåí-

ñèâíîñòè íàïðÿæåíèé, âîçíèêàþùèå â âåðøèíàõ

òðåùèíû ïðè ðàçíûõ çíà÷åíèÿõ ýêñöåíòðèñèòå-

òà. Íà ðèñ. 2 ïîêàçàíû ïîëó÷åííûå ïî ðåçóëü-

òàòàì ðàñ÷åòà ëèíèè âëèÿíèÿ èíòåíñèâíîñòè

íàïðÿæåíèÿ â âåðøèíàõ òðåùèíû äëÿ åå äëèí:

l1 = 100 ìì; l2 = 200 ìì; l3 = 300 ìì.

Çíà÷åíèÿ äëèíû òðåùèíû l ïðè êàæäîì öèê-

ëå íàãðóæåíèÿ ÏÁ N îïðåäåëÿëè ïî ãðàôèêó ðîñ-

òà òðåùèíû ïðè ÀÑÏÁ (ðèñ. 3), ïîëó÷åííîìó â

ðåçóëüòàòå îáðàáîòêè äàííûõ íàòóðíîãî ýêñïåðè-

ìåíòà, ïðîâåäåííîãî â ëàáîðàòîðèè êàôåäðû

ñòàëüíûõ êîíñòðóêöèé ÍÃÀÑÓ [28]. Äèàãðàììà

öèêëè÷åñêîãî ðàçðóøåíèÿ äëÿ òðåùèíû, ðàçâè-

âàþùåéñÿ â âåðõíåé çîíå ñòåíêè ïîäêðàíîâîé

áàëêè, ïîñòðîåíà â êîîðäèíàòàõ õ – Kief (ðèñ. 4).

Õàðàêòåðèñòèêè öèêëè÷åñêîé òðåùèíîñòîé-

êîñòè n è C, îïèñûâàþùèå äèàãðàììó óñòàëîñò-

íîãî ðàçðóøåíèÿ, îïðåäåëÿëè â ñîîòâåòñòâèè ñ

òðåáîâàíèÿìè [26, 27]. Äëÿ ÏÁ, â âåðõíåé çîíå

ñòåíêè êîòîðîé â õîäå ýêñïëóàòàöèè ðàçâèâàåòñÿ

ïðîäîëüíàÿ óñòàëîñòíàÿ òðåùèíà, õàðàêòåðèñ-

òèêè òðåùèíîñòîéêîñòè èìåþò ñëåäóþùèå çíà-

÷åíèÿ: n = 2; C = 1,24 · 10–12 (Ïà · ì1/2)–n · ì/öèêë.

Îíè êîððåëèðóþò ñî çíà÷åíèÿìè, îïðåäåëåííû-

ìè â õîäå äðóãèõ ýêñïåðèìåíòîâ äëÿ äàííîé ìàð-

êè ñòàëè [29].
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Ðèñ. 4. Äèàãðàììà óñòàëîñòíîãî ðàçðóøåíèÿ



Îöåíêà îñòàòî÷íîãî ðåñóðñà. Ïîñêîëüêó

ïàðàìåòðû C è n, ïîëó÷åííûå ïðè ñîâìåñòíîé îá-

ðàáîòêå íàòóðíîãî è ÷èñëåííîãî ýêñïåðèìåíòîâ,

ÿâëÿþòñÿ õàðàêòåðèñòèêàìè ìàòåðèàëà è óñëî-

âèé íàãðóæåíèÿ ýëåìåíòà êîíñòðóêöèè, òî èõ

çíà÷åíèÿ ìîæíî èñïîëüçîâàòü ïðè ðàñ÷åòå îñòà-

òî÷íîãî ðåñóðñà ïîäêðàíîâûõ áàëîê äðóãèõ òèïî-

ðàçìåðîâ è ïðè äðóãèõ ýêñöåíòðèñèòåòàõ íàãðó-

æåíèÿ ïðè ðåàëèçàöèè ðàññìîòðåííîé àâàðèé-

íîé ñèòóàöèè — ðàçâèòèå óñòàëîñòíîé òðåùèíû

â âåðõíåé çîíå ñòåíêè â îáëàñòè ðåáðà æåñòêîñòè,

áëèæàéøåãî ê îïîðíîìó îòñåêó.

Íà îñíîâå ôîðìóë (1) è (4) óñòàíîâèëè ñâÿçü

ìåæäó ýôôåêòèâíûì êîýôôèöèåíòîì èíòåíñèâ-

íîñòè íàïðÿæåíèé Kief, ÷èñëîì öèêëîâ íàãðóæå-

íèÿ N, óðîâíåì íàãðóæåííîñòè ói è äëèíîé òðå-

ùèíû:

Kief = F(N, ói, l, C, n). (5)

Ýòî ïîçâîëèëî ïîëó÷èòü ðàñ÷åòíûå çàâèñè-

ìîñòè l – N è Kief – N ïðè l0 = 100 ìì è ìàêñè-

ìàëüíûõ óðîâíÿõ ói, ðàâíûõ 200, 300, 400 ÌÏà

(ðèñ. 5), âîçíèêàþùèõ ïðè ðàçëè÷íûõ ýêñöåíòðè-

ñèòåòàõ íàãðóæåíèÿ e (0, 8, 15 ìì). Ñîãëàñíî ïî-

ëó÷åííûì çàâèñèìîñòÿì ïðè óâåëè÷åíèè èíòåí-

ñèâíîñòè íàïðÿæåíèé â âåðøèíå òðåùèíû

óìåíüøàåòñÿ êîëè÷åñòâî öèêëîâ íàãðóæåíèÿ äî

ðàçðóøåíèÿ. Ïîâûøåíèå óðîâíÿ èíòåíñèâíîñòè

íàïðÿæåíèé â âåðøèíå òðåùèíû ïðîèñõîäèò

ïðè óâåëè÷åíèè ýêñöåíòðèñèòåòà íàãðóæåíèÿ,

ò.å. íàëè÷èå ýêñöåíòðèñèòåòà íàãðóæåíèÿ ÏÁ

ñïîñîáñòâóåò âîçíèêíîâåíèþ îòêàçà ïðè äëèíå

óñòàëîñòíîé òðåùèíû, ãîðàçäî ìåíüøåé, ÷åì ïðè

åãî îòñóòñòâèè. Â âåðøèíå óñòàëîñòíîé òðåùèíû

ïåðâîíà÷àëüíîé äëèíû 100 ìì ïðè íàëè÷èè ýêñ-

öåíòðèñèòåòà íàãðóæåíèÿ e = 15 ìì âîçíèêàåò

èíòåíñèâíîñòü íàïðÿæåíèé ïîðÿäêà 400 ÌÏà,

÷òî ðåçêî ñíèæàåò äîëãîâå÷íîñòü ÏÁ ïî ñðàâíå-

íèþ ñ òîé, ÷òî íå èìååò ýêñöåíòðèñèòåòà íàãðó-

æåíèÿ. Óâåëè÷åíèå ýêñöåíòðèñèòåòà íàãðóæåíèÿ

ÏÁ âåäåò ê óñêîðåííîìó ðàçâèòèþ àâàðèéíîé ñè-

òóàöèè ñ ðåçêèì ïàäåíèåì íåñóùåé ñïîñîáíîñòè

ÏÁ áîëåå ÷åì íà ïîðÿäîê ïî ÷èñëó öèêëîâ íàãðó-

æåíèÿ. Óñòàëîñòíàÿ äîëãîâå÷íîñòü ÏÁ, êàê ïðà-

âèëî, çàâèñèò îò ýêñöåíòðèñèòåòà íàãðóæåíèÿ,

äëèíû óñòàëîñòíîé òðåùèíû, óðîâíÿ èíòåíñèâ-

íîñòè íàïðÿæåíèé â âåðøèíå òðåùèíû.

Åñëè óðîâåíü ðîñòà Kief îãðàíè÷èòü íåêîòî-

ðûì êðèòè÷åñêèì çíà÷åíèåì ÊÈÍ Kc, òî ìîæíî

îïðåäåëèòü êðèòè÷åñêîå ÷èñëî öèêëîâ íàãðóæå-

íèÿ è äëèíó òðåùèíû (ñì. ðèñ. 5). Äëÿ èññëåäî-

âàííîé ñòàëè Kc = 280 ÌÏà · ì1/2. Ïðè ïîíèæå-

íèè èíòåíñèâíîñòè íàïðÿæåíèé â âåðøèíå òðå-

ùèíû êðèòè÷åñêàÿ äëèíà òðåùèíû è ÷èñëî öèê-

ëîâ íàãðóæåíèÿ óâåëè÷èâàþòñÿ (ðèñ. 6).

Àëãîðèòì îöåíêè îñòàòî÷íîãî ðåñóðñà ÏÁ

âêëþ÷àåò ñëåäóþùèå ýòàïû: 1) òåõíè÷åñêîå îñâè-

äåòåëüñòâîâàíèå áàëîê, â õîäå êîòîðîãî âûÿâ-

ëÿþò îñíîâíûå äåôåêòû è ïîâðåæäåíèÿ, à òàêæå

èõ ìåñòîïîëîæåíèå â êîíñòðóêöèè [7]; 2) ðàñ÷åò

ÍÄÑ ÏÁ ñ ó÷åòîì âûÿâëåííûõ â íåé ïîâðåæ-

äåíèé — óñòàëîñòíûõ òðåùèí (ðåçóëüòàò ðàñ÷å-

òà — ïîñòðîåíèå ïî äëèíå áàëêè ëèíèé âëèÿíèÿ

èíòåíñèâíîñòè íàïðÿæåíèé è îïðåäåëåíèå èí-

òåíñèâíîñòè íàïðÿæåíèé ói â âåðøèíàõ òðåùèí

[15, 16]); 3) îïðåäåëåíèå ýôôåêòèâíûõ çíà÷åíèé

ÊÈÍ Kief ïî ôîðìóëå (1) è N ïî ôîðìóëå (4) ñ èñ-

ïîëüçîâàíèåì ìàêñèìàëüíûõ çíà÷åíèé èíòåí-

ñèâíîñòè íàïðÿæåíèé, âîçíèêàþùèõ â âåðøèíå

òðåùèí; 4) ïîñòðîåíèå çàâèñèìîñòåé l – N è

Kief – N, ïî êîòîðûì îïðåäåëÿþò ëèáî ïðåäåëü-
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Ðèñ. 5. Ðàñ÷åòíûå çàâèñèìîñòè l è K
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= 100 ìì ïðè ó
i
, ðàâíûõ

200 (1), 300 (2), 400 ÌÏà (3) è ýêñöåíòðèñèòåòå e, ðàâíîì

0 (1), 8 (2), 15 ìì (3)
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à á

Ðèñ. 6. Çàâèñèìîñòè èíòåíñèâíîñòè íàïðÿæåíèé â âåð-

øèíå òðåùèíû îò êðèòè÷åñêîé äëèíû òðåùèíû (à) è ÷èñ-

ëà öèêëîâ íàãðóæåíèÿ (á)



íóþ äëèíó òðåùèíû, ëèáî êîëè÷åñòâî öèêëîâ

íàãðóæåíèÿ áàëêè äî ïîëíîé ïîòåðè åå íåñó-

ùåé ñïîñîáíîñòè (ðåçóëüòàò — çàêëþ÷åíèå î ñðî-

êàõ äàëüíåéøåé ýêñïëóàòàöèè, óñèëåíèè èëè çà-

ìåíå ÏÁ).

Òàêèì îáðàçîì, äëÿ îöåíêè íåñóùåé ñïîñîá-

íîñòè ïîäêðàíîâûõ áàëîê â àâàðèéíûõ ñèòóà-

öèÿõ ïðåäëîæåíî èñïîëüçîâàòü ýôôåêòèâíûå

çíà÷åíèÿ êîýôôèöèåíòîâ èíòåíñèâíîñòè íàïðÿ-

æåíèé, ðàññ÷èòûâàåìûå ïî ìàêñèìàëüíûì âåëè-

÷èíàì èíòåíñèâíîñòè íàïðÿæåíèé â âåðøèíàõ

òðåùèí äëÿ êîíêðåòíûõ óñëîâèé íàãðóæåíèÿ ñ

ó÷åòîì êîíñòðóêòèâíûõ îñîáåííîñòåé, ðàçìåðîâ

òðåùèí è ìåñò èõ ðàñïîëîæåíèÿ â ïîäêðàíîâîé

áàëêå.

Íà îñíîâå òðàäèöèîííûõ ìåòîäîâ ðàñ÷åòà

êîíñòðóêöèé íà öèêëè÷åñêóþ òðåùèíîñòîéêîñòü

ñôîðìóëèðîâàí è ðåàëèçîâàí àëãîðèòì ðàñ÷åòà

èíäèâèäóàëüíîãî ðåñóðñà ïîäêðàíîâûõ áàëîê,

âêëþ÷àþùèé àíàëèç íàïðÿæåííî-äåôîðìèðî-

âàííîãî ñîñòîÿíèÿ ïîäêðàíîâîé áàëêè ñ òðåùè-

íîé äëÿ ðàñ÷åòà ýôôåêòèâíûõ çíà÷åíèé êîýôôè-

öèåíòîâ èíòåíñèâíîñòè íàïðÿæåíèé è ïîñòðîå-

íèå êèíåòè÷åñêèõ çàâèñèìîñòåé äëÿ ñêîðîñòåé

ðîñòà òðåùèí.
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